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 ABSTRACT

Trees can control their shape and resist gravity thanks to their ability to pro-
duce wood under tensile stress. This stress is known to be produced during 
the maturation of wood fibres but the mechanism of its generation remains 
unclear. This study focuses on the formation of the secondary wall in tension 
wood produced in artificially tilted poplar saplings. Thickness of secondary wall 
layer (SL) and gelatinous layer (GL) were measured from cambium to mature 
wood in several trees sampled at different times after tilting. Measurements on 
wood fibres produced before tilting show the progressive increase of secondary 
wall thickness during the growing season. After the tilting date, SL thickness 
decreased markedly from normal wood to tension wood while the total thick-
ness increased compared to normal wood, with the development of a thick GL. 
However, even after GL formation, SL thickness continues to increase during 
the growing season. GL thickening was observed to be faster than SL thickening. 
The development of the unlignified GL is proposed to be a low cost, efficient 
strategy for a fast generation of tensile stress in broadleaved trees.
Keywords: Gelatinous layer, secondary wall layer, developing xylem, matura-
tion stress, tree biomechanics.
[In the online version of this paper Figure 1–3 and 6 are reproduced in colour.]

INTRODUCTION

The ability of trees to regulate their shape and maintain their trunk vertically is per-
formed thanks to an asymmetrical distribution of mechanical stresses around the tree 
circumference (Archer 1986). When the axes of hardwood species need a strong re-
orientation or reaction to weight, a high tensile stress can be produced on the upper  
side of the leaning stem by the production of so-called tension wood (Fournier et al. 
2014). The cell wall structure of tension wood can exhibit important changes compared 
with normal wood (Onaka 1949; Ruelle 2014). Normal wood cells are composed of  
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a middle lamella, a thin primary wall and a large secondary wall layer (SL) divided 
into three sub-layers, called S1, S2 and S3. In numerous species, such as poplar, tension 
wood is characterized by fibres with a specific morphology and chemical composition 
due to the development of a so-called gelatinous layer (GL), replacing the S3 and a part 
of or the whole S2 layer (Saiki & Ono 1971; Andersson-Gunneräs et al. 2006). The GL 
is known to have a high cellulose content (Norberg & Meier 1966; Côté et al. 1969) 
with microfibrils oriented nearly parallel to the cell axis (Fujita et al. 1974; Prodhan 
et al. 1995), embedded in an un-lignified matrix (Pilate et al. 2004) made of numer-
ous specific non-cellulosic polysaccharides (Mikshina et al. 2013). At the tissue level, 
poplar tension wood is also characterized by a reduced number and a lower diameter 
of vessel elements (Jourez et al. 2001).
 Although the GL is the most important structural change of tension wood in most 
temperate eudicots, numerous tropical species do not produce a GL (Okuyama et al. 
1994; Yoshida et al. 2000; Clair et al. 2006; Sultana et al. 2010). In tension wood with 
G-fibres, the GL is recognized as the driving force of tensile stress as its amount is 
directly related to the mechanical stress level (Clair et al. 2003; Washusen et al. 2003; 
Fang et al. 2008) and tensile stress in cellulose microfibrils has been identified to occur  
synchronously with their deposition in the GL during cell maturation (Clair et al. 2011).  
However, the clear mechanism of tensile stress generation remains unclear, and it is  
therefore interesting to focus research on the development of the GL of tension wood. 
 Tension wood is often formed at a higher rate compared with normal wood (Anders-
son-Gunneräs 2006). Growth speed and developmental decisions regarding the cell 
type formed are determined in the meristematic cambial zone, whereas the formation 
of the GL takes place later during xylem differentiation (Timell 1986). The perception 
of the need of reaction is very fast; Jourez and Avella-Shaw (2003) observed that reac-
tion is visible several hours after tree inclination but the GL is only visible after 1 to 2 
days, depending on the trees. However, the development at a finer scale, and especially 
the balance between SL and GL production has never been studied and could be of 
special interest for the understanding of maturation stress generation. Indeed, several 
observations have been done on the decrease of the SL thickness when the GL thick-
ness increases (visible but not discussed in Clair et al. 2011, Yoshinaga et al. 2012 and 
Chang et al. 2014). The starting point of this study was therefore to identify whether 
GL formation could be partially due to a modification of SL during maturation.
 In this study, the growth of cell wall layers of tension wood is investigated in pop-
lar grown under artificial conditions. The study focuses on GL formation during the 
secondary wall formation stage (i.e., excluding the cambial zone and early stages of 
xylem cell expansion). This study aims to answer the question how GL and SL thick-
ness change during the reaction process. What is the relationship between GL and SL 
thickening? Does GL formation reduce SL thickness in the tension wood cell wall?

MATERIAL  AND  METHODS

Material
 Poplar saplings (hybrid Populus tremula × P. alba (clone INRA 717-1B4)) were 
grown in a greenhouse at the INRA centre in Orléans, France. Trees were tilted and 
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attached to a tilted pole in the middle of the growing season on June 25th, 2012. Then, 
trees were sampled after one day (T1), three (T3), seven (T7), fourteen (T14) and 25 
days (T25) after tilting. Sampling was performed on three trees at each sampling date. 
Trees were 1.3 m high and had a basal diameter of around 10 to 12 mm at the begin-
ning of the experiment. Small blocks were cut from tension wood sides (upper side) 
and opposite wood side (lower side) of the basal part of the tilted stems. All samples 
were dehydrated through ethanol series and embedded in LR white resin (London 
Resin) according to standard methodology (two exchanges of resin/ethanol mixture for 
one hour, followed by two exchanges in pure resin for one hour, kept one day at room 
temperature, then kept overnight in a capsule mould at 65 ºC). Thin transverse sections 
(0.5 µm in thickness) were obtained using a rotary microtome (Leica RM2265) with 
diamond knife (Diatome Histo). The use of dehydrated and embedded samples may 
affect the quantitative determination of the cell wall thickness compared to the native 
state. This sample preparation is expected to produce a slight shrinkage or swelling of 
the wall. For example, Chang et al. (2012) showed that ethanol dehydration produces 
a macroscopic swelling of 0.2%. However, this preparation is necessary to avoid the 
observation of the GL in a swollen state due to the border artefact described in Clair et al.  
(2005). This artefact has been shown to swell the GL by around 60% (Clair et al. 2005; 
Fang et al. 2008). In order to avoid observation of GL in a swollen state, sections were 
taken at least at 50 µm below the trimming surface of the embedded samples. Sections 
were mounted in EukittTM on glass slides without staining.

Measurement of cell wall thickness
 Cell wall layer thickness of wood fibres was measured using the phase contrast mode 
of a Leica DMLP microscope with immersion oil lenses. Phase contrast is preferable to 
bright field microscopy when high magnifications (400×, 1000×) are needed especially 
as the specimen is colourless or the details are so fine that colour does not show up 
well. Light microscopy allows for the measurement of all the cells along a radial line 
and an average measurement on each whole cell, which is not possible using TEM 
technique that requires the deposition of the sections on a grid thus hiding part of the 
sample. Several images were captured using a digital camera (Leica DFC320) from 
cambium cells to ring boundary with a sufficient overlap to allow for the reposition-
ing of each image with the previous one in order to accurately measure the distance 
of each cell to the cambium. Preliminary testing on another sampling (data not shown 

Figure 1. Detail of an optical image used for 
the measurement of cell wall parameters with 
ImageJ software. — Scale bar = 5 µm.
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here) indicated that the thickness of the compound middle lamella (CML) is constant 
all along the maturation sequence and does not show significant variation with SL 
and GL thickness changes. Therefore, CML thickness was not measured in this study. 
Thickness of GL and SL were measured in three radial lines of cells per sample using 
image analysis software ImageJ (National Institutes of Health, Bethesda, MD, USA). 
In order to handle the variability of cell wall layer thickness around the cell, and to 
increase the precision of the measurement, a mean cell wall thickness was calculated 
according to the method proposed by Yoshinaga et al. (2012). External contours of 
the GL, SL and lumen were plotted manually from images (Fig. 1) and the average 
thickness was calculated according to following formula:

GL mean thickness = 2 × AGL/(PGL + PLumen),
and

SL mean thickness = 2 × ASL/(PSL + PGL),

where AGL is the area of GL, ASL the area of SL, PGL the external perimeter of GL, 
PSL the external perimeter of SL and PLumen the lumen perimeter. Finally, the mean 
cell diameter was evaluated as D = PSL/π. This method integrates the whole fibre and 
thus allows for a better precision in the thickness measurement than when performed 
only in some points. A reproducibility test, made by measuring 30 times the same wall 
thickness, yielded a confidence interval at 95% of 0.015 µm.
 Each measured cell was later recognized by its distance to the cambium both in 
µm and in number of the cells (when a vessel interrupted the radial line, the number 
of cells was counted on the adjacent radial line), its cell dimensions (equivalent mean 
diameter) and its mean cell wall thicknesses (SL and GL). As mentioned in Fang et al.  
(2008), GL thickness is positively related to the cell diameter (the higher the fibre 
diameter, the thicker the GL) due to the reduced wall thickness near the end of the 
fibres, as shown by Okumura et al. (1977). Therefore, in order to make the progressive 
changes in the wall thickness comparable from fibre to fibre, thicknesses are presented 
as relative thicknesses by dividing them by the mean cell diameter.

RESULTS

As it is not possible to follow the thickening of a single cell, several cells in a single 
radial line from cambium to mature wood are considered as a good proxy of the ma-
turing cell all along this study. On each sample, the 3 radial lines measured were very 
similar to each other, only disturbed by the presence of vessels. Therefore, for the sake 
of clarity, only one radial line is presented in our graphs, for a given sample.

Stimulus duration before GL formation
 The presence of fibres with a GL (G-fibre) was not detectable one day after tilting. 
Three days after tilting, GL was observable only in one tree among the three sampled 
trees. One week after tilting, all trees exhibit a GL in almost all of the tension wood 
fibres.
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Identifying the tilting date in sections
 To better understand the cell wall thickness changes in response to the gravitropic 
stimulus, it is necessary to identify which cells were produced before and after tilting. 
This date is clearly identifiable thanks to the appearance of the GL at the tilting date 
followed by a strong decrease in SL thickness. In the transition zone, SL is first as thick 
as before tilting but with a thin GL (Fig. 2d); then SL thickness gradually decreases. 
Whereas SL has a thickness of around 1.56 µm before the tilting date (average of all 
samples), it is reduced to around 0.6 µm when the GL thickness remains stable. One 
can consider that the gradual change in SL thickness is due to the sudden change in the 
signal that modified the function of the cell, stopping the development of the SL to start 
the deposition of a GL. Therefore, cells with SL of intermediate thickness correspond 
to cells that already differentiated but were not mature at the tilting date, whereas cells 
with a thinner SL and a thick GL were differentiated after the tilting date.

Growth rate
 Growth rate is obtained by counting the number of cells and the distance from the 
tilting position to the cambium. Growth rates are given in Table 1. The number of cells 
formed per day slightly increased after 7 days to 14 days after tilting, and then decreased 
strongly during the last period.

SL thickness before tilting
 Table 2 summarizes the mean values and the significance of relationships between 
changes in thickness and distance to the cambium for each measured sample. The 
average thickness of SL before tilting (Fig. 2 stage e) was measured on all the trees 
sampled at T7, T14 and T25 with a mean value of 1.56 µm (standard deviation (SD): 

Figure 2. GL and SL relative thickness change from the cambium to the ring boundary in a tree 
sampled 25 days after tilting. – a: SL thickening; b: GL thickening; c: GL constant thickness;  
d: tilting; e: before tilting; squares: GL, circles: SL; dotted line, left: end of SL thickening, center 
left: end of G thickening, center right: end of the transition, right: tilting date.
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0.13) and a mean relative thickness of 0.097 (SD: 0.004). However, this thickness is 
not constant as it increases from ring boundary to tilt position (Fig. 2 stage e). This 
increase was statistically significant in 7 samples out of 9 (Table 2). In the two samples 
where the correlation was not significant, some GL are observed before tilting (as in 
Fig. 2 stage e). The presence of GL can largely affect the SL thickness and explain the  
disturbed relationship. The presence of GL in upright trees is commonly observed and 
can be considered as a normal behaviour considering the need for the tree to stay up-
right. Some other trees presented a thin GL before tilting, which weakly affected the 
present relationship (Fig. 2).

Change in SL thickness after tilting
 After the tilting date, SL has a rather constant thickness in mature wood (i. e., except 
in the differentiating zone near the cambium), around 2.6 times thinner than before tilt- 
ing. A careful investigation of SL thickness in this stable zone shows however that SL 
thickness slightly increases when the distance to the cambium decreases with a signifi-
cant negative correlation between SL thickness and distance from cambium (Table 2). 
This negative correlation is significant in trees sampled at T14 and T25. In trees sam-
pled after 7 days, the relationship is meaningless as the stable zone is too short.

Kinetics of GL deposition vs. SL thickening
 In most of the recorded radial lines, GL thickening occurs synchronously or soon 
after completion of the SL thickening. Three radial lines (out of the 27 measured ones) 

Table 1. Radial growth rates, expressed as the number of cells formed during a tilting period, 
and as the mean distance of the cell produced during this period. 
Each value is an average of three radial lines measured for each tree. Gray background corresponds to 
the average of the three trees sampled at a given date; * indicates that the growth rate was estimated 
according to the previous period.

 Period of Tree Mean number of cells per day  Mean distance per day (µm) growth (days)

 0–7 T7-1 9.4 119
  T7-2 8 107
  T7-3 6.6 95
  Mean T7 8 107
 0–14 T14-1 9.6 126
  T14-2 9.9 124
  T14-3 9.2 128
  Mean T14 9.5 126
 0–25 T25-1 7.7 100
  T25-2 6 89
  T25-3 7 100
  Mean T25 6.9 96
    7–14*  11 145

    14–25*  3.5 58
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presented a peculiar behaviour as the GL deposition started slightly before the end 
of SL thickening, so that SL and GL thickness continue to increase simultaneously 
(Fig. 3). The late increase in the thickness of SL is only observed after a long time of 
tilting (T25). Moreover, it has to be noticed that the GL is generally not observable 
or measurable in its early stage of deposition, as attested by the absence of measured 
thickness between 0 and 0.3 µm (Fig. 3). This induces an over-estimation of SL in this 
portion as attested by the steep decrease in SL thickness at the position where the first 
GL is detected in Figure 3 where an empirical correction is proposed. It can therefore 
be supposed that GL deposition starts slightly earlier than what is recorded in some 
other samples and therefore this behaviour could be more common than the few cases 
observed.
 After the end of its thickening, final GL thickness was found to be 2.5 µm (SD: 0.17) 
on average. This value takes into account only radial lines from trees sampled at T14 
and T25 as it is difficult to be sure that the GL thickening period was finished for trees 
sampled at T7 and before.
 The GL thickening period is considered to be the distance between the first occur-
rence of GL in young cells near the cambium to where they reached a constant thickness 
(stage b in Fig. 2). GL thickening period varies from 570 to 982 µm (Fig. 4), with, as 

Tr
ee

 n
um

be
r

 SL
 th

ic
ke

ni
ng

 v
s D

C
 

(µ
m

/m
m

 ) 
(s

ta
ge

 a
) 

G
L 

th
ic

ke
ni

ng
 v

s D
C

 
(µ

m
/m

m
 ) 

(s
ta

ge
 b

) 

M
ea

n 
SL

Th
 a

fte
r t

ilt
in

g 
(s

ta
ge

 b
+

c)
 

SL
Th

 a
fte

r t
ilt

in
g 

vs
 D

C
: 

r/
p 

va
lu

e 
(s

ta
ge

 b
+

c)
 

M
ea

n 
m

at
ur

e 
G

LT
h 

(s
ta

ge
 c

) 

M
at

ur
e 

G
LT

h 
vs

 D
C

: 
r/

p 
va

lu
e 

(s
ta

ge
 c

) 

M
ea

n 
SL

Th
 b

ef
or

e 
til

tin
g 

(s
ta

ge
 e

)

SL
Th

 b
ef

or
e 

til
tin

g 
vs

 D
C

: 
r/

p 
va

lu
e 

(s
ta

ge
 e

)

Table 2. Mean value of the measured thickness and statistical analysis of the change in 
thickness versus distance to the cambium (DC) in the different stages presented in Fig. 2. 
r: correlation coefficients calculated of the relative thickness vs. distance from cambium. SLTh and 
GLTh: respectively SL and GL thickness (in µm). Slopes were measured using the “real” thickness 
to illustrate the thickening in µm/mm. Grey background indicates that measurements were not per-
formed as it was meaningless to measure a mature GLTh when it cannot be certified that GL reached 
its final thickness. Seven days after tilting, SLTh after tilting (stage b+c) was too small to compute 
the correlation between SL thickness and distance to the cambium.

 T7-1 1.92 3.28 0.63    1.19 -0.59 /<0.001

 T7-2 1.69 3.12 0.58    1.31 0.16 / 0.402

 T7-3 1.53 3.22 0.62    1.78 -0.73 / <0.001

 T14-1 2.13 3.13 0.56 -0.57 / <0.001 2.44 0.29 / 0.070 1.69 -0.57 / <0.001

 T14-2 2.56 3.10 0.61 -0.60 / <0.001 2.68 0.24 / 0.084 1.60 -0.06 / 0.725

 T14-3 1.99 2.81 0.60 -0.68 / <0.001 2.58 0.01 / 0.901 1.79 -0.36 / 0.004

 T25-1 3.10 2.12 0.52 -0.49 / <0.001 2.35 0.08 / 0.449 1.52 -0.7 < 0.001

 T25-2 2.23 2.36 0.62 -0.67 / <0.001 2.26 0.13 / 0.283 1.44 -0.77 / <0.001

 T25-3 2.97 3.11 0.69 -0.51 / <0.001 2.66 0.13 / 0.223 1.72 -0.78 / <0.001
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a general trend, a longer period for trees sampled at T25 compared to trees sampled at 
T14 (Fig. 4). No general trend can be detected for the relationship between mean GL 
thickness (or relative thickness) and GL thickening period (Fig. 4).

GL and SL growth rates
 Table 2 gives the slope of the SL and GL thickening vs. the distance to cambium. 
This slope can be expressed as an increase in the wall thickness in µm by distance to the 
cambium in mm. It gives an estimate of the growth rate at the cell wall level under the 
assumption of a constant cell division speed. Although the validity of this assumption 
is uncertain, it is interesting to compare these stages of cell wall building in a single 
tree and even more in a single radial line of cells. In 8 of the 9 measured trees, the slope 
of the SL thickening was lower than the slope of GL thickening, whatever the growth 
rate in the considered period as presented in Table 1.

Figure 3. Detailed view of sam- 
ple T25-1 where the GL (squares) 
deposition starts before the end 
of SL (circles) thickening. Lower 
dotted line is an empirical extra-
polation to correct the lack of GL 
measurement when its thickness 
is too thin. This lack induces an  
over-estimation of SL in this 
portion as attested by the steep 
decrease in SL thickness at the 
position where the first GL is de-
tected. The upper dotted line thus 
proposes a corrected trend of SL 
thickness in this area taking the 
linear extrapolation of the GL 
thickness into account.
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Figure 4. Relationship between the mean 
GL thickness (plotted as relative thickness) 
and the GL thickening period. Squares: 
T14; triangles: T25. Different shades rep-
resent different trees.
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Cell wall thickening in opposite wood during tension wood formation
 The marking of the tilting position in opposite wood (OW) side is much less clear 
than in tension wood (TW) as there is no GL development or steep decrease in SL. 
Moreover, TW and OW have different growth rates; it is therefore problematic to 
compare the cell wall thickening on both side of the stem from their distance to the 
cambium, as cells are not produced at the same date. Therefore, tilting position was 
determined assuming a similar growth rate all around the stem before tilting. In order 
to compare cell wall thickness at the same date in TW and OW, the remaining cells 
produced after tilting (from the tilting position to the cambium) are then assumed to 
grow at different but proportional speed on both sides.
 Before tilting, cell wall thickness of OW fibres shows a similar trend as observed 
on the TW side (Fig. 5 stage e) as, at that time, trees were upright and no differences 
are expected on both sides. After tilting (stage b+c), the trend observed before tilting 
is disturbed in all trees. In several trees, an increase of the SL thickness is observed 
consecutively to the tilting. However, no general trend was present for all trees.
 In T25 samples, average SL thickness in OW after tilting (stage b+c) was 1.78 µm 
whereas it was 1.64 µm before tilting. This should be compared to the total cell wall 
thickness on the TW side, which measured 3.01 µm after the GL had been formed. 

Figure 5. SL thickness variation in opposite wood (OW) of the sample T25-2 from the cambium 
to the ring boundary. The different stages of TW cell wall development as defined in Figure 2 are 
indicated in the top of this figure to emphasize the change in OW due to tilting (at d).
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DISCUSSION

The present study allows us to reconstruct the general developmental pattern of fibre 
cell wall layers in tilted trees before and after tilting as presented in Figure 6. Develop-
ing cells and mature cells are two main stages in this diagram. The developing fibre 
part contained young cells in which cell wall thickening is in progress with first the 
deposition of CML (not shown) followed by the formation of SL and GL.
 Measurements of wood cell wall thickness before tilting show the progressive in-
crease of SL during the growing season. An increase in cell wall thickness is commonly 
observed in softwoods (e.g., Mork 1928 in Denne 1988) and a  change in wall thickness 
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at the ring transition is also reported for many hardwoods (IAWA Committee 1989), 
but we were unable to find a reference reporting quantitative measurements of changes  
in fibre wall thickness during the growing season. It may be noticed that the seasonal 
SL thickness change in our poplar samples is very slight compared to what is observed 
in softwood, such as Abies alba, Picea abies or Pinus sylvestris, where a factor of more 
than 2.5 is observed for the tracheid wall thickness change during a season (Cuny  
et al. 2014).
 Interestingly, this trend of increasing SL thickness remains true in tension wood with 
the presence of GL. This observation, always observed in our sampling, confirms some 
earlier unrecorded observations (Clair et al. 2011; Yoshinaga et al. 2012; Chang et al. 
2014) and proves that this increase is not linked to the development of the GL but is a 
common trend throughout the growing season both in normal wood and tension wood 
in poplar trees.
 The GL thickness remains nearly constant in mature wood. This stability may be 
attributed to the constant stimulus as the stem is attached to a pole. However, the second-
ary layer increases significantly during the growing season. This would indicate that, 
whatever the needs for up-righting, poplar trees cannot allocate all of their resources 
to the production of the GL and some trade-off is needed to ensure its sustainability all 
along the season.

Transition zone at the tilting date
 Around the tilting position different types of fibres are observable: 1) Fibres without 
GL in normal wood zone, considered to have already finished their maturation before 
tilting; in these cells the tilting has no effect on their cell wall thickness (Fig. 2 & 6: e); 
2) Fibres with decreasing SL thickness and increasing GL thickness in the transition 
zone (tilting); these cells already started their SL thickening before tilting and then 

Figure 6. Schematic of the development pattern of fibre cell wall layers in a tilted tree produc- 
ing GL. Thick line: GL, thin line: SL. TZ: transition zone is the zone where already differentiated 
fibres change in function and develop a GL later.

; ; ; ; ;< < < < <



54 IAWA Journal 36 (1), 2015

received the reaction signal and changed in function during their development, halt-
ing their SL formation in a rather thick state to start a GL at the end of the maturation 
(Fig. 2 & 6: d); 3) Fibres that were in the cambial zone at tilting time; these cells have 
a thin SL and constantly thick GL (Fig. 2 & 6: c). This interpretation of the timing of 
cell wall deposition assumes that a signal is received soon after the tilting. Jourez and 
Avella-Shaw (2003) have shown that a stimulus is perceived in poplar after only a few 
hours; however, modifications of the wood cell wall was more visible in opposite wood 
than in tension wood, thanks to a dedicated protocol using double tilting. A G-layer 
was observed in their study from 6 h to 48 h after tilting, depending on the trees. In 
our sampling, the reaction may have been slightly slower as GL was visible in one of 
the trees cut after 3 days and all of the trees sampled after 7 days of tilting.
 Concerning the modification of the cell during maturation to adapt to the new me-
chanical needs of the plant, it is interesting to note that this behaviour is much more 
reactive in poplar than what was observed by Yoshizawa et al. (1985) in softwood. 
In their study on artificially tilted Taxus cuspidata, they have shown that only small 
modifications in cell wall structure occur in tracheids that were already in the enlarge-
ment or thickening zones when the stimulus starts. We could therefore propose that 
this ability to transform fibres already formed is an efficient way to react to tilting and 
may allow poplar trees to be more efficient to react with tension wood formation than 
T. cuspidata with compression wood formation.
 SL thickness decreased markedly from normal wood to tension wood confirming that 
in tension wood, GL replaces part of the S2 layers (Saiki & Ono 1971). Total thickness 
also increased compared to normal wood cells before tilting and opposite wood cells 
that were formed after tilting. This shows that the GL is thicker than the replaced layer 
that exists in normal fibres, as already observed by Fang et al. (2007).

Timing of GL versus SL deposition
 In most of the samples, GL formation starts after SL reached its maximum thickness. 
It means that SL thickening was completed before GL formation. However, in some 
samples, especially 25 days after tilting, SL thickness seems to increase even after the 
start of GL formation. This would mean that the SL is able to continue thickening when 
GL deposition already started. The building of the GL before the end of SL thickening is 
surprising as layers are supposed to be deposited one after one. Considering the presup-
posed assumption of the study that several cells along a radial line are considered as a 
single cell during maturation, one could suspect a misinterpretation. In order to verify 
it, let us consider a second interpretation: as soon as the GL starts to be observable,  
the SL may be supposed to have reached its final thickness. As we observed an increasing 
SL thickness after GL deposition, the pattern of thickening would indicate a decrease 
in SL thickness from ring to cambium. This pattern has never been observed in our 
samples; reversely the opposite pattern was statistically significant in all our samples. 
Moreover, at the end of the growing season, near the ring boundary, SL tends to be 
thicker with no more GL (data not shown from other samples) as previously shown 
by Jourez and Avella-Shaw (2003). Thus, even if surprising, our observations indicate  
that in some samples the SL continues its thickening after GL started to be deposited. 
This observation can be discussed in the light of what has been observed by Yoshinaga  
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et al. (2012). These authors observed a continuation of the lignification of the SL after the  
start of the GL deposition. They suggest that monolignols may be transported through 
the developing GL during the lignification of the SL or propose an alternative hypoth-
esis of an external synthesis in the rays. Our observation of an increase in SL thickness 
could be the result of the swelling of the wall during this lignification process.

GL thickening period
 Our results indicate that GL thickening distance (i.e., the number of cells from the 
beginning of GL deposition to the end of GL thickening) is higher in trees sampled 
after 25 days than in trees sampled after 14 days (Fig. 4). This observation can be 
interpreted in two ways: the time to mature is longer or the cell production is faster 
(higher growth rate). According to the computation of the number of cells produced 
after tilting and the distance of the tilting position to the cambium (Table 1), growth 
rate was more than 3 times higher during the period from 7 to 14 days than during the 
period from 14 to 25 days. It is therefore clear that this increase in GL thickening refers 
to a longer maturation process. Tension wood is reported to have a longer maturation 
process than normal wood (Bollhöner et al. 2012). However, the reason for this great 
change in maturation time remains enigmatic. No relationship was observed between 
the time of thickening and the final GL thickness. This indicates that thickness is not 
directly linked to the time of maturation.
 The slope of the GL or SL thickening vs. distance to the cambium can be interpreted 
as thickening speed of the layers and be expressed as µm/mm. This allows us to compare 
cell wall layer thickening under the assumption of a constant cell division speed. It is 
therefore not possible to compare layers thickening at different dates or to compare 
TW to OW, but it remains reasonable to compare SL and GL thickening in a single TW 
sample. GL appears to grow faster than SL, i.e., 1.9 and 1.4 times faster in T7 and T14 
respectively. At T25, around the same thickening speed was measured on average in 
the three trees in SL and GL because in one of the trees, the slope was lower for GL 
than for SL. This could be attributed to limited resources such as a decrease in light or 
temperature between T14 and T25 that affect cell division and growth rate for that tree 
in T25. Regarding the faster growth rate of GL compared to SL, it may be speculated 
that this would be a consequence of its lower carbon cost due to the lack of lignin (Pilate 
et al. 2004) and the high mesoporosity (Clair et al. 2008) in the GL. This would allow 
a faster production of thick GL, which has been recognized to be the driving force of 
the maturation stress generation (Fang et al. 2008; Clair et al. 2011). Following this 
idea, the lack of lignin in GL would be a strategy for a fast recovery when reaction is 
needed. It will be interesting in the future to test this hypothesis, especially comparing 
species producing TW with a GL to species where the GL is absent in TW.
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