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Abstract Radially oriented ray tissue is important for
regulating radial strength of wood. The present study
was undertaken in order to assess whether radial rays in-
fluence ring shake occurrence in chestnut wood (Casta-
nea sativa Mill.), a species very prone to ring shake. Ray
volume fraction was measured on tangential samples
from two sets of wood discs, either with or without ring
shake, collected from three coppice stands in the south-
ern part of the Swiss Alps. Our data indicate that ring
shaken trees tend to exhibit higher ray volume than un-
shaken ones. This rather unexpected finding could be
partly explained if biomechanical processes that control
and determine the inner architecture of the tree are con-
sidered.

Keywords Wood rays - Castanea sativa - Ring shake -
Radial strength - Biomechanics

Introduction

Wood rays are known to play a key role in parallel-to-
grain cracks occurring in wood. According to Mattheck
and Kubler (1995), wood rays were shown to be struc-
tural points of weakness as well a reinforcement de-
pending on the direction of load: they act as planes of
weakness in wood that is subjected to tensile stress in a
tangential direction but also as a reinforcing structure in
wood that is subjected to tensile stress in a radial direc-
tion. The importance of ray tissue for the radial strength
of wood has been demonstrated in several ways. Firstly,
mechanical observations have shown that wood species
displaying an elevated proportion of rays exhibit higher

P. Fonti ()

WSL Sottostazione Sud delle Alpi, Via Belsoggiorno 22,
Casella postale 57, 6504 Bellinzona, Switzerland

Tel.: +41-91-8215233, Fax: +41-91-8215239

B. Frey
WSL Swiss Federal Research Institute, Ziircherstrasse 111,
8903 Birmensdorf, Switzerland

values of radial strength (Kollmann 1956; Schniewind
1959; Keller and Thiercelin 1975; Beery et al. 1983;
Zipse 1997; Eckstein et al. 1998; Burgert et al. 2001;
Tschegg et al. 2001). Secondly, thanks to recent techno-
logical progress permitting measurement of the radial
properties of single isolated multiseriate wood rays, it
has been demonstrated that in beech wood radial rays
are about 10 times stiffer than axial tissues in the radial
direction (Badel and Perré 1999) and about 3 times
stronger than entire beech wood in its dry state (Burgert
and Eckstein 2001). Thirdly, observations performed on
spruce wood subjected to radial tensile failure tests and
bending tests parallel to the grain have evidenced that
cracks along growth ring borders were frequently arrest-
ed or became discontinuous at wood rays, indicating
that breaking a wood ray across its longitudinal axis re-
quires a high work of fracture (Bodner et al. 1997). Fi-
nally, confirming the hypothesis advanced by Mattheck
and Kubler (1995) and by Eckstein et al. (1998), it has
also been shown that living trees are able to adapt to
new radial stress by modifying the orientation (Burgert
et al. 1999) and the relative volume (Albrecht et al.
1995) of radial rays. On the basis of these numerous ob-
servations we can therefore conclude that in the radial
direction rays constitute an almost ideal “fibre rein-
forced” tissue that improves the resistance of wood
against tangential crack initiation and propagation.

Ring shake is a defect in chestnut (Castanea sativa
Mill.) that consists of a separation that mainly forms in
the (weakest) tangential plane in the ligneous tissue
along the annual growth ring (Chanson et al. 1989)
(Fig. 1). Given that reduced radial strength is thought to
be one of the major causes of ring shake (Fonti et al.
2002), it could therefore be interesting to analyse the
relationship between ray characteristics and ring shake
occurrence in chestnut wood. This study explores from
an anatomical point of view whether there are differ-
ences in the quantitative ray volume fraction that may
help to explain why some individuals develop the de-
fect while some others, grown under the same stand
conditions, do not.
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Fig. 1 Example of ring shake developing across the earlywood
vessels of chestnut wood. Due to its particular wood structure,
which is characterized by ring-porous wood and by small uniseri-
ate radial rays, it is reasonable to suppose that the wood is particu-
larly weak against stress acting along the radial axis. In fact, on
one hand the earlywood vessels provide a fragile plane where ring
shake can easily develop, while on the other hand the rays have an
important role in offering resistance to cracks developing. This
could therefore explain why, compared to other wood species,
chestnut is so inclined to develop ring shake (Fonti et al. 2002

Analysis Image

Fig. 2a—c Measurement procedure to provide images for the anal-
ysis. a The tangential section was captured using LTSEM, b a
transparency was overlapped on the captured image and the pe-
rimeter of each single ray was drawn on the transparency. The
transparent image was then digitised and used for the image analy-
sis measurements, and ¢ each single ray was recognised, shaded
and subsequently measured

Materials and methods

C. sativa samples were obtained from three mature coppice stands sit-
uated in southern Switzerland. The last coppicing of the stands was in
1946-1951 for Novaggio, in 1950 for Gerra and in 1940-1955 for
Bedano. From each stand discs about 5 cm in thickness were gathered
from the bases (0.5 m aboveground) of at least 50 dominant or co-
dominant chestnut shoots. After collection the discs were firstly air-
dried for about 1 year to a moisture content of 12-15%. Afterwards,
in order to perform a comparative analysis, one group consisting of
10 shake-free and another one formed by 10 extremely ring shaken
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Fig. 3 Box plot of relative ray volume distinguishing between sites
and groups: The plot data refers to the mean value calculated for each
tree. 0= group without ring shake, 1= group with ring shake. Compar-
ison of mean (#-test) between group O and 1 has given the following P
values: Gerra =0.1118, Novaggio =0.3483, and Bedano =0.0074

Table 1 Relative ray volume fraction of all trees (ring shaken or not)
among sites

Relative ray Gerra Novaggio  Bedano All trees
volume fraction (%)

Number of trees 20 20 20 60
Minimum 8.89 8.74 10.38 8.74
Maximum 15.28 12.23 17.23 17.23
Mean? 12.28 10.65 13.59 12.18
SDa 1.58 1.20 1.91 1.98

2 The mean value and standard deviation refer to the mean value of
the characteristic for each individual tree

discs (defined as dried discs displaying ring shake failure of more
than 50 cm total length) were sampled from each site from all the
gathered discs looking for similar representativeness of disc diameters
in both categories. A strip 2 cm wide was chosen, including the pith
but avoiding knots and other visible defects, across the minimum di-
ameter of each disc. The minimum diameter was preferred in order to
minimize the presence of reaction wood. After re-wetting wood strips
(storing in water for 3 days), tangential sections were cut for the year-
ly ring corresponding to the growth years 1960, 1967, 1974, 1981,
1988 and 1995 and subsequently refined with a sliding microtome to
obtain a clear surface. Each tangential section was observed with a
low-temperature scanning electron-microscope (LTSEM) (Frey et al.
1996) and five 0.17 mm? wood images were randomly captured at a
magnification of x200. In total 1,800 images were collected. In order
to measure the relative ray volume fraction a transparency was ap-
plied to each photographed image and rays were manually transferred
to the transparency. Then, after digitisation of the transparency, mea-
surements were performed using the “image pro plus” digital analysis
program (Fig. 2), which permitted identification of and measurement
of the surface covered by rays and its relation to the total tangential
section surface considered (relative ray volume fraction).

Results and discussion

The relative ray volume fraction of all chestnut tree sam-
ples studied was in the range between 8.7% and 17.2%
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Fig. 4 Mean values and standard deviation of the relative ray vol-
ume fraction along the radial axes (for each tangential section con-
sidered) differentiating among stands and wood disc groups with
and without ring shake

with a mean of 12.2% (Table 1) confirming the results
(Burgert et al. 2001) that place chestnut wood amongst
hardwood species that display a low volume of rays. Nev-
ertheless these amounts seem to depend on the stand con-
ditions because differences in mean (P<0.05, ANOVA
one-way analysis) were observed between the three stands.

Assuming that radial rays effectively have a strength-
ening function along the radial axis of the wood, we
therefore expected to observe a higher volume fraction
of rays in chestnut trees without ring shake than in those
displaying this defect. However, results obtained from
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our study cannot confirm this expectation. As Fig. 3
shows, no lower values between ring shaken and not ring
shaken groups within the same site have been found. In
contrast, ring shaken trees tended to have a higher vol-
ume of rays, even if the difference in mean was only sig-
nificant for the stand of Bedano (P<0.05, t-test). This
trend was fully confirmed along the entire radial axis, as
shown in Fig. 4. Here we found that the tangential sec-
tion taken from ring shaken trees always displayed a
higher volume of rays than the unshaken ones, for all
three stands.

In attempting to interpret this surprising result, we
have to consider the biomechanical processes stimulating
the ring shaken trees to produce more rays than the un-
shaken trees. In this case it is plausible that, in order to
face higher stress levels and therefore confront the prob-
lem of ring shake, growth-stress-overloaded trees might
generally create more rays than the stress-poor ones. But
when the tree falls and the internal wood balance is de-
stabilized, some of the stress can be released (Chanson et
al. 1989) and new cracks can develop. In fact, most ring
shakes have already occurred at that time, i.e. in fresh
fallen timber (Fonti and Macchioni, unpublished data).
The stress-overloaded trees (those with a higher ray vol-
ume fraction) then have more stress to release, which in
some cases is so strong that the enlarged volume of rays
may not be able to counteract. The expected outcome is
therefore consistent with that observed in this study,
even if apparently contradictory, where trees with ring
shake display a larger volume fraction of radial rays than
the unshaken ones.

Our study showed that the ray volume fraction does
not directly influence the development of ring shake in
chestnut wood. However, the results suggest that the ray
volume fraction could likely be an indicator of the
amount of growth stress which occurred in the living
trees, and which could play an important role in the de-
velopment of ring shake in chestnut.

Acknowledgements We thank M. Conedera and F. Giudici of the
WSL Sottostazione Sud delle Alpi for their valuable advice and
constant help during the work.

References

Albrecht W, Bethge K, Mattheck C (1995) Is lateral strength in
trees controlled by lateral mechanical stress? J Arboric 21:
83-87

Badel E, Perré P (1999) Détermination des propriétés élastiques
d’éléments individuels du plan ligneux du chéne par des es-
sais de traction sur micro-éprouvettes. Ann For Sci 56:467—
478

Beery H, Geza I, Mc Lain E (1983) Quantitative wood anatomy —
relating anatomy to transverse tensile strength. Wood Fiber Sci
15:395-407

Bodner J, Schlag M-G, Griill G (1997) Fracture initiation and pro-
gress in wood specimens stressed in tension. I. Clear wood
specimens stresses parallel to the grain. Holzforschung 51:
479-484

Burgert I, Eckstein D (2001) The tensile strength of isolated wood
rays of beech (Fagus sylvatica L.) and its significance for the
biomechanics of living trees. Trees 15:168—-170



522

Burgert I, Bernasconi A, Eckstein D (1999) Evidence for the
strength function of rays in living trees. Holz Roh-Werkstoff
57:397-399

Burgert I, Bernasconi A, Niklas K, Eckstein D (2001) The influ-
ence of rays on the transverse elastic anisotropy in green wood
of deciduous trees. Holzforschung 55:449-454

Chanson B, Leban J-M, Thibaut B (1989) La roulure du
chataignier (Castanea sativa Mill.). For Mediterr 11:15-32

Eckstein D, Burgert I, Schwab E (1998) Gibt es einen Zusammen-
hang zwischen der radialen und der axialen Festigkeit im le-
benden Baum? Allg Forst Jagdztg 169:101-103

Fonti P, Macchioni N, Thibaut B (2002) Ring shake in chestnut
(Castanea sativa Mill.): state of the art. Ann For Sci 59:129-140

Frey B, Scheidegger C, Giinthardt-Goerg MS, Matyssek R (1996)
The effects of ozone and nutrient supply on stomatal response
in birch leaves (Betula pendula) as determined by digital image
analysis and X-ray microanalysis. New Phytol 132:135-143

Keller R, Thiercelin F (1975) Influence des gros rayons ligneux
sur quelques propriétés du bois de hétre. Ann For Sci 32:
113-129

Kollmann F (1956) Untersuchungen iiber die Querzugfestigkeit
der Holzer. Forstwiss Centralbl 75:304-318

Mattheck C, Kubler H (1995) Wood — the internal optimization of
trees. Springer, Berlin Heidelberg New York

Schniewind A (1959) Transverse anisotropy of wood: a function
of gross anatomic structure. For Prod J 9:350-359

Tschegg EK, Frithmann K, Stanzl-Tschegg SE (2001) Damage and
fracture mechanism during mode I and III loading of wood.
Holzforschung 55:525-533

Zipse A (1997) Untersuchungen zur lastgesteuerten Festigkeitsver-
teilung in Bdumen. Wissenschaftliche Berichte FZKA 5878,
Fakultét fiir Maschinenbau der Universitiat Karlsruhe, Karls-
ruhe



