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SUMMARY

Young shoots from poplar cuttings (Populus euramericana cv ʻGhoyʼ) 
were artificially inclined to 30° from vertical to quantify the anatomi-
cal 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 af-
ter 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 sec-
tion 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 observa-
tions) enabled us to draw conclusions that may not have been seen in 
less-controlled experiments and /or those with smaller sample sizes.
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INTRODUCTION

Tension wood of arborescent angiosperm dicotyledons generally appears on the tight-
ened 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, un-
published).
    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 com-
posed 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 tis-
sue, 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 agree-
ment on the effects of tension wood on their frequency, dimensions or their propor-
tion 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 char-
acteristic morphology of the species, and to be adapted specifically to the environ-
mental 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 sensi-
tive 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 quan-
tities, 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 inten-
tion 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 Wildbeheer  ̓ 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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