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Abstract: Wood permeability is a macroscopic property
resulting from complex pathways at the cellular level. In
this study, high-resolution X-ray CT scans were performed
during longitudinal imbibition in Norway spruce to
investigate the role of wood rays and tracheids network
in liquid migration. A customized setup was designed
to maintain the bottom face of a wooden cylinder in
contact with water, without vibration, despite the sample
rotation required during each scan. The results high-
lighted a contrasted role of latewood and earlywood in
water migration. Liquid imbibition was fast in latewood,
because the bordered pits are less prone to aspiration than
in earlywood, due to their smaller diameter and larger
cell wall thickness. In earlywood, the migration pattern
was complex due to pit aspiration that isolate tracheids
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clusters. Indeed, the images revealed a significant
contribution of wood rays in the migration pathways.
Consequently, tracheids were not progressively filled in
the longitudinal direction from one tracheid to the next,
but they were filled laterally with water coming from wood
rays at different heights of the cells. This explained
entrapped air bubbles in the lumens and led to a 3D
heterogeneous liquid distribution.

Keywords: liquid pathways; Norway spruce; water imbi-
bition; X-ray tomography.

1 Introduction

Wood has a complex 3D anatomical structure that ensures
three vital functions during tree life: the ascent of sap, the
mechanical support of the plant, and storage (Dixon 1914;
Plavcova et al. 2015; Tyree and Ewers 1991; Zimmermann
1983). The anatomical pattern is specific to each species,
including the genotype (Schoch et al. 2004; Wilson and
White 1986), but its expression depends on the environ-
mental growth conditions (Donaldson and Singh 2016;
Parham and Gray 1984; Polge 1978). A description of
functional wood anatomy is essential to understand
moisture flow in wood products during use and, thus,
predict their performance. For softwood species, tra-
cheids ensure both longitudinal conduction of sap at the
trunk periphery and mechanical support in the whole
section of the tree trunk (Bamber 1976; Taylor et al. 2002).
Fluid flow redistribution and nutrient storage are the
functions of wood rays in the radial direction (Carlquist
2018). The softwood rays are composed of ray paren-
chyma, and ray tracheids arranged one above the other in
one row width, thus called uniseriate rays. In addition,
some species, such as Norway spruce, pine, and Douglas
fir, present resin canals in the longitudinal and radial
directions. Small openings - called pits — ensure the
conduction of fluid from one cell to another, with different
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features according to the cells they connect and the spe-
cies (Trouy 2015). Three types of pits are present in soft-
wood species: simple pits connecting ray parenchyma
cells, bordered pits linking tracheids, and half bordered
pits between ray parenchyma cells and tracheids (Howard
and Manwiller 1968). These pits are all composed of a
membrane and a cavity but with some specific features.
For bordered pits, the partially hydrolyzed membrane —
called margo - is composed of an impermeable dense
mater of microfibril in its center: the torus (Kollmann and
COté 1968; Parham and Gray 1984). This feature is specific
to the bordered pits and is not present in simple and half-
bordered pits. It acts as a valve during the tree’s life and
can be in two positions: open or close to the fluid flow.
Indeed, air bubbles can be formed within the tracheids
during periods of drought in summer or frost in winter and
interrupt the ascent of sap from the roots to the leaves. In
this case of embolism, the pressure difference on both
sides of the membrane induces its movement against the
secondary wall of the cell wall. The torus located in the
center of the membrane close the opening in the second-
ary wall and remain in its position preventing liquid flow
(Siau 1984). The tracheids become isolated from the other
functional tracheids ensuring the transport of sap. Pits
aspiration also occurs during the drying process, when
the liquid in the lumens of tracheids is removed (Com-
stock and Coté 1968; Petty and Puritch 1970). Liese and
Bauch (1967) and Bolton and Petty (1978) showed that the
percentage of aspirated bordered pits was lower in late-
wood due to a more rigid membrane than in earlywood. In
addition, extractives or resin may (Bertaud and Holmbom
2004) obstruct simple or half-bordered pits during drying
(Thomas and Kringstad 1971). As a result, the pathways of
fluid flow between the cells involved in sap migration
during the life of the tree may be different once a piece of
softwood has been dried.

When used, a piece of wood usually undergoes vari-
ations of environmental conditions and can be temporally
in contact with water, which migrates from the interface to
the core (Schmidt and Riggio 2019). These variations of
moisture content impact properties of wood material as
for instance color, stiffness, durability (Gerhards 1982;
Kollmann and C6té 1968). Moisture transport needs to
be understood to prevent degradation and maintain the
performance of massive timber. In the hygroscopic
domain corresponding to an MC below the fiber saturated
point (FSP) close to 30% (dry basis) at room temperature
(Siau 1984), moisture transport involves diffusion of
bound water in the cell wall and water vapor in lumens.
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Above the FSP, in addition to bound water and water
vapor, water in the liquid state is present. The capillary
forces and the related liquid pressure gradient cause a
liquid flow through the interconnected pores (Perré 2007;
Stamm 1967). Thus, moisture movement through wood
structure is strongly related to the orthotropic properties
of wood (longitudinal, radial, and tangential) (Buckman
and Rees 1935; Comstock 1969) and its location in the
trunk (heartwood or sapwood) (Scheiding et al. 2016).

To better understand liquid flow in solid wood at the
tissue level, non-destructive and non-invasive techniques
(NMR, MRI, X-ray imaging or neutron imaging) have
been developed in laboratories (Davis and Wells 1992;
Kobori et al. 2013; Lindgren 1992; Niemz and Mannes 2012;
Perré 2011). Heterogeneity of water migration has been
observed during imbibition through X-ray CT, with a
lower moisture velocity in heartwood compared to
sapwood (Sandberg and Salin 2012). At the growth ring
scale, moisture migration rate is faster in latewood (LW)
than in earlywood (EW) during drainage with initially
saturated samples as showed by Almeida et al. (2008)
using MRI and during imbibition with initially dry sam-
ples using 2D neutron imaging (Derome et al. 2005; Des-
marais et al. 2016) and 2D X-ray imaging (Martin et al.
2021). The authors explained that these heterogeneities
came from chemical and physical modifications in
heartwood compared to sapwood from the higher proba-
bility of aspirated pits in earlywood than in latewood.
However, the role of softwood rays and tracheids network
for liquid migration was not accessible in these studies
and needs to be further investigated. X-ray CT showed its
great potential to study the wood anatomy with high
resolution to observe the presence of liquid within the cell
lumina. Recently, water migration in the longitudinal di-
rection has been observed in hardwood using a synchro-
tron beamline (Zhou et al. 2019). Phase-contrast imaging
allowed visualization of water directly in cell lumens at
early stages of imbibition, highlighting different water
propagation between vessels and fibers. The authors
suggested that liquid migration occurs once the cell wall
is saturated with bound water from their observations.
They only focused on hardwoods, but a thorough inves-
tigation of water migration in softwoods is required for
their importance in building construction.

The present work focuses on liquid pathways in
Norway spruce wood during imbibition to investigate
the contribution of wood rays and tracheids network to
liquid flow. For this purpose, a custom setup was designed
to perform high-resolution X-ray CT during imbibition to
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visualize the evolution of 3D liquid pathways in the
anatomical structure of wood.

2 Materials and methods
2.1 Norway spruce sample

The sample came from a board selected from a Norway spruce (Picea
abies) tree harvested in Auvergne (France) with 73 rings from pith to
cambium at 50 cm height. During several months, the board was dry
and then stored in a climatic chamber (25 °C and RH 50%). A small
cylinder with a diameter of 3 mm and a height of 20 mm in the
longitudinal direction was carved by a five axes CNC machine (SCM
morbidelli 100). The sample was located at the growth ring transition
between the rings 50 (LW) and 51 (EW). From this location, it can be
stated that the material is 22-23 years old and suggested that the
sample was in mature wood and in heartwood (Alteyrac et al. 2006;
Longuetaud et al. 2006; Sandberg 2009). During imbibition, the ki-
netics presented by Martin et al. (2021) showed a capillary migration
preceded by a bound water migration. The initial state of wood in the
hygroscopic domain has thus a significant influence on the liquid flow
and emphasizes the importance of homogeneous initial moisture
content. Therefore, after being processed, the sample was stored in a
climatic chamber (Mermmert HPP2200) with a temperature set at 25 °C
and relative humidity (RH) at 50% until the equilibrium moisture
content (EMC) was reached, i.e., until the sample mass — measured
periodically — became stable. Then, the lateral surface was coated with
awaterproof sealant (AquaStop v33) to limit mass transfer through this
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surface and thus to impose mainly a water migration along the lon-
gitudinal direction. For this step, a craft lathe was designed to suit the
small size of the sample to apply the paint evenly along the periphery.
The wood surface was previously sanded using a 320 grit sandpaper
and after the first coat to remove the lifted fibers. Then, a second coat
was applied to perfect the cover. After that, the cross-section at the
ends of the sample were machined using a microtome (Thermo Sci-
entific Microm HM 450) to obtain the final length. The use of a
microtome instead of a blade saw prevented damaging the cell wall
structure and obstruction the lumens with dust (Choong et al. 1975).
Finally, the sample was stored in the climatic chamber (T = 25 °C and
RH = 50%) until mass stabilization.

Because of the long duration of the experiment, only one sample
was used in this work. The connection pattern of the different types of
anatomical elements was repeated in the wood many times, providing
a statistical relevance to the observed phenomena.

2.2 X-ray CT

2.2.1 Experimental setup: The challenge here was to complete
one rotation of the sample without vibration — due to mechanical
constraints — during the scans while maintaining contact with water.
For this purpose, an original setup was designed, as seen in Figure 1.
The imbibition experiment was performed by placing a sample
vertically and by ensuring contact of its lower surface with water. The
custom setup was composed of a hollow sample holder located at
the top of an aluminum tube in which the sample was tightened and a
water container that were interconnected by a flexible tube (Figure 1a
and b). The 3D printed water container was divided into two
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Figure 1: (a) Global view on the experimental setup placed near the nano X-ray source (1), CCD camera (2), flexible tube (3), aluminum tube
(4), the liquid container holding on a micro-metric vertical axis (5), and the sensor SHT85 Sensirion (6). (b) Zoom on the location of the sample
at the top of the aluminum tube. (c) Scheme of the sample with the corresponding position of 3D scans volume (green dashed rectangle).
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compartments to control a constant water level using an overflow
supply. The water stored in one compartment was delivered to the
second one by a pump controlled outside the tomograph. As the
flexible tube was connected to the second compartment, water went to
the aluminum tube after activation of the water pump. The water level
at the end of the aluminum tube was adjusted using a micro-metric
vertical stage (Newport model M-UMR5.5). This assembly worked as a
communicating vessel system where the height of the water overflow
in the container was the same at the top of the aluminum tube. This
assembly ensured a continuous contact of the sample bottom with
water. The fastening of the water container to an aluminum frame
separated from the sample holder with the use of a flexible tube to
connect the container to the aluminum tube was chosen to limit
vibration. During the experiment, the environmental conditions
(T=26.9 + 0.5 °C and RH = 38 + 1%) were monitored using an SHT85
capacitive sensor (Sensirion AG with +1.5 RH and +0.1 °C of accuracy)
located close to the sample (Figure 1a).

The scans performed during imbibition were carried out using
a last generation nano-tomograph (RX Solution, EasyTom XL Ultra
150-160). The nano focal spot of the X-ray source was combined to
a 16 bits CCD camera composed of 4032 x 2688 pixel matrix, with a
pixel size of 9 pm. The X-ray source voltage was set at 51 kV and current
at 70 pA. A 2 x 2 binning was set to the camera to reduce the ac
quisition time at the cost of a slightly lower resolution due to the
resolving power of the scintillator. The exposure time was set at 0.6 s
per angle, without frame average. These parameters — together with
the geometrical magnification given by the source-object-camera
distances — provided a voxel size equal to 3 pm with a scanned height
of 3.3 mm, for an acquisition time of 15 min. These parameters were a
good compromise to follow the liquid imbibition with the lowest
possible acquisition time while keeping a reasonable signal/noise
ratio of the reconstructed image.

The bottom of the scanned volume in the sample was set at 5 mm
from the liquid surface contact (Figure 1c) to ensure that the liquid
meniscus crossed at least one tracheid end (and more likely two)
through bordered pits before reaching the observed zone. Before
putting the wooden cylinder in contact with water, the initial state was
recorded at air-dry state (MC equal to 8%, d.b.). Then, a precaution
was taken to ensure the absence of air trapped between liquid and
wood sample during imbibition. For that purpose, the sample and the
sample holder were removed from the aluminum tube, and the water
pump was switched on. After that, once the liquid reached the top of
the aluminum tube, the sample holder was re-positioned (Figure 1c),
which started the imbibition process. Finally, the absence of air
bubbles was checked and validated by X-ray imaging. Indeed, the low
thickness of the tube and the chosen emission parameters made it
possible to see the presence or not of air bubbles inside the aluminum
sample holder through X-ray imaging. The experiment lasted 24 hours
in total. This duration was defined according to the imbibition results
from Martin et al. (2021) to observe liquid water throughout the
scanned sample height. Several scans were performed after 1 h, 3 h,
19 h and 24 h of imbibition to follow the evolution of 3D liquid
migration within the sample. After each scan, the sample was rotated
back to angular position manually to guide the flexible tube when
returning and to avoid winding this flexible tube. To obtain a 3D
reconstruction without blurring, the swelling of the sample should
remain negligible throughout an entire scan. A CT scan was performed
50 min after the beginning of imbibition, but the swelling variation did
not allow a tomographic reconstruction with a clear visualization of
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the cell contours because of the overlapping of the cell walls. For this
reason, the first CT scan analyzed was obtained 1 h 20 min after the
beginning of imbibition, once the swelling changed more slowly over
the whole scanned volume.

2.2.2 Image processing: The 3D reconstructions from the 2D
projections were carried out using X-act — software provided by RX
Solutions — based on the principle of filtered back projection. The
following steps of image processing were done using MATLAB. The
cross-section slices — obtained along the z-axis (Figure 2a) — were
processed into binary images using a local adaptive threshold through
the function imbinarize with the following parameters: imbinar-
ize(img,’adaptive’,’Sensitivity’,0.6). Next, isolated clusters of less than
eight pixels black and white were removed to obtain slices without
noise (Figure 2b). The X-rays attenuation of water and lignocellulosic
material were too close to differentiate them by thresholding (see
Appendix 1). Thus, the binary images were composed of white pixels
(air) and black pixels (cell walls and/or water), as shown in Figure 2b.
A region of interest (ROI) was established to exclude the periphery of
the sample (marked in light grey) damaged during machining
(Figure 2c). For this step, the cross-section contour was detected using
the edge function in MATLAB after applying the filled holes function to
obtain a single region corresponding to the cross-section area of the
sample. The center of this region was then determined using the
centroid function, which allowed the contour to be redrawn with a
reduction factor to eliminate 19% of the periphery.

Finally, to visualize liquid pathways into the structure, the cell
walls were removed using an erosion function with four iterations and,
again, followed by removal isolated clusters less than eight pixels.
Thus, the lumens of isolated tracheids filled with water and clusters
of tracheids filled with water — lumens and cell walls — appeared in
black (Figure 2d). This method was chosen to highlight liquid in the
tracheids located in earlywood. In latewood, the voxel size close to
the pore size created continuous black areas with no possibility to
visualize liquid pathways in 3D views but still accessible in slices
(Appendix 1). A similar drawback of image processing was observed
within resin canals initially filled by substances (e.g., resin) at the dry
state. However, this method gave access to 3D overview of the location
of water in the pore network for qualitative analysis. Slices in the plans
longitudinal-radial (L-R) and longitudinal-tangential (L-T) were also
extracted from 3D reconstruction using FIJI Image]. On these slices, an
adjustment of the brightness and contrast were performed for better
observation and to compare the additional filled lumens during
imbibition from the initial state (air dry). The colors were inverted
(using the function invert Look Up Table (LTU) in FIJI ImageJ) from the
initial CT images to keep the same rules than for binary images: dark
pixels corresponded to dense material (liquid of cell wall) and light
grey to air. Indeed, grayscale values of CT images are related to the
X-ray attenuation of the material. Thus, a voxel localized in the cell
wall has a lighter gray value than a voxel localized in a cell lumina
filled with air (Kak and Slaney 2001).

3 Results and discussion

Figure 3 depicts the cross-sections of the sample located at
5and 8.3 mm from the water surface after image processing
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Figure 2: Cross-section of sample with the
presence of water with (a) raw image,
(b) slice after thresholding, (c) selection of

150 pm 150 pm .
— — region of interest (ROI) and (d) lumens filled
Selection of ROI Cells filled by liquid water with water in the ROL.
ring 50 ring 51 ring 50 ring 51 ring 50 ring 51 ring 50 ring 51

Height: 8.30 mm

Height: 5.00 mm

Time: 1h20min

Time: 3h

Time: 19h30min

Figure3: Cross-section located at 5 mm (bottom) and 8.30 mm (top) from the water surface during imbibition. The orange color corresponds to

the lumens filled during the current acquisition and the green color during the previous ones.
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at different times. The liquid was highlighted using two
colors: orange corresponds to the water-filled lumens
during the current acquisition and green during the pre-
vious ones. The results showed a contrasting behavior
between EW and LW during imbibition. After 1 h, liquid
progressed in most of the tracheids located in LW to the top
of the scanned volume (8.3 mm from the contact surface),
while only a few isolated tracheids were filled in early-
wood. In the second acquisition, which was recorded 2 h
later, the new tracheids filled with liquid (orange colors)
were mainly located next to the previous ones. After 19 and
24 h of imbibition, water was present in a significant
number of clusters of tracheids at first glance randomly
distributed but with relatively large areas free of water.
Areas with empty cells remained present in earlywood at
both heights but did not seem to be linked.

The difference in liquid migration between EW and
LW in softwood species was already observed (Almeida et
al. 2008; Derome et al. 2005; Desmarais et al. 2016;
Sandberg and Salin 2012) and measured (Martin et al.
2021) using non-destructive methods. The ability of the
liquid to migrate in solid wood is linked to its permeability
and thus to its connected porosity. In softwood, gas
permeability is lower after drying because of the aspira-
tion of bordered pits (Comstock 1969; Wilson and White
1986). Due to the increasing cell wall thickness and
decreasing bordered pit size from EW to LW, almost all
pits can be aspirated in earlywood and none in latewood
(Bolton and Petty 1978; Perré and Turner 2001). It should
be noted that pits aspiration is an irreversible phenome-
non occurring during the drying of wood when the water
is removed from the lumens. Therefore, no additional pits
aspiration and no pits opening occurred during the sam-
ple preparation and the imbibition. The observations
made from Figure 3 confirmed that the latewood part
remained conductive despite the small lumen sizes
allowing the liquid to rise the top of the scanned volume
in a relatively short time. On the contrary, the high per-
centage of pit aspiration in earlywood reduced the lumens
connectivity of tracheids resulting in very few continuous
pathways explaining a very low and incomplete imbibi-
tion in this part of the growth ring. The few cells used as
pathway to liquid were reported in previous works using
stained fluids (Ghazil 2010; Petty and Preston 1970).
However, contrary to the apparent longitudinal pathway
in latewood, the position of tracheids filled with water
between the two heights (5 and 8.3 mm from the water
surface) did not coincide in earlywood. The few remaining
pathways to fill neighboring tracheids may then be either
transverse or longitudinal due to the aspiration of
bordered pits in earlywood.
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To assess the distribution of liquid over the height of
the scanned volume, the total area of the empty cell lumens
was estimated by summing the number of white pixels
inside the ROI of each slice (Figure 2c). This analysis could
be performed over the whole section of the sample,
including in latewood. Indeed, although it was not
possible to visualize the 3D liquid pathways in latewood —
due to the high filling rate of lumens with water from
the beginning of the experiment —, the pixel size was
compatible with the observation of empty lumens in this
zone. The curves in Figure 4 depicted the total surface area
of the cell lumens in the ROI along the scanned cross-
section. As expected from the previous results, the surface
area of the empty cells decreased over time and increased
along the height (Figure 4). The interesting results came
from the local deviations on the curves, particularly at 19
and 24 h. These local deviations increased over time, but
their peaks remained at the same position from water
surface, reflecting the development of interconnected filled
cells. Therefore, these results are linked to the wood
anatomical structure, which is not uniform along the
longitudinal direction, for example, with ray cells.

To have an overview of the pattern of liquid migration,
3D views of the selected volume were plotted along a
longitudinal-tangential (L-T) plane in Figure 5a, and a
longitudinal-radial (L-R) plane in Figure 5b for different
imbibition times. The cell walls were removed to highlight
the presence of liquid (image processing steps depicted
in Figure 2d). Here again, the orange color corresponds to
the water-filled lumens during the current acquisition and
the green color during the previous ones. The L-T volume,
located in earlywood, revealed liquid migration within
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Figure 5: 3D views of liquid migration for a selected volume in tangential-longitudinal (top) and radial-longitudinal (bottom) plans. The blue
arrows indicate the same tracheid filled by water. The orange color corresponds to the water-filled lumens during the current acquisition and
the green color during the previous ones. Dashed black circles indicated large vertical regions free of liquid.

some tracheids reaching different heights after 1 h of
imbibition (Figure 5a.1). After 3 h (Figure 5a.2), the liquid
pathway between two successive tracheids in the longitu-
dinal direction was clearly exhibited (blue arrow), meaning
that liquid went through open bordered pits. On the same
image, new filled cells (orange color) appeared at several
heights but did not seem to be directly linked to the others.
The two scans performed the following day (after 19 and
24 hours of imbibition) showed a large number of tracheids
filled with liquid distributed along longitudinal direction
but with some large vertical regions free of liquid (black
circles in Figure 5a.4). Moreover, the liquid did not seem to
entirely fill the tracheids lumens, as revealed by the small
isolated orange zones in Figure 5a.4. This observation was
also visible in the 3D liquid mapping in the L-R plane
(Figure 5b.4). Beyond this similarity, a significant differ-
ence in liquid distribution was clearly visible in this L-R
plane compared to the L-T plane (Figure 5a.4 and b.4). In
Figure 5h.1, the 3D views point out the difference in liquid
invasion between EW and LW. Liquid reached the top of
the scanned volume in latewood, while in earlywood,

liquid migrates only in rare lines of connected tracheids. In
L-R plane, the liquid was spatially distributed in successive
horizontal layers (brackets in Figure 5b.3 and b.4) with
intermediate empty areas. The cells in orange and green
colors indicated that liquid migrated discontinuously in
the longitudinal direction. These layers of liquid, perpen-
dicular to the longitudinal direction, could explain the
slope of the curves in Figure 4 after 19 and 24 h of imbibi-
tion. This heterogeneity of water distribution highlights
the complex water pathways into the connected pore
network linked to the wood anatomical structure. The
spatial distribution of liquid in L-R plane observed here
tempts to indicate that wood rays (ray parenchyma, ray
tracheids or resin canals in multiseriate rays) could play a
role in liquid invasion.

To better understand the significant role of each type
of cell in the liquid pathways, slices in the L-T plane were
depicted in LW (Figure 6a) and EW (Figure 6b) using FIJI
Image J. As expected, almost all tracheids were filled
in latewood after 3 h of imbibition with almost no air
bubbles. As proved by some examples highlighted by
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Time: 24h

(@) In latewood, and (b) in earlywood. Orange and yellow circles are added to highlight the contribution of wood rays in water migration in some

specifics regions.

orange circles, some ray cells were filled with water dur-
ing imbibition.

In earlywood, the penetration of liquid into tracheids
was detailed at two locations after 3 h of imbibition (yellow
circles in Figure 6 and Figure 5b.2). By taking a closer look,
liquid came from the adjacent wood rays. Figure 6b.3
shows that a large number of tracheids were filled with
water at different heights, related to the presence of wood
ray cells previously filled with water. As a result, air bub-
bles were trapped within the tracheids adding resistance to
water migration due to the difficulty of air to escape. From
this figure, it is possible to observe that only some cells in
wood rays participated in liquid flow. Manual counting of
the number of active cells in wood rays indicated that
around 16 and 26% of cells were filled in EW and about 20
and 36% in LW after 3 h and 24 hours, respectively. The
higher percentage in LW could be explained by the higher
number of tracheids filled. Despite a relatively small region
of interest, the count of 164 cells in LW and 98 in EW in total
indicated that about 1/3 of these cells in the wood rays
participated in the water migration. It was also possible to

see that the number of cells increased with time. The non-
impregnation of liquid into some cells of wood rays was
already reported for preservative treatment (Flynn 1995). In
Norway spruce, wood rays are composed of ray paren-
chyma and ray tracheids (Schoch et al. 2004). During tree
life, ray parenchyma has two main functions: production
and storage of nutrients. During the industrial drying
process, the elaborated substances (from extractives or
resin) could migrate and accumulate against the mem-
brane of half bordered pits (in ray tracheids) or plug simple
pits (in ray parenchyma), leading to reduce the perme-
ability (McGinnes and Rosen 1984; Nuopponen et al. 2003).
From the slice in L-T plane, it could be concluded that both
ray parenchyma and ray tracheids acted as a pathway to
liquid migration. The absence of air bubbles in latewood
confirmed the ability of the liquid to migrate from one
tracheid to an upper one. To investigate how liquid
migrated within wood rays, slices in L-R plane over a larger
region were depicted in Figure 7.

Two slices were selected 12 um apart in the tangential
direction to visualize liquid invasion in a row of tracheids
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Figure7: Slices in the longitudinal-radial plane of a selected locations spaced 12 pm apart. Filled green arrows indicate liquid in cells of wood
rays (empty green arrows indicate the same cells with no liquid at the dry state).

adjacent to an uniseriate wood rays (Figure 7a and b
spaced of 12 pum). As wood rays were not perfectly straight,
green stars were added to indicate the location of several
horizontal wood rays starting on the left side (Figure 7a.1)
and ending at the right side of the slice (Figure 7b.1).
Detail of wood rays (dashed green rectangles) showed
that liquid appeared within some cells marked by green
arrows as well as droplets against the cell wall of longi-
tudinal tracheids located at the same height (dashed
orange rectangles). At the dry state, no particular shapes
within these tracheids were visible (Figure 7a.1 and b.1),
confirming that the liquid appeared in these locations
(Figure 7a.3 and b.3). In wood rays, the cells filled
with water after 3 h of imbibition were also empty at the
dry state (empty green arrows in the zoom of Figure 7a.1

and b.1). The same observation could be done in other
regions of the slice where these droplets indicated the first
step of tracheid invasion in earlywood. The possibility of
liquid to migrate through cross-field pits (linking wood
ray and longitudinal tracheids) was already observed at
the end of the preservative treatment process in previous
studies (Tondi et al. 2013; Wardrop and Davies 1961). From
the current observation, liquid flow in the radial direction
seemed to be mainly due to wood rays from which
the water reached the tracheids at different heights,
explaining the isolated cells partially filled with water in
the 3D views in Figure 5a.2 and b.2. Ends of the tracheids
might also have played a role, as visible in the purple
rectangles but in a lower magnitude than wood rays.
Further investigations should be carried out to explore
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this hypothesis with, for example, an imbibition experi-
ment in the tangential direction.

4 Conclusions

A custom setup was developed and placed in a micro-
tomograph to visualize liquid pathways in Norway spruce
during water imbibition in the longitudinal direction. The
time-resolved 3D images depicted a heterogeneous distri-
bution of liquid in wood strongly linked to its anatomical
structure. From the observations, liquid pathways in the
anatomical structure of this softwood species could be
described as follows:

— In earlywood, the direct migration from tracheids to
tracheids was hindered due to the aspirated bordered
pits. Instead, the ray cells contributed significantly to
liquid migration as an intermediate pathway likely to
connect clusters of tracheids. As a result, a complex
invasion of liquid was observed in earlywood with an
incomplete saturation of tracheids and remaining air
bubbles,

— In latewood, the liquid rose in most tracheids that
remain connected due to the very low aspiration rate of
bordered pits. In addition, this allows water to invade
ray cells from these filled tracheids, an important
mechanism for earlywood imbibition as stated above,

—  Approximately 30% of cells in wood rays participated
in liquid flow in the radial direction.
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Further work might explore other imbibition experiments
performed in the radial or tangential direction. The
experimental setup presented here could also be used or
adapted to investigate liquid pathways in other porous
materials.
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Appendix 1

Figure 8 depicted the slices located at 5 mm from the water
surface after 3D reconstruction (Figure 8a: grayscale and
Figure 8b: binary image) at the initial state and after 1 h
20 min of imbibition. The swelling of the sample was visible
between the slices. The dark grey color corresponds to the
location of high-density matter (wood or water) and the
light grey color to the voids (air). On the zooms, the liquid
within the voids had a grey level close to the cell walls
explaining that the shape of the tracheids in latewood was
no longer distinguished. For this reason, on the binary
image, the cluster of tracheids filled with water could not
be separated. However, it appears that lumens were filled
with water.

X1l

'Y

Time: 1h20

Grayscale

Binary image

Figure 8: Grayscale cross section located at 5 mm from the water surface at the dry state and after 1 h 20 min of imbibition.
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