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Abstract The tangential strain on the inner bark surface of
Fagus crenata sapling stems was continuously measured us-
ing strain gauges. The total strain increased daily, increasing
at night and decreasing during the day. When tension wood
was induced by artificial inclination, the strain increased
more on the upper side than on the lower side; and the
increment in the strain at night was larger on the upper side
than on the lower. The change in tangential strain on the
inner bark surface arose from changes in the water content
and the volume of differentiating cells. Differentiating
tension wood fibers appear to contain more water and to
expand more at night than differentiating normal wood
fibers. We can determine whether tension wood is formed
from the tangential strain during growth.
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Introduction

The tangential strain on the inner bark surface of tree stems
increases daily due to xylem thickening with repeated diur-
nal changes, increasing at night and decreasing during the
daytime. The diurnal change in the strain is primarily due to
volumetric changes in differentiating cells and phloem cells;
it is not due to volumetric change in the xylem.1 The diurnal
change in the strain correlates with changes in the leaf and
xylem water potentials.2–5 At night, when the strain in-
creases, differentiating cells are turgid because they contain
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a lot of water as a consequence of low transpiration,
whereas during the day, when the strain decreases, the dif-
ferentiating cells are desiccated because of high transpira-
tion. The differentiating cells enlarge irreversibly with
hydraulic growth, enlarging at night and shrinking during
the daytime.

In coniferous saplings, the increment in the tangential
strain at night and the decrement during the day are larger
on the lower side of an inclined stem, where compression
wood is formed, than on the upper side.6 This indicates that
the volumetric increment and decrement in differentiating
compression wood cells are greater than in differentiating
cells of normal wood. This phenomenon is thought to be
related to high cell-wall extensibility due to the high auxin
content and anatomical characteristics of compression
wood (e.g., rounded tracheids and intercellular spaces).

In dicotyledonous saplings, does the strain amplitude
(i.e., the increment at night and the decrement during the
daytime) differ between the normal and tension wood
sides? Because cells grow as a consequence of water uptake,
a change in the tangential strain in tension wood should be
reflected in fewer and smaller vessels and in gelatinous
fibers that are more slender than normal fibers.7–10 To
answer the above question, we investigated the tangential
strain on the inner bark surface of inclined beech saplings
that formed tension wood on the upper side.

Materials and methods

Experiments were conducted in 2000 and 2001. During the
active growth period the tangential strains on the inner bark
surface were measured in 26 Fagus crenata Blume saplings
(3 or 4 years old; average height 85cm; average diameter
9mm) grown in pots placed in a field at Nagoya University
(Japan). During the measurements the saplings were kept
upright for 10 days and then inclined at 30 degrees for 10
days (Fig. 1). A pole was attached to each stem to prevent
the stem from sagging from its own weight. After measuring
the strains the tissues were observed microscopically.
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Measuring tangential strain on the inner bark

A knife was used to remove 10-mm squares of outer bark
from opposite sides of the stem 5cm from the ground; these
positions became the upper and lower sides when the sap-
ling was inclined (Fig. 1). Strain gauges (2-mm long) were
glued tangentially to the smooth surface of the inner bark.
To prevent signal drift due to temperature changes, each
strain gauge was connected to a strain meter by a three-wire
connection. To avoid evaporation and direct irradiation by
light, the strain gauge and inner bark were covered with
layers of lanolin, a vinyl sheet, and aluminum foil.11 Mea-
surements were made at 5-min intervals.

Microscopy

After measuring the strain, the stem segments where the
strain gauges were attached were fixed in 3% glutaralde-
hyde at 4°C, and 15-µm-thick transverse sections were cut
with a sliding microtome. The sections were stained with
safranine and fast green and then were observed under an
optical microscope. The transverse diameters of the fibers
were measured using an image analysis system (Mac Scope;
Mitani, Tokyo, Japan).

Results

Microscopy

Gelatinous fibers formed in the current layer on the
upper side of the inclined stems (Fig. 2). The number
of vessels decreased in the region with gelatinous fibers.
The transverse diameters of the gelatinous fibers were

smaller than those of normal fibers (8.9 � 1.1 vs. 11.5 �
1.3 µm, P � 0.001).

Changes in tangential strain

Diurnal changes in the tangential strain were observed. The
tangential strain increased daily with repeated diurnal
changes, increasing at night and decreasing during the day-
time on sunny days (Fig. 3). Decreases in the strain were
minimal on rainy or cloudy days. When the saplings were
upright, the daily increases of the strain were equal on both
sides. After the saplings were inclined, the strain on the
upper side began to increase markedly.

Amplitude changes in the tangential strain stimulated
by inclination

The diurnal increment and decrement in the tangential
strain within a 24-h period (i.e., the change in amplitude)
was investigated. The diurnal increment was defined as the
increment in the strain at night, from its minimum to its
maximum (Fig. 3, from arrow 1 to arrow 2). The diurnal
decrement was defined as the decrement in the strain during
the day, from its maximum to its minimum (Fig. 3, from
arrow 2 to arrow 3).

Figure 4A is a scatter diagram that compares the diurnal
increments under upright and inclined conditions in one
sapling. Each plot shows the diurnal increments on both the
upper and lower sides on the same day. The daily increment
differed with sunshine and humidity, but the plots lie on a
straight line because the increment was large on the upper
side when the increment was large on the lower side. This

Upper side Lower side

Upright 10 days

Upper side

Lower side

Inclined 30˚

Fig. 1. Procedure used to incline saplings artificially. Arrowheads
indicate where strain gauges were glued on the inner bark surface
tangentially Fig. 2. Transverse section at a strain measuring point on the upper side

of a sapling inclined 30°. Double-headed arrow indicates the tension
wood region induced by inclination



477

figure shows that when the stem was inclined the diurnal
increments became larger on the upper side of the stem
than on the lower side. For example, when the increment on
the lower side was 0.04%, the increment on the upper side
was 0.03% under the upright condition and 0.08% under
the inclined condition.

Figure 4B shows the diurnal decrements on the upper
and lower sides under both upright and inclined conditions.
All the plots lie on a straight line, indicating that the diurnal
decrement on the upper side did not become larger when
the stem was inclined.
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Fig. 3. Change in the tangential
strains measured on the inner
bark surface of an inclined sap-
ling. The strain reached a mini-
mum during the day (arrows 1, 3)
and reached a maximum just be-
fore dawn (arrow 2)
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Fig. 4. Diurnal change in amplitude of the tangential strain in the stem.
A Increment at night. B Decrement during the day

Artificial inclination induced tension wood formation on
the upper side of the stem in all 26 saplings. Of these sap-
lings, 15 produced tension wood under the strain gauge,
whereas 11 did not. In the 11 saplings, the tangential strains
were measured on normal wood, even after inclination.
Table 1 summarizes the amplitude changes of the strain
after inclination for all saplings. The increments in the
strain at night became larger on the upper side than on the
lower side in all 15 saplings in which the strain was mea-
sured on tension wood after inclination. In these saplings,
the decrements in the strain during the day did not differ
between the upper and lower sides after inclination. Of the
11 saplings in which the strain was measured on normal
wood after inclination, the increment after inclination did
not differ in 8 and the decrement after inclination did not
differ in 9.

In 15 saplings in which the strain was measured on ten-
sion wood after inclination, the ratios of the strain incre-
ment at night on the upper side to the lower side were
calculated. The ratios were larger under the inclined condi-
tion than under the upright condition (1.94 � 0.13 vs 1.17 �
0.10; P � 0.001).

Discussion

The tangential strain measured on the upper side of the
inclined stem exceeded that measured on the lower side.
Thickening growth was promoted on the upper side (Fig. 3).
Additionally, gelatinous fiber formation and the reduced
number of vessels on the upper side in the current growth
layer (Fig. 2) demonstrate that the artificial inclination
induced tension wood formation on the upper side of the
stem.

Table 1. Saplings in which the diurnal amplitude of the tangential
strain on the upper side changed after inclination compared to the
lower side

Region Increment at night Decrement in daytime

Larger No difference Larger No difference

Tension wood 15 0 4 11
Normal wood 3 8 2 9

Significant at the 5% level
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In some cases the strain gauges could not detect the
strain in the tension wood region induced by the artificial
inclination. The strain gauges were glued where we ex-
pected tension wood to form, but the tension wood instead
formed laterally because the stem was twisted by the weight
of its branches. Consequently, the 11 inclined saplings in
which no tension wood formed under the strain gauges were
used as a control group. As Table 1 shows, when tension
wood formed under a strain gauge the increment in the
tangential strain at night was larger on the upper side than
on the lower side; when tension wood was not formed under
the strain gauge, the increment in the strain on the upper
side was not larger, even in the inclined stem. Therefore, we
conclude that the increment in the tangential strain on the
inner bark surface at night is larger on the tension wood side
than on the normal wood side.

Three factors are responsible for the larger increment in
the strain over differentiating tension wood: many differen-
tiating cells, an excess of water, and high cell wall extensibil-
ity. The first factor probably explains the greater number of
cambial cells, broader cambial zone, and larger cambial
initial cells on the tension wood side.12 The activated cam-
bium promotes the growth in thickness, which increases the
daily strain (Fig. 3).

The change in the tangential strain on the inner bark
surface is induced by changes in the water content and
the volume of differentiating cells.13–15 The increment in the
strain at night was larger on the tension wood side than the
normal side, which shows that differentiating tension wood
expands at night more than differentiating normal wood as
a consequence of the greater volume of water. Gelatinous
fibers are longer than normal fibers,7 which likely results
from water driving cell enlargement.

The increment in tangential strain on the inner bark
surface at night was larger on the tension wood side than the
normal wood side. Whether tension wood is being formed
can be determined from the stem tangential strain during
growth.
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