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Abstract

Key message Hydraulic properties of wetwood differ from normal sapwood: hydraulic conductivity is null and water
contained in wetwood is totally trapped. Wetwood could result from a bad healing of dead branches.

Abstract Wetwood is a common phenomenon in silver fir (Abies alba Mill.), posing technical challenges for its industrial use.
In this study, we thoroughly characterized the properties of this particular wood, investigating the mechanisms governing its
formation and exploring its potential physiological relevance for trees. To address these objectives, we used a wide range of
techniques, offering a comprehensive insight into the structure of wetwood at different scales, from cellular to whole-tree.
Our results revealed significant variability in moisture distribution in the heartwood of the silver fir trees studied, suggesting
the absence of a predefined distribution pattern. The physical properties of wetwood differ from those of sapwood, notably
in terms of its hydraulic conductivity, which is null. In addition, our study demonstrated that the anatomical characteristics
of wetwood are identical to those of normal dry heartwood, including features such as aspirated tori in bordered pits and the
absence of nuclei. These results suggest a normal initial duraminization process followed by a progressive resaturation of
the heartwood of silver fir. Taken together, these observations strongly suggest that the water present in wetwood is trapped

and unavailable for use by the tree, particularly under conditions of prolonged drought.
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Introduction

Wetwood refers to areas of xylem in standing trees that have
abnormally high moisture content (MC) compared to the
surrounding heartwood (Ward and Pong 1980). This phe-
nomenon is common and often considered normal in the
inner wood of many tree species, including both hardwoods
and conifers (Martin et al. 2021; Moya et al. 2009; Nakada
et al. 2003; Ward and Pong 1980). Wetwood can exhibit
varying physical characteristics, such as color, odor, and
moisture content, which may differ not only between spe-
cies, but also within a single species. After felling, wetwood
areas typically appear darker than both the surrounding dry
heartwood and the sapwood on the cross-section (Martin
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et al. 2021; Moya et al. 2009; Nakada et al. 2003; Ward and
Pong 1980).

Unlike sapwood, which typically has a relatively uniform
moisture content, wetwood can exhibit significant heteroge-
neities, with some areas completely saturated with water and
others much drier (Coutts and Risbeth 1977; Mackay 1975;
Martin et al. 2021; Nakada 2006; Schneider and Zhou 1989).
Furthermore, the magnitude of differences in MC can vary
across species and studies. For example, in studies on Abies
balsamea Mill. (Jeremic et al. 2004), Abies firma (Nakada
2006), and Abies concolor Lindl. (Worrall and Parmeter
1982), the average MC of wetwood was similar to that of
sapwood, around 180% of dry weight. In contrast, in a study
on Abies borisii regis Mattf., the average MC of wetwood
was much lower, around 80%, compared to the 140% meas-
ured in the sapwood (Passialis and Tsoumis 1984). Finally,
wetwood can also have much higher MC than sapwood, as
in the case of Gmelina arborea, where the average wetwood
MC, measured at 182%, was significantly higher than the
149% measured in the sapwood (Moya et al. 2009).

The occurrence and distribution of wetwood in tree trunks
appears to vary across species and studies. Wetwood has
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been observed as a cone shape tapering from the base to
the top of tree trunks, narrowing downwards and ending in
the roots in some studies (Coutts and Rishbeth 1977; Pas-
sialis and Tsoumis 1984); and sometimes as spots or streaks
(Coutts and Rishbeth 1977; Martin et al. 2021; Nakada 2006;
Ward and Pong 1980). Works on Cryptomeria japonica D.
Don have shown significant variation in the distribution
of water within heartwood, both horizontally and longitu-
dinally, highlighting the absence of a universal pattern of
moisture distribution along the stems of heartwood (Nakada
et al. 2003).

The physical properties of wetwood may vary depending
on the species and the study. Several studies on fir trees have
found no correlation between the presence of wetwood and
wood density or shrinkage after drying (Jeremic et al. 2004;
Passialis and Tsoumis 1984; Wilcox 1968). In some hard-
woods, including Gmelina arborea and Quercus species,
wetwood was reported to have higher shrinkage rates and
lower densities than the rest of the wood (Moya et al. 2009;
Xu et al. 2001). Conversely, wetwood in Populus species and
Abies concolor has been found to have higher density than
sapwood or dry heartwood (Ward 1984). Wetwood seems to
dry slower than sapwood but at a similar rate to heartwood
(Jeremic et al. 2004; Moya et al. 2009; Ward 1985). It is
also reported to be much less permeable than sapwood but
slightly more permeable than normal heartwood (Schneider
and Zhou 1989; Ward 1985).

Several other characteristics of wetwood can be high-
lighted, including its occurrence even in young trees (Coutts
and Rishbeth 1977; Passialis and Tsoumis 1984), and nota-
ble variation in its prevalence within tree populations.
Indeed, the proportion of trees containing wetwood varies
widely among studies, with estimates ranging from 50 to
100% of the trees studied (Jeremic et al. 2004; Martin et al.
2021; Passialis and Tsoumis 1984). This variability may be
explained by differences in tree diameter (Martin et al. 2021)
or soil type (Lihra et al. 2000; Krause and Cagnon 2006).
The presence of wetwood has also been associated with tree
growth vigor, with higher levels of wetwood found in fast-
growing trees compared to slow-growing ones (Coutts and
Rishbeth 1977; Etheridge and Morin 1962).

Depending on the species studied and the research con-
ducted, various external causes leading to the formation of
wetwood have been suggested. Reactions to pathogens, such
as bacteria, are among the potential factors that have been
proposed as potential causes (Bauch et al. 1975; Schink and
Ward 1984). However, while some studies have observed
more bacteria in wetwood (Etheridge and Morin 1962; Ward
and Zeikus 1980), others have found no link between bac-
teria and wetwood (Jeremic et al. 2004; Krause and Cag-
non 2005). Studies have also postulated that the presence
of wetwood provides protection against injury and fungi by
creating unfavorable conditions for fungal growth (Coleman
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et al. 1985; Van der Kamp et al. 1979; Worrall and Parme-
ter 1982). Although several studies have hypothesized that
branch breaks and root wounds may be the preferred exter-
nal access points for water stored in wetwood (Bauch et al.
1975; Krause and Cagnon 2005), others have suggested that
sapwood may be the primary source of water in wetwood
(Coutts and Rishbeth 1977; Nakada et al. 2019). Finally,
despite extensive works, the key factors in the origins of
wetwood formation and its physical characteristics remain
under debate.

In this study, we explored two hypotheses that could
account for the formation of wetwood in silver fir trees
(Abies alba Mill.): (1) a defect in heartwood formation
that leads to continuous water presence in tracheids, or (2)
the posterior entry of water into embolized tracheids. We
investigated wetwood areas at the tree, tissue, cellular, and
cell wall levels to test these hypotheses, including hydrau-
lic traits and anatomical patterns of wetwood compared to
normal wood. Finally, given wetwood’s high water content,
we hypothesized that it could serve as a water reservoir for
trees during drought, which could be a great physiological
advantage in the context of climate changes. Following this
hypothesis, we also investigated the possible hydraulic con-
nection of these water reservoirs with the other functional
hydraulic network of the trees.

Materials and methods
Plant material

Silver fir trees (Abies alba) were sampled in three different
forest plots in Puy-de-Dome, France. The first two plots,
Guery | and Guery 2, are located in the domanial forest
of Guery in the Sancy (South-West part of Puy-de-Dome).
Guery 1 is a monospecific forest of Silver fir trees situated at
45°37'43"N, 2°48'11"E, ranging between 1110 and 1130 m
above sea level, with a 15% slope facing North-East. Guery
2 is a mixed forest of Silver fir and Beech trees located at
45°38'18"N, 2°19'4"E, ranging from 1030 to 1080 m above
sea level, with a 55% slope facing West. The trees from both
plots were subject to a mean annual temperature of 7.6 °C
and a mean annual precipitation of 1148 mm. The third plot,
Saint-Germain, is situated in Livradois (South-East part of
Puy-de-Dome). Saint-Germain is a monospecific forest of
old Silver fir trees located at 45°29'6"N, 3°31'32"E, on a pla-
teau at 1040 m for one section and at 940 m above sea level
for another, with a 30% slope facing North—West. Trees from
this plot are subject to a mean annual temperature of 8.9 °C
and a mean annual precipitation of 933 mm. Three trees
from plot 2 were felled for X-ray scanning measurements,
with diameters of approximately 38 cm to fit the dimensions
of the X-ray scanner. Two trees from plot 1 and an additional



Trees

tree from plot 2, which had significant areas of wetwood,
were felled to collect samples for conductivity and drying
experiments, high-resolution X-ray microtomography, and
histological measurements. An additional tree from plot 1
was used for a girdling experiment.

CT scanning of logs

Nine logs from three silver fir trees from plot 2 were sub-
jected to CT scanning in early July 2019. From each tree,
three 1.5 m long logs were cut at different heights, specifi-
cally at the base of the trunk, the base of the crown, and an
intermediate section between these two points (Fig. 2A). The
logs were then wrapped in plastic bags and transported to the
“SilvaTech” facility (Nancy, France). Each log was scanned
using a medical CT scanner (GE BrightSpeed Excel) as
shown in Fig. 1A. The image of the transverse section had a
spatial resolution of 0.88 mm/pixel, and a slice thickness of
0.625 mm. The X-ray source parameter were fixed at 80 kV
and 50 mA, using a helical mode.

Wood hydraulic properties characterization

We used three different techniques to measure and compare
the hydraulic properties of sapwood, heartwood, and wet-
wood. These measurements were conducted on wood sam-
ples obtained from three trees, previously selected using
an Electrical Resistivity Tomography tool (ERT) for the

non-destructive detection of wetwood (as described by Mar-
tin et al. 2021), and containing significant areas of wetwood.

The wood’s longitudinal conductivity was measured
using a Xyl’em device (Xyl’em, Bronkhorst, Montigny-
les-Cormeilles, France) on three transversal slices of wood,
each 10 cm thick in the longitudinal direction (Cochard et al.
2013). After an initial chainsaw cut, each sample containing
the three wood zones of interest (sapwood, dry heartwood,
and wetwood) was placed in a water-filled tank (Fig. 2A).
Following a new cutting of small areas of a few mm? under
water with a razor blade, a cork borer with a diameter of
3 mm was inserted into the wood at each measuring point
(9 per sample). The needle was connected by a pipe to the
Xyl’em device, which delivered water into the sample. The
xylem hydraulic conductivity (K) is defined as the mass flow
(F, mmol.s~!) of water passing through a segment exposed
to a gravimetric pressure gradient P/I (MPa.m™"), where 1 is
the sample length (m). The unit for K is mmol.m.s~!.MPa™!
(Cochard et al. 2013; Sperry et al. 1988). The constancy of
the xylem section in the needle allows for a direct compari-
son of K values across samples.

The vulnerability to cavitation of sapwood and wetwood
was measured using a centrifuge technique (Fig. 1C; Cochard
et al. 2005). For this experiment, pieces of wood about 1 cm?
in section and 28 cm long were cut from sapwood (n=35) and
wetwood (n=10) areas (Fig. 3A, Fig. S1A). In order to reduce
the potential damage to the surface conduits, the wood samples
were separated as far as possible along the grain. Each xylem
segment was installed on the axis of a centrifuge with its ends

Fig. 1 Photographs presenting the different devices and techniques
used for the wetwood investigations. X-ray medical scanner on logs
for wetwood mapping at the trunk scale (A), Xyl’em device for wood
conductivity measurements (B), Centrifugation technique for wood

water retention measurements (C), DroughtBox for wood drying
kinetics under controlled conditions (D), X-ray microtomography
observation (E), and histological analysis (F)
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Fig.2 Spatial distribution of water in a trunk. Cross-section obser- G) and 14 m (B, C, D). The arrows indicate the relative positions of
vation by X-ray scanning enlightened the contrast between the water the scans in the trunk (A). On the nine X-ray scanning images, black
saturated and embolised areas. Three fir trees (Type 1, Type 2 and areas indicate air-filled tracheids, light grey areas indicate the water-

Type 3) were scanned at 3 different heights: 1 m (H, I, J), 8 m (E, F, filled tracheids

Fig.3 Water retention curve » N 250 ;
of sapwood (red) and wetwood B = Sapwood (sw) E
(blue) in relation to the negative A 0] Wetwood (ww) '
hydrostatic pressure. Photo- R
graph showing the position of t
28 cm-long xylem segments g 150 ~
cut longitudinally and used for 2
measurements in sapwood (sw) g 100 J
and wetwood (ww) areas (A). 2
Each point of the plot represents E g
the moisture content of 2 cm 50 1
long segment after centrifuga- =5
. T
tion (B) T 0 i i . i i i ; i
sw 35 3 25 2 45 1 05 0 05 1

Xylem pressure (MPa)

immersed in 1 cm of water contained in two plastic reservoirs ~ pressure that is evaluated according to its radial position x in

and then centrifuged for 1 h. Holes in the reservoir wall main-  the centrifuge as follows:
tained the water level constant. This technique involves rotat- _— 5
ing the sample through its center and using centrifugal forceto  F = —0-25p@ [R* - (R - x)’] ey

generate negative pressures (P, MPa) in the sample. Thanks to
this method, each part of the sample experiences a local xylem
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where p is the density of water (1000 kg m™), o is the
angular speed (rad s™1), R is the distance (in m) from the
axis of rotation to the water surface in the reservoir, and
x the position on the sample axis. The xylem pressure is
minimum in the middle of the sample and null at the water
surface in the cuvettes, and slightly positive at the sample’s
ends (Cochard et al. 2005). Five different speeds, corre-
sponding to pressures of 0, — 0.5, — 1, — 2, and — 3 MPa,
were imposed on one sapwood and two wetwood segments.
The gradients of xylem pressures sustained by the samples
are presented in Fig. S1B. After centrifugation, each xylem
segment was cut into fourteen 2 cm long samples, and their
fresh mass (FW) was immediately measured. The samples
were then dried for at least 24 h at 104 °C, and their dry
mass (DW) was measured to determine their moisture con-
tent (MC, Eq. 2).

Drying kinetics of sapwood and wetwood were investi-
gated using cubic samples measuring 5 x 5x5 cm®. To con-
trol the drying direction (longitudinal, radial, or tangential),
five out of six faces of each sample were coated with liquid
paraffin. The coated samples were then placed in a Drought-
Box, a hermetic and insulated chamber made of 40 mm thick
polystyrene boards (Billon et al. 2020). The DroughtBox
allowed for the control of temperature and humidity within
the chamber and real-time monitoring of mass variations
of each sample via strain gauges. Samples were attached to
strain gauges through holes in the roof board and placed at
a constant temperature of 30 °C and humidity of 45% for a
duration of 5 days (Fig. 1D).

Direct X-ray microtomography (micro-CT)
visualization of embolism at cell level in cores

X-ray micro-CT scans were conducted on radial cores
obtained using a 10 mm width increment borer (Haglof
Sweden AB, Lansele, Sweden). The cores were promptly
wrapped in parafilm and transported in a cooler to the
laboratory where they were trimmed to 100 mm length
in the radial direction with a razor blade and coated with
liquid paraffin wax to prevent drying during scanning. The
cores were then scanned using an X-ray microtomograph
(Nanotom 180 XS; GE, Wunstorf, Germany) according to
the protocol described by Cochard et al. (2015) (Fig. 1E)
using a z-project module in order to automatically scan the
long radial core. The micro-CT scan’s field of view was set
to 10x 10x 50 mm (tangential, longitudinal and radial direc-
tions respectively), and the X-ray source was adjusted to
60 kV and 240 pA. During each 21 min scan, 1000 images
were recorded as the sample was rotated 360°. After 3D
reconstruction, the final volumetric image had a spatial reso-
lution of 5.3 5.3 5.3 um? per voxel. Virtual slices depict-
ing the radial-tangential plane were extracted from the center
of each 3D volume using VGStudio Max® software (Volume

Graphics, Heidelberg, Germany) to visualize the local embo-
lism at the cellular level.

Histological analysis

To perform histological observations, cubes measuring
approximately 1 cm on each side were obtained from sap-
wood, heartwood, and wetwood. Wood sticks measuring
8 mm in length and 3 X3 mm in cross-section were re-cut
using a razor blade. The samples were then fixed, dehy-
drated, and gradually infiltrated with white medium-grade
LR White resin following the method described by Azri et al.
(2009). Thin transversal and tangential sections, 2 pm thick,
were prepared using an OmU?2 rotary microtome (Reichert,
Vienna, Austria) equipped with a Diatome diamond knife
(LFG Distribution, Lyon, France). The sections were stained
with 0.5% toluidine blue and all images were captured using
a Zeiss Axioskop 40 microscope, digital camera, and Zen
imaging software system (Zeiss, Jena, Germany).

Tree girdling experiment and local wood moisture
content measurements on cores

In early September 2018, a 47 cm diameter tree, from plot
1, with a wetwood zone covering the entire heartwood was
selected using an electrical resistivity tomograph (see Mar-
tin et al. 2021 for more details). Girdling was performed
using a chainsaw by notching the trunk at a height of 50 cm
to a depth of 10 cm in order to completely incise the sap-
wood and stop the flow of sap. Cores were sampled from
1 m above the girdling area on the day of girdling and 10, 90
and 650 days later. We collected wood cores using a 5 mm
width increment borer (Haglof Sweden AB, Lansele, Swe-
den). After sampling, we cut the cores into 10 cm pieces and
placed them immediately in plastic tubes, which we brought
to the laboratory in a cooler. We then cut each piece into
10 mm samples and measured its fresh mass (FW) imme-
diately. We dried the samples for at least 24 h at 104 °C
and measured their dry mass (DW). We calculated the wood
moisture content (MC %) using Eq. (2):

MC% = FW - DW * 100 )
DW

Infradensity of wood

Infradensity measurements were conducted on 2093 heart-
wood cylindrical samples, each measuring 10 mm in length
and 5 mm in diameter. These samples, which contain either
normal heartwood, wetwood, or a combination of both, were
collected using a 5 mm width increment borer (Haglof Swe-
den AB, Lansele, Sweden) from 58 fir trees within our three
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forest plots (see Martin et al. 2021 for more details about the
sampled trees).

The infradensity p,, was evaluated using the following
formula:

pw =DW/V 3)

where DW is the owen-dry mass of the wood and V the
volume of the green wood sample.

Results
Mapping the wetwood areas in the trunk

The spatial distribution of wetwood in fir tree trunks was
investigated through X-ray scanning of 1 m logs collected
at three different heights (Fig. 2A) from three trees prese-
lected using electrical resistance tomography (ERT). These
trees were chosen based on three distinct ER profiles, as
described in Martin et al. (2021). Type 1 refers to heartwood
without wetwood. Type 2 refers to heterogeneous heartwood
containing wetwood patches, and Type 3 refers to an almost
homogeneous central wetwood area. Our findings indicated
that trees with Type 1 profiles, i.e., little to no wetwood at
the trunk base, also lacked significant wetwood areas else-
where in the trunk (Fig. 2B, E, H). For Type 3 trees (Fig. 2J),
the central wetwood area extended throughout the trunk, at
least from the base to the crown (Fig. 2D, G). Type 2 trees
displayed an irregular wetwood area that extended partly
into the sapwood region (Fig. 2I), with a distribution pat-
tern consistently observed at 8 m but not at 14 m height
(Fig. 2C, F). Our X-ray scans further revealed that wetwood
can extend vertically from the base to the crown in Abies
alba trees and that observations made at the trunk base are
representative of the overall state of the trunk.

Physical properties of wood (sapwood, heartwood,
wetwood)

The moisture content of wetwood was consistently equal to,
or higher, than that of sapwood, and significantly higher than
in normal heartwood, as demonstrated by measurements in
this study (Table 1, Figs. 3 and 4).

Regarding the hydraulic conductivity of the wood,
our method indicated an average value of K of around
30 mmol.m.s~'.MPa™! in the sapwood, but no conductivity
in either wetwood or dry heartwood (Table 1).

The water retention curve of sapwood aligned with its
susceptibility to cavitation, remaining constant at around
130% moisture content between+0.5 and — 1 MPa before
decreasing with the onset of cavitation, eventually reaching
levels comparable to those of dry heartwood at around 40%
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Table1 Moisture content (%)
(mmol.m.s"'.MPa™!)

and hydraulic conductivity

Sapwood Dry heartwood Wetwood
Moisture content (%) 144.5+21.1* 44.9+5.4° 151.8 +£23.6*
Conductivity 28.6+4° 0+0° 0+0°
(mmol.m.s™".
MPa™!)

Comparison of wetwood, sapwood and dry heartwood

from — 2.5 MPa (Fig. 3B). Wetwood’s water retention curve
differed greatly: between+ 0.5 and — 1 MPa, a portion of
the water is released, reducing the MC from 188 to 124% (a
value close to that of sapwood at this point). However, unlike
sapwood, pressure increase did not decrease wetwood’s MC,
which remained stable between 104 and 124% (Fig. 3B).
Under stable and controlled conditions, drying rates in
both radial and longitudinal directions for sapwood and wet-
wood samples were identical (Fig. S2). Although the overall
drying time was dependent on the initial MC, regardless of
the wood type, a significant decrease in the drying time and
rate of wetwood was observed when a zone of dry heartwood
separated the wetwood from the outer zone (Fig. 4, Fig. S2).

Wetwood characteristics at the cellular level

We analyzed cores taken at breast height from 20 trees
using X-ray microtomography to visualize the water con-
tent at the cellular level and distinguish between tracheids
that were fully water-saturated (light grey areas) or embo-
lized and filled with air (black areas). Figure 5a shows a
typical radial pattern we observed in all trees containing
wetwood areas. Three distinct zones were clearly visible:
(1) In the sapwood (the first two rings on the left), X-ray
microtomography revealed the alternation of almost entirely
black areas corresponding to fully embolized tracheids in
the latewood and light grey areas in the earlywood where
almost all tracheids were saturated with water. This pattern
was consistently observed in all sapwood rings of all trees
studied. (2) The second zone, corresponding to the “dry”
or “normal” heartwood, extended over about two rings and
appeared completely black, consisting of fully embolized
tracheids. Depending on the tree, the “dry” heartwood could
extend several centimeters and never less than one ring (data
not shown). (3) The wetwood present on the right side of
Fig. 5A consisted of entirely light grey areas, indicating
fully water-saturated xylem. This zone extended over a few
growth rings in some trees and up to the entire heartwood in
others. Depending on the tree, these light grey areas could
contain black spots of varying sizes ranging from single tra-
cheids to areas of several mm? filled with air.

At the anatomical level, we observed through light
microscopy that all tori were aspirated in bordered pits in
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Fig.4 Drying rate in radial
direction of sapwood (sw),
wetwood (ww) and wetwood

A MC (%)=146.2+18.1

MC (%) = 107.7 + 4.4

MC (%) = 187.2 +24.8

separated from the outside by a !

dry heartwood zone (dw +ww)
(B). Photographs depict the
cross section of each type

of wood samples. The black
arrows indicate the drying
direction (air/wood interface), ' - Sw
while all other sides of the cube

were watertight (A). Plot reports

[:. £ B

the mean MC values (+SD)
during the drying

B Parafin

B 20T
180 T
£ . i
= 160 |
c
(]
£ 140 -
o
o
@ 120
=
@
2 100
=
80
60 :

= Sapwood (sw)
+ Dry heartwood (dw) + Wetwood (ww)
« Wetwood (ww)

dry heartwood (Fig. 5C, F), while in the sapwood sections
(Fig. 5B, E), no aspirated torus was observed. In the case
of wetwood, all tori were aspirated in bordered pits of ear-
lywood, which is a typical anatomical pattern of heartwood
(Fig. 5D, G). Additionally, nuclei were present in every ray
cell of the sapwood (Fig. 5B, E), but not visible in wetwood,
which is another characteristic of heartwood (Fig. 5D, G).

Does wetwood have a physiological role?

To investigate fir trees’ ability to mobilize the stored water
in wetwood, we tracked the water status of a tree’s aerial
portion after removing its connection to the root system by
girdling the sapwood (Fig. 7). Moisture content analysis of
radial cores revealed that 90 days after girdling, the sapwood
was completely dry, while the MC of the wetwood remained
similar to its initial value at the time of girdling. At 650 days
after the girdling, the fir tree’s aerial part exhibited classic
signs of apparent death (needle loss, bark stripping), but still

40 60 80
Drying time (h)

120

retained high MC in its heartwood, albeit lower than before
due to the presence of wetwood.

Discussion

Our measurements did not reveal any significant differences
between the sites or among the trees within the same plot,
indicating a lack of pronounced effects from pedoclimatic
conditions.

Position of wetwood in the trunks

Our study revealed significant variations in water distribu-
tion in trunk heartwood, both horizontally and longitudi-
nally, between the 3 felled trees. Similar variability has been
observed previously in Abies alba (Martin et al. 2021) and
in Cryptomeria japonica (Nakada et al. 2003). Contrary to
several studies on Abies (Coutts and Rishbeth 1977; Passialis
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Sapwood

Fig.5 X-ray microtomographic observation of tracheids embolism on
cores (A). Black areas indicate air-filled tracheids, while light-grey
areas indicate water-filled tracheids. The growth ring boundaries are
indicated by red arrows.The directions of the bark and the pith are
indicated by white arrows. EW, earlywood; LW, latewood. Scale bar:

and Tsoumis 1984), with the exception of one tree out of
three, the wetwood does not show the typical pattern of a
central circular cone starting from the base of the trunk and
decreasing upwards (Fig. 2). In all the samples examined,
we observed the presence of a dry zone of varying thick-
ness between the sapwood and the wetwood (Figs. 2 and 5;
Martin et al. 2021). The presence of such a zone has been
reported in previous literature (Bauch et al. 1975; Worrall
and Parmeter 1982). In a study on balsam fir, a transition
zone of 1 to 2 rings between sapwood and wetwood was
identified in 10 trees containing wet areas (Jeremic et al.
2004). The formation of this zone is believed to precede the
formation of wetwood (Coutts and Rishbeth 1977).

Physical properties of wetwood

If the moisture content of heartwood exceeded the value of
50%, it was considered abnormal and identified as wetwood.
On average, the moisture levels measured in the wetwood
were equivalent to or slightly higher than those in the sap-
wood; supporting the findings of previous research on dif-
ferent fir species (Coutts and Rishbeth 1977; Jeremic et al.
2004; Lihra et al. 2000; Martin et al. 2021; Schneider and
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Dry heartwood

Wetwood

1 mm. Anatomical structure of sapwood (B, E), dry heartwood (C, F)
and wetwood (D, G) in transversal plane (B, C, D) and longitudinal
plane (E, F, G). Staining: 1% toluidine blue. Ap aspirated pit, np non-
aspirated pit, nu nucleus, ra ray cell, ¢r tracheid. Scale bar: 20 ym

300 Y
Guery 1
Guery 2
250 Saint-Germain
= = = = Theoritical MC Max
S - = =FSP
‘E 200 -
3
S
o 150 1
2 -
2 .
) 100 4 & S R
(<] bt
= o
50
0 T T T
0.20 0.40 0.60 0.80 1.00

Infradensity (g/cm?)

Fig.6 Moisture content in relation to wood infradensity (see Eq. 3)
of 2093 heartwood samples of approximatively 1 cm in length taken
from 58 fir trees. The black dashed line indicates the FSP (Fibre Sat-
uration Point) value. The red dashed curve indicates the theoretical
maximum value the moisture content of wood could reach (see Eq. 4)
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Zhou 1989; Worrall and Parmeter 1982). Figure 6 enlightens
that no significant correlation was found between the pres-
ence of water in heartwood and wood density, which had
already been observed in a study on Balsam fir (Jeremic
et al. 2004). This graph also indicates that the moisture con-
tent in the trunk is always higher than the Fiber Saturation
Point (FSP) value, even in case of normal “dry” heartwood,
and can reach extremely high values; until the theoretical
maximum value that is limited by the wood porosity, i.e. the
wood density, according to the equation:

MC(%)y = 100 <FSP + Pt (pi - i) ) 4

w  Pcw

where pcy is the density of the cell wall (assumed to be
constant: 1500 kg.m™, USDA 2010) and pyy,,,, is the den-
sity of water. This observation suggests that there is no link
between the presence of wetwood and tree growth rate as
previously observed on Abies balsamea (Lihra et al. 2000).
However, a study on Abies grandis showed a positive rela-
tionship between tree vigour and the proportion of wetwood
in the tree (Coutts and Rishbeth 1977).

Longitudinally, wetwood shows no measurable conduc-
tivity under pressure (Table 1), with Fig. 3 highlighting the
inability to push out water already present, even under pres-
sure, suggesting a probably overall absence of water conduc-
tion, as observed for Abies balsamea and Abies lasioscarpa
(Cai and Oliveira 2007; Schneider and Zhou 1989). This
lack of conduction is attributed to the anatomical charac-
teristics of the wetwood, notably bordered pits and dead ray
cells (Schneider and Zhou 1989), suggesting that this wood
has undergone a normal heartwood formation phenomenon
characterized by embolism and cell death (Fig. 5). These
results are consistent with water entry post-heartwood for-
mation, rather than an initial defect in heartwood formation.

Regarding radial properties, our results show similar dry-
ing kinetics between sapwood and wetwood when the mois-
ture content of the latter is relatively homogeneous (Figs. 4
and S2). However, a significant block seems to occur in the
presence of a dry zone separating the wet zone from the sur-
rounding air (Fig. 4). This observation is consistent with the
work of Lihra et al. (2000) who proposed that drying prob-
lems in balsam fir may be due to blockage in some areas of
the heartwood. In the presence of a dry zone, radial diffusion
is very slow and requires prior water resaturation of the cell
wall. This radial blockage due to the presence of a dry zone
is confirmed by the presence of wetwood still visible in the
heartwood of trees that have been dead for at least two years
and have completely embolized sapwood (data not shown).
Furthermore, girdling experiments demonstrated the absence
or very low transfer of water from wetwood to sapwood,
indicating no physiological role for this wood as a water
reservoir (Fig. 7).
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Fig.7 Moisture content profiles in cores of a girdled tree: the day
(A) of girdling (Day 0), 90 (B) and 650 (C) days after girdling (Day
90 and Day 650). On each profile, the sapwood area is highlighted in
grey. Each point of the profiles corresponds to a 1 cm long radial core
sample

Mechanism of wetwood formation

The mechanisms that facilitate water penetration into heart-
wood, despite the apparently impermeable barrier formed by
the embolized zone that still separates sapwood from wet-
wood, have been the subject of a variety of studies (Coutts
and Rishbeth 1977; Nakada et al. 2019; Okada et al. 2012;
Worrall and Parmeter 1982).

A number of studies suggest that water entering the heart-
wood results from a transfer mechanism coming from the
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sapwood. In their study on Abies grandis, Coutts and Rish-
beth (1977) claimed that the exclusive source of water comes
from the sapwood through a movement of water through the
few remaining viable woody rays in the transition zone. This
transfer is facilitated by a difference in osmotic potential,
attributed to an accumulation of potassium in the heartwood.
Potassium accumulation in the heartwood has been linked
to the development of wetwood in different species, includ-
ing Abies (Ishii and Fukazawa 1987; Worrall and Parmeter
1982). In the case of Cryptomeria japonica, this accumula-
tion would occur through an active transport by parenchyma
cells of the rays just before their death during heartwood
formation (Okada et al. 2012). The authors concluded that
the accumulation of potassium and other alkali metals in
Japanese cedar heartwood occurs in two phases: an active
transport from the sapwood to the outer heartwood through
the rays, followed by a diffusion within the heartwood. These
processes appear to be independent of cambial activity and
cytological changes in the ray parenchyma (Okada et al.
2012). In another study, a seasonally fluctuating osmotic
potential gradient was demonstrated for the two species stud-
ied: Cryptomeria japonica and Larix kaempferi. Contrary
to their initial hypothesis, the species lacking wetwood dis-
played the most pronounced gradient (Nakada et al. 2019).
The transfer of water in the case of Abies alba appears to
be less feasible, given that, in certain instances, there may
be a dry wood layer exceeding 10 cm between the sapwood
and the wetwood. (Fig. 2G; data not shown). Furthermore, a
study carried out on three species, Douglas fir (Pseudotsuga
menziesii Franco), ponderosa pine (Pinus ponderosa Dougl.)
and lodgepole pine (Pinus contorta Dougl.) indicates that
wood rays do not appear to facilitate radial water transport
(Barnard et al. 2013).

In our study, an extensive examination of the distribution
of wetwood in trunks (Figs. 2 and 8) enabled us to highlight
the significant role played by dead branches in the wetwood
formation process. Through X-ray scanner imaging, we
observed that wetwood has the potential to extend vertically

Fig. 8 Pattern of wetwood in
transverse section of a felled
tree (A). Water diffusion zones
(ww) around dead branches (db)
observable on longitudinal-tan-
gential (B and D) and longitu-
dinal-radial sections (C). There
is never wetwood around living
branches. db: dead branch; dw:
dry wood; Ib: leaving branch;
ww: wetwood
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from the base of the trunk to the crown. (Fig. 2, Vid. S1).
Eye observation of different wood sections revealed that the
wetwood mainly established connections with dead branches
(Fig. 8B, C), while living branches never showed a direct
connection with wetwood (Fig. 8D). We therefore propose
that the dead branches can act as a conduit, promoting the
entry of external water and followed by mass diffusion into
the heartwood around the dead branches in both radial and
longitudinal directions; challenging the presumed imperme-
ability of the heartwood, a phenomenon already suggested in
other studies (Krause and Cagnon 2005; Worrall and Parme-
ter 1982). Our hypothesis is that filling could occur slowly
and progressively over several years. This could be due to
a diffusion of water along the cell walls, a diffusion that is
lower than the resolution of the conductivity measurements
carried out during our study. Occasionally, wetwood is also
visible in the sapwood (Fig. 2F, I), in response or not to
injury, but always as a result of tracheid embolism (data not
shown).

In the case of softwoods, with a few rare exceptions,
the development of wetwood appears to be a characteristic
observed in species with wood lacking resin canals (Jeremic
et al. 2004; Martin et al. 2021; Nakada et al. 2003; Nakada
2006; Passialis and Tsoumis 1984; Ward and Pong 1980).
The presence of these canals may consequently account for
the absence of wetwood in certain species such as Larix
kaempferi, despite exhibiting a more significant osmotic
gradient than Cryptomeria japonica (Nakada et al. 2019).
By making perforations in the bark and sapwood of sev-
eral living Abies alba and Picea abies trees, we observed,
two years later, the formation of wetwood areas in the sap-
wood region of the Abies alba trees, extending a minimum
of 10 cm above and below the perforation site. In contrast,
Picea abies trees only showed embolization of their sap-
wood at equivalent distances from the perforations (data not
shown). This distinction could be attributed to the presence
of resin canals and production of resin in response to wound-
ing in Picea abies trees.
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Conclusion

This article presents a number of significant findings, which
are outlined below: (1) the pronounced variability of mois-
ture distribution in the heartwood of the silver fir trees exam-
ined, which revealed the absence of a predetermined pattern;
(2) the distinct divergence in physical properties between
wetwood and sapwood, in particular the zero hydraulic con-
ductivity of wetwood; and (3) the identical anatomical char-
acteristics of wetwood compared to normal dry heartwood.
In regard to the potential role of water in fir heartwood,
two main hypotheses have been proposed in the literature.
The first posits that stored water may have a physiological
function that has yet to be conclusively demonstrated. The
second suggests that the formation of wetwood may be the
consequence of a defect or anomaly resulting from a dif-
ference in osmotic potential, leading to an accumulation of
water in the heartwood. In this work, we have demonstrated
that wetwood is unable to provide a water reserve for the
tree, given its compartmentalized and apparently non-usable
nature. The potential protective role against bacteria and
fungi could be a plausible assumption, especially consider-
ing the prevalence of water in the heartwood of Abies alba as
a species lacking resin canals. However, further research is
required to confirm or refute this hypothesis. In addition, our
work has highlighted the crucial role of dead branches in the
mechanism of wetwood formation in silver fir. Finally, with
regard to the challenges associated with the use of fir wood
in industry, it should be noted that the presence of water in
the heartwood has a negligible impact on the wood’s intrin-
sic quality. However, this can potentially affect the process-
ing of the wood, for example, by affecting the effectiveness
of drying, steaming or gluing.
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