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SUMMARY

Young shoots from poplar cuttings (Populus euramericana cv ʻGhoyʼ)
were artificially inclined to 30° from vertical to quantify the anatomical modifications induced by this gravitational stimulus. At the end of
the growing season, the tension wood tissue (from the upper face of the
inclined axis) was compared to the opposite wood tissue (from the lower
face), with radial position taken into account. On isolated elements after maceration, fibres and vessels were significantly longer in tension
wood tissue. In the cross section, the gelatinous fibres had a smaller
radial diameter than normal fibres in opposite wood. Vessel frequency
and porosity were significantly lower in tension wood than in opposite
wood. Solitary vessels in tension wood were less circular in cross section than in opposite wood, but their surface area did not differ. Rays
were more numerous in tension wood than in opposite wood but their
height did not differ between the two tissue types. Finally, there was a
negative correlation between the proportion of vessel lumina (lowest in
tension wood) and the proportion of fibre lumina including the G layer.
The very controlled nature of this experiment (greenhouse, young clonal
material, detailed anatomical observations within one growth ring) and
the image analysis technology (allowing a large number of observations) enabled us to draw conclusions that may not have been seen in
less-controlled experiments and /or those with smaller sample sizes.
Key words: Populus euramericana cv ʻGhoyʼ, poplar, tension wood, opposite wood, gravitational stimulus, vessel, fibre, ray, image analysis.
INTRODUCTION

Tension wood of arborescent angiosperm dicotyledons generally appears on the tightened upper face of inclined stems and branches. This wood, generally considered as
abnormal tissue, is produced by the cambium in reaction to a gravitational stimulus
induced by the displacement of an axis from its equilibrium position (Wardrop 1964;
Timell 1969; Côté et al. 1969; Kozlowski 1971; Fisher & Stevenson 1981). It seems
that gravity defines a reference direction which permits plants to position themselves
in space. In the case of young poplar shoots, only 2h15 exposure time to the stimulus
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are sufficient to induce, some time after, the formation of reaction wood (Jourez, unpublished).
This tissue of secondary xylem is different anatomically from normal wood, formed
in the absence of stimulus, or from opposite wood, commonly located on the lower
face of the inclined axis (Timell 1986; Ilvessalo-Pfäffli 1995). From a mechanical
point of view, tension wood is characterised by higher (more contractile) longitudinal
maturation strains than those in normal-wood tissue (Fournier et al. 1994).
It is the fibre cells that show the most important modifications from an anatomical,
mechanical and chemical point of view. In normal poplar wood, fibres are libriform
type ones with thin walls and very fine pits with slit-like openings (Jacquiot et al.
1973). In tension wood, the S3 layer of the secondary wall is replaced by a poorly
lignified or purely cellulosic layer which is generally thick (Norberg & Meier 1966;
Kuo & Timell 1969). This layer, called the gelatinous layer or the G layer, is composed of cellulosic microfibrils that are nearly parallel to the fibre axis (Dadswell &
Wardrop 1955; Côté & Day 1962; Wardrop 1964; Mia 1968; Côté et al. 1969).
The literature abounds in sometimes conflicting observations on gelatinous fibre
morphology, linked for example to the species in question, the sampled area in the
tree or in the ring, or the presence of an axis eccentricity (Wardrop 1964). However,
the literature unanimously reports an increase in the proportion of fibres in tension
wood.
The stimuli responsible for the differentiation of gelatinous fibres also seem to
modify other elements of the wood structure. Therefore, all the modifications must be
observed simultaneously to explain the particular behaviour of the tension wood tissue, even if the fibres play the most important role (Kaeiser & Boyce 1965).
Concerning vessels, poplar presents a homogeneous wood with diffuse porosity,
very numerous pores, solitary or radially joined in groups of two, three, or even more.
The vessels have simple perforations and thin walls (Jacquiot et al. 1973). Even if
vessel parietal structure in tension wood tissue seems to be unchanged (Timell 1969),
most authors report a decrease in their diameter and in their frequency in tension
wood tissue in comparison with opposite or normal wood.
The poplar medullary rays are homogeneous, uniseriate, and sometimes partially
biseriate in normal wood (Jacquiot et al. 1973). In tension wood, the cell structure of
rays is not modified (Wardrop 1964; Timell 1969). Nevertheless, there is no agreement on the effects of tension wood on their frequency, dimensions or their proportion in the reaction wood tissue.
Very often, the formation of tension wood on the upper face of an inclined axis is
found with wider growth rings in the same area, and thus an eccentric pith position as
well. The wider growth rings result from a difference in the proliferation process in
the cambial zone (Campredon 1953; Anonymous 1956; Jane 1956; Perem 1964; Koch
et al. 1968; Kuo & Timell 1969).
The role of tension wood seems to be linked closely to the preservation of the characteristic morphology of the species, and to be adapted specifically to the environmental conditions. The formation of tension wood, then, is a mechanism that allows a
tree to develop in and react to its environment (Jourez 1997). In many cases, tension
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wood and the associated growth stresses are not noticed and have insignificant effects
on the raw wood material. Nevertheless, in the case of poplar, which is a very sensitive species to the stimuli responsible for tension wood formation, no tree is probably
completely free of it (personal observation). This tissue, when present in large quantities, represents the major defect of poplar stems for use such as plywood or solid
wood (Sacré 1959; Isebrands & Bensend 1972).
The aim of this study is to determine to what extent the anatomical elements and
the wood structure are modified in the stems of artificially-inclined young poplars.
The modifications are analysed with reference to the opposite wood tissue located at
the same level but on the lower face. This work is part of a larger study which aims to
have a better comprehension of the formation and of the tension wood properties, and
of the effects of the length and of the intensity of a stimulus on this tissue. Our intention was to control experimental conditions as much as possible, to avoid the difficulty
of a posteriori interpretation of structures in adult trees.
MATERIAL AND METHODS

In order to control as much as possible the experimental conditions, we work in a
greenhouse under semi-controlled conditions (temperature, light, water supply and
shelter from the wind). We applied a homogeneous artificial stimulus in space and
time on young clonal material that shows a propensity to produce tension wood. This
procedure was inspired by Robardsʼs work (1965 & 1966) on Salix fragilis and by
Wardropʼs work (1956) on young Eucalyptus.
Plant material
The experiments were undertaken on poplar cuttings (Populus euramericana cv
ʻGhoyʼ) supplied by the ʻInstituut voor Bosbouw en Wildbeheerʼ at Grammont in
Belgium. These cuttings averaged 22 cm long, 10.4 mm in diameter and 13.2 g when
planted. Nineteen cuttings were planted in pots at the beginning of May 1998. They
flushed two weeks later. Only the shoot originating from the closest bud to the tip was
kept.
In mid-June the cuttings were placed in a greenhouse to protect them against the
wind and to allow us to control watering. On July 10, when the shoots had an average
height of 50 cm and when the secondary xylem formation had begun, the artificial
formation of tension wood was induced (see below). On October 31, when the shoots
were collected, they had an average height of 123 ± 11 cm and a diameter at the base
of 8.1 ± 0.7 mm. The shoots were cut, placed in plastic bags and stored at 4 °C until
analysis.
Gravitational stimulus
A gravitational stimulus was used because it can be applied homogeneously to the
entire shoot. It is stable in time, reversible and independent from wind and light. The
pot was fixed to a rigid stand that inclined it at 30° from the vertical. Two-metre-long
bamboo stakes were fixed to each side of each pot, also at 30° from the vertical. The
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shoots were held to these stakes by wide elastic bands. As the plants grew, new bands
were added and old ones adjusted to maintain the stems at 30° from the vertical. The
use of the wide elastic bands (1 cm) avoided stem injury and allowed simple adjustment (Fig. 1). To ensure that the stem did not rotate, a mark was made with permanent
marker on a standardised location every 20 cm along the shoot.
Natural tension wood is produced on the upper face of the shoot issued from the
lateral bud. In order to distinguish the tension wood tissue generated from July 10th
by the artificial stimulus, the pot and the shoot were bent in the opposite direction of
natural incline.
Anatomical measurements
Two 10-mm-long adjacent samples were taken from the straight section at the base
of the shoot. A cross section was made at the top of the first sample, and tangential
sections were made from its remainder. The second sample was used for measurements
of isolated elements after maceration. The 16 μm sections were made with a microtome with disposable blades (Microm HM 440 E). The cross sections were stained
with safranin / astra blue. The astra blue is a specific colouring of unlignified walls and
colours the purely cellulosic G layer of tension wood in blue. The tangential sections
were stained with safranin. After staining, the sections were permanently mounted
with Canada balsam. Measured characteristics are given in Table 1, along with the
preparation used for their measurement, the resolution, and details of sample sizes.
Cross sections
The cross sectional measurements were made through an optical microscope (Zeiss
Universal) linked to an image analysis system (Kontron KS400) with a CCD colour
camera (JVC TK-1281). The field of view that was analysed was 810 × 632 μm for
vessel measurements and 383 × 289 μm for determination of the proportion of the
wood structure elements.
To compare the cellular composition of wood within the growth ring, the secondary xylem that had formed during the time between the start of the artificial stimulus
and the end of the growing period, was divided into four windows, each with the
same radial diameter (Fig. 2). The division was undertaken for both the tension wood
and the opposite wood sides of the stem. Their tangential dimension was 500 μm.
These windows undoubtedly represent variable growth durations.
For the vessel analyses, the total number of vessels in each window and the number
of groups per mm2 were counted, and the surface area and the diameters of vessel
lumina were measured. Porosity was calculated as the ratio between the total surface
Fig. 1. Design of experiment in greenhouse. — Fig. 2. Window definition for measurements
on cross section. — Fig. 3. Strip-taking method under binocular for anatomical measurement
on isolated elements after maceration. – a: Initial view of fresh sample. – b: Delimitation of
strips with image analyser in opposite and tension wood on coloured cross section, taken from
the sample extremity. – c: Transfer of strip delimitation on the sample. – d: Accurate strip cutting with a scalpel.
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area of vessel lumina in the window and the surface area of the window. The shape
index of solitary vessels was calculated with the following formula in which ∅ rd and
∅tg are, respectively, the radial and the tangential diameter of the lumina.
Shape index =

∅ rd – ∅ tg
× 100
∅ rd

The index of vessel grouping is the one proposed by Carlquist (1988) and recommended by IAWA (1989):
total number of vessels
total number of groups
The total number of groups is the sum of solitary vessels plus vessel clusters; a solitary vessel plus one cluster of two vessels would be counted as two groups. An index
of 1.00 indicates exclusively solitary vessels, and the higher the index, the greater the
degree of vessel grouping.
The outside radial diameter of fibres was calculated as the ratio of the window
radial dimension to the number of fibres counted in a radial line. This operation was
repeated three times in every window. The inner diameter and thickness of the fibre
walls were not determined, because of the difficulty of doing so, given the G layer
invagination in the lumina and its detachment from the S2 layer in the cross section.
Moreover, it was too difficult to observe the G layer inside the isolated fibres.
The proportion of wood structure elements measured by image analysis includes
the walls and lumina of vessels, fibres and rays. During the image preparation (threshold), the G layer was included in the area of fibre lumina for the explained above. As
noted by Preiss (1981) and Bosman et al. (1994), measurement of ray cell lumina
cannot be performed automatically. In fact, the ray cell diameter is close to the section thickness. A manual intervention on the analyser eliminates the fraction of the
wall which masks the lumina. The imprecision induced by this manipulation has limited consequences due to the low proportion occupied by the rays.
Index of vessel grouping =

Tangential sections
The rays measurements were made in accordance with the methods proposed by
IAWA (1989). The sections were made in the median part of each of the four windows and were analysed with a projection microscope (Reichert). The number of rays
per mm was counted nine times throughout the height of the section. The ray height
measurement, in number of cells, is the result of the observation of 50 rays randomly
distributed in the section. The ray width was measured simultaneously.
Maceration
Isolated elements were measured on material from two adjacent and radially aligned
strips from the tension-wood side and the opposite-wood side of the stem (Fig. 3).
After maceration in triethanolamin solution (Sacré 1981), the measurement of length
and diameter of fibres and vessel elements was undertaken with a projection microscope (Reichert). The outside diameter was measured in the median part of fibres and
vessel elements.

Downloaded from Brill.com01/08/2023 01:31:01PM
via free access

vessel lumina
fibre lumina (+G)
ray lumina
total cell wall (–G)

Proportions

length
external diam.
lumina area
porosity
radial diam.
tangential diam.
maximum diam.
minimum diam.
number of groups
grouping index
shape index

Vessel
elements

number per mm
height
width

length
external diam.
radial diam.

Fibres

Rays

Property

Anatomical
elements

cross section
cross section
cross section
cross section

tangential section
tangential section
tangential section

maceration
maceration
cross section
cross section
cross section
cross section
cross section
cross section
cross section
cross section
cross section

maceration
maceration
cross section

Material

0.5 μm/pixel
0.5 μm/pixel
0.5 μm/pixel
0.5 μm/pixel

8 μm
3.3 μm
3.3 μm

8 μm
2 μm
1 μm/pixel
1 μm/pixel
1 μm/pixel
1 μm/pixel
1 μm/pixel
1 μm/pixel
1 μm/pixel
1 μm/pixel
1 μm/pixel

8 μm
2 μm
1 μm/pixel

Resolution

2
2
2
2

2
2
2

2
2
2
2
2
2
2
2
2
2
2

2
2
2

Type of
wood

4
4
4
4

4
4
4

2
2
4
4
4
4
4
4
4
4
4

2
2
4

No. of windows/
type of wood

1
1
1
1

9
50
50

50
50
variable
1
variable
variable
variable
variable
1
calculated value
calculated value

50
50
3

No. of measures /
windows

5
5
5
5

5
5
5

19
19
19
19
19
19
19
19
19
19
19

19
19
19

No. of
cuttings

Table 1. Measured characteristics for the comparison of anatomical elements between tension wood and opposite wood.

40
40
40
40

360
2000
2000

3800
3800
5689
152
5689
5689
5689
5689
152
152
1849

3800
3800
461

No. of
observations

Jourez, Riboux & Leclercq — Tension wood in young poplar stems
139

Downloaded from Brill.com01/08/2023 01:31:01PM
via free access

140

IAWA Journal, Vol. 22 (2), 2001

Statistical analysis
Statistical calculations were performed with the ʻStatistical Analysis System release 6.12ʼ (SAS Institute Inc. 1990).
The descriptive statistics (mean and standard deviation) relative to the anatomical
properties were done with the TABULATE procedure after control of the absence of
unusual values. This preliminary control uses a standardisation of each variable
(STANDARD procedure) and a comparison of the result with one-variable Studentʼs
T-test with n-1 degree of freedom for a significance level of 1%.
After verification of the distribution normality with a Kolmogorov test or a Wilk
test depending on the sample size (UNIVARIATE procedure) and verification of the
equality of variances of every population, a factorial model with interaction was used
(GLM procedure). This model, evaluating the effects ʻType of woodʼ and ʻradial positionʼ for the studied anatomical properties, is constituted of the following terms:
Yijk = μ + a i + bj + (a * b) ij + e ijk
where
Yijk = The studied anatomical property
μ = mean of the population
ai = type of wood effect
bj = radial position effect
(a*b)ij = interaction between type of wood and radial position effects
eijk = random error or unexplained variability
The significance test of effects is estimated with the average squares of type III.
Ray height was logarithmically transformed. The graphic representations of the prime
and second order effects are based on the estimated mean least squares method determined following the chosen explicative model. In the case of the graphs relating to the
proportions the arithmetic averages are represented.
The estimation of the varianceʼs components was made in the way of a maximum
of likelihood with restriction (VARCOMP procedure, REML method); the effects are
considered as random effects for this estimate.
RESULTS AND DISCUSSION

Fibres
The average length of fibres was 610 ± 102 μm. This short length represents about
50% of the fibreʼs length that will be generated by the cambial zone at maturity (Nepveu
et al. 1978; Sierra-Alvarez 1995; Koubaa et al. 1998).
G fibres are 4.5% longer than the opposite wood fibres (TW: 624 ± 101 μm; OW:
597 ± 101 μm; p < 0.0001). Without distinction between the two types of wood, the
fibres of the outer strip are 6.3% longer than those of the inner strip (bark-sided strip:
629 ± 103 μm; pith-sided strip: 592 ± 97 μm; p < 0.0001). There was no interaction
between radial position and wood type (Fig. 4).
These results are partially in accordance with the literature. In fact, sometimes the
gelatinous fibres are described as being longer (Chow 1946; Onaka 1949; Necesany
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Strip 2

Fig. 4. Mean fibre length versus radial position for the two types of wood, measured on isolated
elements after maceration ( - - - - - = opposite wood; ——— = tension wood).

1955; Ollinmaa 1959; Höster 1972; Polge 1984; Janin et al. 1990), sometimes as
having an equivalent length (Sachsse 1961; Scurfield & Wardrop 1962; Perem 1964;
Scaramuzzi & Vecchi 1968), sometimes as being shorter (Giovanni 1953 [cited in
Zimmermann 1964]), or sometimes as having variable dimensions compared to the
normal fibres (Dadswell & Wardrop 1955; 1956 [cited in Zimmermann 1964]).
Bailey (1954) and Kennedy (1957) suggest that, in normal wood, increasing growth
rate causes shorter fibres. Koubaa et al. (1998) confirm these results for different poplar
hybrids, except for the first formed rings, but this is in contrast to results reported by
DeBell et al. (1998).
Wardrop (1956) explained the differences observed between length of fibres in
opposite vs. tension wood in different studies, with the statement “The tension wood
is often connected to a growth stimulation. If the eccentricity arises from a different
time of growth, then the fibres may be of the same length or longer than those in
normal wood. If the eccentricity results from an increased rate of growth, then the
tension wood fibres would be expected to be shorter.” Furthermore, it has been shown
that the cambial activity lasts longer on the upper face of inclined stems in some
Eucalyptus (Dadswell & Wardrop 1956 [cited in Zimmermann 1964]). It is important
to note that the present results were established with genetically homogeneous material, growing in the same environment, and thus we can suppose that the expression
of the genetic potential is greatly influenced by type of wood and radial position
factors. The difference between the two types of wood is 27 μm (4.5% of the opposite
wood fibre length) and between the radial positions 37 μm (6.3% of the inner strip
fibre length); it is not surprising therefore to observe such conflicting results in literature because of such small differences.
The mean external diameter of isolated fibres is 24.0 ± 3.5 μm, which was not affected by wood type (p > 0.162). There is a significant difference by radial position
(pith-sided strip: 23.9 ± 3.4 μm; bark-sided strip: 24.1 ± 3.6 μm; p < 0.042). The interaction between type of wood and radial position is highly significant (p < 0.0001)
(Fig. 5A).
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External fibre diameter (μm)
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Strip 1

Strip 2
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External fibre diameter (μm)
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B
Window 1

Window 2
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Window 4

Fig. 5. Mean fibre external diameter versus radial position for the two types of wood. –
A: measured on isolated elements after maceration. – B: measured on cross section ( - - - - - =
opposite wood; ——— = tension wood).

On the cross section, the mean external radial diameter is 15.2 ± 1.4 μm. This diameter is smaller in tension wood (TW: 15.0 ± 1.2 μm; OW: 15.3 ± 1.5 μm; p < 0.018)
and in the window closest to the pith (window 1: 14.5 ± 1.2 μm; window 4: 15.5 ±
1.7 μm; p < 0.0001). There is a highly significant interaction (p < 0.0001) between the
type of wood and the radial position (Fig. 5B). Wardrop (1964) also reported that in
Populus alba, in the radial direction, the G fibres were relatively narrower nearest the
pith than were opposite wood fibres.
The external diameter differences obtained following the two measurement methods (measurements after maceration and on the cross sections) can be explained by
three factors. First, the orientation of the measured diameter was unknown for isolated fibres, and was in the radial direction on cross sections. Second, the location in
which the measurement is made along the fibre axis is in the median zone corresponding to the maximum fibre diameter and G layer thickness for isolated fibres
(Okumura et al. 1977), and at random on the cross sections. Third, the isolated fibres
were humid and free but the fibres in the cross sections were dehydrated and maintained in the rigid tissue structure.
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The study of all four windows in the cross section allows a better understanding of
the observed interaction. The key element in this interaction is the fibreʼs morphology
in the window closest to the pith (Fig. 5B). Our hypothesis is that the stimulus has an
initial effect to depress the fibre transverse dimensions, but that in later wood growth,
fibre dimension is not depressed. In the current study, there was already tension wood
on one of the sides of the sample before the artificial stimulus was imposed. That
artificial stimulus then produced tension wood on the face opposite the one that had
tension wood naturally, leading to the observed interaction (Fig. 6).
Stimulus
application

Opposite wood

External fibre diameter

Tension wood

0

1
Window

2

Fig. 6. Hypothesis of depression mechanism for fibre diameter with gravitational stimulus.

In some studies, the transverse dimensions of gelatinous fibres are reported to be
narrower (Chow 1946; Ollinmaa 1956; Wardrop 1964; Koch et al. 1968) or wider
than normal fibres (Perem 1964). Onaka (1949) and Scurfield and Wardrop (1962)
identified some rare species having a larger tangential diameter in tension wood. In
contrast, Dadswell and Wardrop (1955), using fresh plant material, found no difference in fibre width in tension wood vs. opposite wood. The very small difference
between diameters in tension and opposite wood in the current study (0.3 μm) could
explain the conflicting observations found in the literature.
The stem eccentricity, expressed in terms of tissue width formed since the beginning
of the application of the stimulus (opposite wood 1528 μm, tension wood 2606 μm),
can result either from a larger diameter of G fibres, or from a larger number of cell
divisions in tension wood. The lower mean radial diameter of G cells than that of
normal fibre cells in this study suggests that the eccentricity is not the consequence
of the radial fibre dimension but of a higher cambial activity. Nevertheless, in experiments other than those described in this article, cuttings subjected to the same artificial
stimulus and taken during their growth period show the same relative eccentricity. It
seems then to demonstrate that the cell division rate is more important in tension wood
tissue.
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Fig. 7. Mean vessel characteristics versus radial position for the two types of wood measured
on isolated elements after maceration. – A: vessel element length. – B: external vessel diameter
( - - - - - = opposite wood; ——— = tension wood).

Vessels
For isolated elements after maceration, the mean length of vessel elements is 385 ±
63 μm. This short length, characteristic of very young material, is about 50 to 70% the
length of vessel elements formed when the cambial zone reaches maturity (Lenz 1954;
Jourez unpublished results). In tension wood the vessel elements are 2.6% longer
than in opposite wood (TW: 390 ± 63 μm; OW: 380 ± 63 μm; p < 0.0001) (Fig. 7A).
To our knowledge there is no reference to this subject in the literature. Close to the
bark, vessel elements average 3.1% longer than those close to the pith (bark-sided
strip: 391 ± 63 μm; pith-sided strip: 379 ± 63 μm; p < 0.0001), in accordance with
trends reviewed by Carlquist (1988). The results related to radial position are not
influenced by the type of wood. The variations due to the type of wood and the radial
position explain only 2.6% of the noticed variability.
The mean external diameter of vessels, measured on isolated elements after maceration, is 58.1 ± 14.6 μm. In tension wood this diameter is 3.7% larger (TW: 59.2
± 14.7 μm; OW: 57.1 ± 14.4 μm; p < 0.0001) (Fig. 7B). Although the literature generally reports a decrease of vessel dimensions in tension wood, it is important to notice
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Fig. 8. Mean vessel characteristics versus radial position for the two types of wood measured on cross section. – A: vessel number per mm2. – B: area
of vessel lumina. – C: radial diameter of solitary vessel. – D: porosity (vessel lumina / total sampled area, in %).
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that Onaka in 1949 (as cited in Wardrop 1964) reported four species for which this
was not the case. On the other hand, Ollinmaa (1956) did not find clear differences
between vessel diameters of the two types of wood for one of the two birch species
studied. Close to the bark the diameter is 17% lower than close to the pith (bark-sided
strip: 53.5 ± 14.1 μm; pith-sided strip: 62.8 ± 13.5 μm; p < 0.0001). It is particularly
at the end of the ring that the vessels have smaller dimensions (Fig. 8C). The variations due to the type of wood explain only 1% of the variability while the radial
position factor explains 18%. As for fibres, the differences observed are very small
and, under less favourable experimental conditions, these differences can be masked
by other effects such as those due to the individual (even though the plants were
clonal), to uncontrolled environmental differences, and measurement error.
Vessel frequency
Vessel frequency in tension wood is 33% lower than in opposite wood (TW: 142 ±
64; OW: 212 ± 77; p < 0.0001). Ollinmaa (1956), in his investigations on birch, underscored differences in vessel frequency which can be 50% and sometimes 75%
lower in tension wood. In the current study, vessel frequency is highly dependent on
radial position, both in normal wood and opposite wood (Fig. 8A). The increase is the
most marked in the closest window to the bark (windows 1, 2 & 3 for both tension
wood and opposite wood combined: 145 ± 47; window 4: 275 ± 75; p < 0.0001). In
contrast, Ollinmaa (1956) found that vessel frequency decreases in the outer half of
the ring in birch.
Transverse area
The mean vessel lumina transverse area is 1027 ± 557 μm2. In contrast to reports
in the literature, the lumina are slightly larger (5%) in tension wood than in opposite
wood (TW: 1050 ± 566 μm2; OW: 1000 ± 546 μm2; p < 0.0001). The plant material in
the current study derives from young stems, and they may react to gravitational stimulus in a different manner from the older stems usually compared in the literature. The
window closest to the bark has the smallest vessel lumina (windows 1, 2 & 3: 1205 ±
546 μm2; window 4: 735 ± 441 μm2; p < 0.0001) (Fig. 8B).
The transverse area was higher in solitary than in cluster vessels (1275 vs. 904 μm2
respectively, p < 0.0001) so the two are tabulated separately (Table 2). This distinct
treatment does not modify the conclusions according to the type of wood and the
radial position in the ring (p < 0.0001). A distinction is also made between the vessels
of the fourth window near the bark and those of the first three windows to take into
account the 19 to 42% smaller vessel lumina in that fourth window for all wood and
vessel types. This intra-ring pattern could result from changes in either the physiological needs of the plant, or the resources devoted to wood production, that may
occur with the changing environment at the end of the growing season. Considering
only the first three windows, the surface area of solitary vessels is identical, whatever
the type of wood (p = 0.801), whereas the cluster vessels show variation (Table 2).
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1050 ± 525

Clusters

37.7 ± 11.7

Clusters

35.5 ± 9.2

Clusters

44.3 ± 10.4

Clusters

34.4 ± 7.1

31.4 ± 9.6

Solitary

Clusters

Minimum diameter (mm)

47.9 ± 9.9

Solitary

Maximum diameter (μm)

34.7 ± 7.2

Solitary

Tangential diameter (μm)

46.1 ± 10.2

Solitary

Radial diameter (μm)

1287 ± 484

1 (pith)

Solitary

Area (μm2)

Windows:

Type of wood:

32.0 ± 9.7

31.5 ± 9.7

34.3 ± 6.4

34.7 ± 7.1

45.4 ± 10.1

45.2 ± 10.5

48.3 ± 8.4

48.8 ± 9.5

35.6 ± 9.6

35.7 ± 9.7

34.6 ± 6.5

35.0 ± 7.2

39.5 ± 11.4

38.6 ± 11.8

46.6 ± 8.8

47.0 ± 9.8

1095 ± 549

1076 ± 544

1290 ± 448

1328 ± 491

mean (of 3 windows)
2
3

31.2 ± 9.7

35.5 ± 7.8

45.5 ± 10.9

50.5 ± 9.9

36.0 ± 10.0

35.8 ± 7.9

38.5 ± 12.2

48.6 ± 10.2

1077 ± 553

1416 ± 531

Opposite wood

23.7 ± 7.4

29.7 ± 7.4

35.2 ± 8.5

42.0 ± 9.1

26.7 ± 7.8

30.0 ± 7.4

29.7 ± 9.4

40.0 ± 9.5

626 ± 363

980 ± 445

4 (bark)

31.7 ± 10.3

33.5 ± 6.8

48.0 ± 12.5

51.8 ± 9.7

34.6 ± 10.0

34.1 ± 6.8

43.1 ± 13.8

49.7 ± 9.9

1142 ± 619

1315 ± 463

1 (pith)

30.8 ± 9.3

32.4 ± 10.0

32.9 ± 6.7

34.2 ± 7.1

45.0 ± 11.2

47.2 ± 11.7

48.8 ± 8.7

50.8 ± 9.4

34.0 ± 8.6

35.8 ± 9.6

33.2 ± 6.8

34.5 ± 7.2

39.1 ± 12.6

41.2 ± 13.1

46.8 ± 9.0

48.8 ± 9.7

1035 ± 529

1144 ± 590

1238 ± 427

1334 ± 484

mean (of 3 windows)
2
3

34.0 ± 10.0

36.3 ± 7.6

48.3 ± 11.4

51.9 ± 9.6

37.9 ± 9.7

36.7 ± 7.7

41.6 ± 12.8

50.0 ± 9.8

1227 ± 603

1459 ± 539

Tension wood

Table 2. Dimensions of solitary and cluster vessels in opposite wood and tension wood, measured on cross sections.

25.2 ± 8.5

31.0 ± 8.2

37.7 ± 9.8

44.3 ± 10.2

28.2 ± 9.1

31.3 ± 8.3

32.0 ± 10.5

42.4 ± 10.6

716 ± 434

1081 ± 516

4 (bark)
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32.8 ± 8.6

46.0 ± 10.3

24.1 ± 10.1

minimum

maximum

Shape index of solitary vessels*

shape index =

∅rd

∅rd – ∅tg

** index of vessel grouping =

*

Opposite wood

32.7 ± 9.3
47.2 ± 10.8
26.2 ± 10.6

1.48 ± 0.18

1.54 ± 0.13

1.55 ± 0.26

25.2 ± 9.4

25.1 ± 10.3

46.5 ± 9.6

42.9 ± 10.9

32.9 ± 8.7

total number of groups

35.9 ± 9.3

29.9 ± 9.3

35.2 ± 8.6

32.5 ± 9.3

42.0 ± 12.5

38.2 ± 12.3

mean (of 4 windows)
2
3

42.2 ± 11.1

total number of vessels

× 100

1.37 ± 0.16

35.1 ± 8.3

tangential

Index of vessel grouping**

41.7 ± 11.8

1 (pith)

radial

Lumina diameter (μm)

Measures on cross sections
Windows:

Type of wood:

1.80 ± 0.31

25.2 ± 11.2

36.3 ± 9.0

24.8 ± 7.8

27.3 ± 7.8

31.5 ± 10.2

4 (bark)

1.31 ± 0.12

31.0 ± 11.0

50.0 ± 11.2

32.7 ± 8.6

34.3 ± 8.4

46.6 ± 11.8

1 (pith)

44.9 ± 12.4
37.4 ± 9.0
34.9 ± 9.2
49.7 ± 10.9
26.6 ± 9.5

1.33 ± 0.11

1.48 ± 0.21

1.52 ± 0.31

29.0 ± 10.3

28.5 ± 10.5

46.8 ± 10.2

44.8 ± 11.7

31.8 ± 8.2

30.4 ± 9.4

33.6 ± 7.8

32.6 ± 9.3

42.8 ± 11.1

40.3 ± 13.0

mean (of 4 windows)
2
3

Tension wood

Table 3. Vessel dimensions in opposite wood and tension wood, measured on cross sections.

1.94 ± 0.27

26.6 ± 10.7

38.7 ± 10.1

26.1 ± 8.7

28.7 ± 9.0

33.6 ± 11.2

4 (bark)
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Radial and tangential diameters
The mean radial diameter of the vessel lumina is 39 ± 12.7 μm. Radial diameters
are 5% larger in tension wood than in opposite wood (p < 0.0001). In window 4, close
to the bark, the radial diameter is smaller than in the first three windows (p < 0.0001)
(Table 3). Taking only the solitary vessels into account confirms these observations
(Table 2, Fig. 8C).
The mean tangential diameter is 33 ± 9.3 μm. Thus, the vessel lumina is radially
elongated elliptical. Tangential diameter does not vary considering the type of wood
(p < 0.630) or the type of vessel, solitary or cluster (p < 0.487) (Table 2). Therefore,
the vessel juxtaposition in radial lines does not induce modifications in their tangential diameter. Vessels in the fourth window present 21% smaller tangential diameters
for all vessels combined (p < 0.0001) (Table 3). The same tendency is also seen in the
two types of vessels separately.
Minima and maxima diameters
Despite the elliptic shape of the vessels, the largest diameter is not necessarily in
the radial direction: the maximum diameter is 12% larger than the radial diameter
(Table 3). The tangential diameter is 8% larger than the minimum diameter. These
values respectively decrease to 4% and 1% when considering only the solitary vessels of the first three windows.
The minimum and maximum diameters are 2% and 4% larger in tension wood
than in opposite wood, respectively (p < 0.0046 and p < 0.0001) (Table 3). For cluster
vessels the minimum and maximum diameters are 15% and 17% larger, respectively,
than for solitary vessels (p < 0.0001) (Table 2). In window 4, close to the bark, the minimum and maximum diameters are smaller than in the first three windows (p < 0.0001)
(Table 3). It is important to note that the orientation of the maximum and minimum
diameters vary from vessel to vessel.
Porosity
The mean porosity, determined on 152 windows, is 17.3 ± 4.3%. In tension wood
the porosity is 29% lower than in opposite wood (TW: 14.4 ± 3.2%; OW: 20.2 ±
3.0%; p < 0.001). This decrease of the vessel proportion in tension wood must be
compensated by an increase of other tissues like fibre tissue which has characteristic
mechanical properties. Regardless of wood type, there is an increase of the vessel
lumina proportion, from pith to bark (p < 0.001). This increase is the consequence of
an increase of vessel frequency and, to a lower extent, of individual areas, except for
the fourth window (Fig. 8D).
Shape
The mean shape index of solitary vessels is 27.0 ± 10.6%, indicating their radial
elongation. Solitary vessels in opposite wood have a 14% lower shape index than in
tension wood, and thus a more circular shape (p < 0.0001) (Table 3). There is no
significant variation in shape index with radial position, consistent with Ollinmaaʼs
results (1956) on two birch species.
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Index of vessel grouping
The mean grouping index is 1.53 ± 0.29 and does not vary by wood type. There
is a pith-to-bark increase for both wood types (p < 0.001) indicating that the vessels
have a tendency to cluster more, especially in window 4, near the bark (Table 3). The
index of vessel grouping is 6% lower in opposite wood than in tension wood in the
first three windows (p < 0.003), which indicates a larger number of solitary vessels in
opposite wood.
Rays
Only 15 of the 2000 rays examined were biseriate; the rest were uniseriate. But in
these 15 rays just one cell along the height-ray was doubled. The biseriate rays were
only in windows 1, 2 and 3. The mean number of rays per linear millimetre (in the
tangential direction) is 18.4 ± 1.9 for the 360 measurements. The number of rays is
8.5% higher in tension wood than opposite wood (TW: 19.1 ± 1.8; OW: 17.6 ± 1.7;
p < 0.001), with no observed difference with radial position (Fig. 9A). Non-signifi-

A

19 pith side

18 -

bark side

Number of rays per mm

20 -

17 16 -

Window 1

Window 2

Window 3

Window 4

14 -

B

12 pith side

11 -

bark side

Ray height (cells)

13 -

10 98-

Window 1

Window 2

Window 3

Window 4

Fig. 9. Mean rays characteristic versus radial position for the two types of wood measured on
tangential section. – A: number of rays per millimetre. – B: ray height ( - - - - - = opposite
wood; ——— = tension wood).
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cant differences in this characteristic have been reported by Chow (1946), Kucera
and Necesany (1970), and Ollinmaa (1956) in beech, in Populus monilifera Henry,
and in two different birch species, respectively.
Mean ray height (number of cells) is 10.3 ± 6.2 (Fig. 9B) and is 7.5% lower in
tension wood than in opposite wood (TW: 9.9 ± 5.52; OW: 10.7 ± 6.72; p < 0.049).
Ray height decreases from pith to bark (window 1: 12.0 ± 7.97; window 4: 8.7 ± 4.41;
p < 0.0001, Fig. 9B).
100 –
90 –
Proportion (in %)

80 –

6

Ray

5

23

Vessel

15

70 –
60 –

28

50 –

Fibre

44

40 –
30 –
20 –

44

10 –
0–

Opposite wood

Wall

36

Tension wood

Fig. 10. Proportion of different elements versus type of wood measured by image analysis on
cross section.

Proportion of wood elements
The proportion of the different elements of the wood structure is the following:
rays, 5.4 ± 1.7%; cell walls, 40.1 ± 6.8%; vessel lumina, 18.8 ± 5.7%; fibres lumina
(G layer included), 35.8 ± 10.3%. Ray proportion does not vary with the type of wood
or radial position (Fig. 10, 11A). Cell wall proportion is 18% higher in opposite wood
than in tension wood (TW: 36.1 ± 4.5%; OW: 44.1 ± 6.4%;p < 0.001, Fig. 10) but
there is no significant difference by radial position (Fig. 11B). Vessel lumina proportion is 34% higher in opposite wood than in tension wood (TW: 14.9 ± 4.7%;
OW: 22.6 ± 3.7%; p < 0.001, Fig. 10), with an increase in the vessel lumina proportion from the pith to the bark (p < 0.001, Fig. 11C). The existence of an interaction
(p < 0.03) is the result of the decrease of the proportion in the fourth window of the
opposite wood. These observations are in accordance with those concerning porosity,
but in the case of porosity we do not find a significant interaction, probably because
of a larger observation area, a larger number of cuttings, and a lower microscopic
resolution for the measurements. The fibre lumina proportion (G layer included) is
58% higher in tension wood than in opposite wood (TW: 43.9 ± 7.5%; OW: 27.7 ±
5.0%; p < 0.0001, Fig. 10). This proportion decreases radially from the pith outward
(p < 0.002), in both opposite and tension wood (Fig. 11D).
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Fig. 11. Proportion of wood elements versus radial position for the two types of wood measured on cross section. – A: proportion of ray lumina. –
B: proportion of wall – G layer. – C: proportion of vessel lumina. – D: proportion of fibre lumina +G layer.
= opposite wood; = tension wood.
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Table 4. Pearsonʼs correlation coefficient for proportions of wood elements.
Fibre
Fibre
Vessel
Ray
Wall

Vessel

Ray

Wall

1
0.259

1

1
– 0.713

1

–0.307

–0.030

–0.833

0.235

The proportion of fibre lumina is negatively correlated with the proportions of
vessel lumina and the cell wall (p < 0.001, Table 4). The lower number of vessels
in tension wood, partially compensated by a larger average area, explains the higher
fibres proportion in this tissue, the priority being given to the support elements responsible for the mechanical role (Chow 1946; Onaka 1949; Ollinmaa 1959; Hale
et al. 1961; Scurfield & Wardrop 1962; Timell 1969; Côté et al. 1969). Only one study
has reported a positive correlation between the proportion of G fibre and vessels frequency (Kaeiser & Boyce 1965, in Populus deltoides Marsh.).

Proportion of wall –G layer (%)

Proportion of vessel lumina (%)

30 -

A

25 20 15 10 5015

|

|

|

|

25
35
45
55
Proportion of fibre lumina + G layer (%)

60 -

|

65

B

50 40 30 20 10 015

|

|

|

|

25
35
45
55
Proportion of fibre lumina + G layer (%)

|

65

Fig. 12. Relation between proportions of vessel lumina (A) or proportions of wall –G layer (B)
and fibre lumina by type of wood. — = opposite wood;
= tension wood.
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Opposite wood has a high proportion of vessel lumina and a low proportion of
fibres, and conversely for tension wood (Fig. 12A). Similarly, opposite wood has a
high proportion of walls with low proportions of fibres and conversely for tension
wood (Fig. 12B). This relation could have been different if the G layer had been included, not as a part of the fibre lumina proportion, but as part of the cell wall.
CONCLUSIONS

On very young shoots from poplar cuttings, the gravitational stimulus induced modifications in all elements of the wood structure. The use of image analysis to quantify
observations allowed a large number of measurements to be made with high accuracy
and repeatability. These measurements brought to the fore differences, sometimes
very small but significant, between the two types of wood or between the different
radial positions.
Fibres are longest in tension wood tissue and in the strip near the bark. The artificial
stimulus seems to have a temporary depressive effect on the external fibre diameter
on both types of wood. In the cross section, the radial fibre diameter is lowest in tension wood. There are some quantitative, but not qualitative differences between measurements on cross sections and on isolated elements after maceration.
In isolated elements, vessel elements are longest in tension wood and in the strip
near the bark. The external vessel diameter is lowest in opposite wood and decreases
from pith to bark. In the cross section, the vessel frequency like the area of vessel lumina is lowest in tension wood and, consequently, the proportion of vessel lumina is
lowest in tension wood. The type of vessel, solitary or cluster and /or the radial position in the transverse section induce significant differences in terms of area, diameter
or index of vessel grouping.
The number of rays is highest in tension wood and ray height decreases from pith
to bark for both wood types.
Tension wood has a low proportion of vessel lumina, a low proportion of wall
(– G layer) and a high proportion of fibre lumina (+ G layer). Proportion of fibre and
vessel lumina are inversely related from pith to bark.
This research has shown that the gravitational stimulus affects both phases of wood
development: differentiation and maturation. During differentiation, the stimulus affects the numbers of cells, such as vessel elements, fibres, or rays. During maturation,
the stimulus affects dimensions of cells – their lumina and their length. The patterns
observed in the current study were for very young stems of poplar. It will be interesting to learn how these patterns compare to other species and older stems in future
research.
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