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TENSION WOOD FORMED IN FAGUS SYLVATICA AND ALNUS 

GLUTINOSA AFTER SIMULATED MASS MOVEMENT EVENTS 

Ingo Heinrich!,3, Holger Gartner2 and Michel Monbaron! 

SUMMARY 

Due to the likelihood of global climate change, the frequency and magni

tude of natural hazards such as mass movements may likewise change, 

thus favouring the refinement of methods to detect and quantify geomor

phic events when precise records are not available. Geomorphic events 

typically have a significant effect on tree growth, e.g., reaction wood 

marked by changes in ring widths and wood density. To date, several 

dendroecological techniques have been developed to document the occur

rence of these events but it rarely has been possible to retrieve additional 

information from reaction wood concerning the precise kind and intensity 

of geomorphic events. Additional qualitative information inferred from 

reaction wood of trees holds the potential to not only document but also 

estimate important characteristics of natural hazard events. To refine the 

methods already used in dendrogeomorpology, experiments simulating 

various geomorphic events were used to monitor subsequent wood ana

tomical responses of Fagus sylvatica and Alnus glutinosa. The prelimi

nary results indicate that these two common broadleaf tree species show 

variations in their reactions to different experimental treatments. 

Key words: Wood anatomy, reaction wood, puncher samples, geomorphic 

process. 

INTRODUCTION 

Anatomical responses in coniferous wood have often been used for dating catastrophic 

mass movement events, whereas similar studies of broad leaf species are comparatively 

rare. However, broadleaf species often grow in mixed forests together with conifers 

and are sometimes the dominant species at lower elevations. Furthermore, broadleaf 

species possess a more complex wood anatomy and offer structural features for further 

analysis not found in coniferous wood (Schweingruber 2001). 

In mountainous terrain, mass movements such as rock falls, landslides, debris flows 

and soil creep usually have distinct impacts on trees that alter their growth dramatically. 

Several types of dendroecological techniques have been developed to determine fre

quencies of such events, e.g., change from concentric to eccentric rings, onset of reaction 

wood formation, and the dating of scars (Schweingruber 1996). These methods have 
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been independently used with only small modifications over the last two decades and, 

combined with traditional techniques such as geomorphological mappings, often permit 

the dating of events to the nearest year (Gartner et ai. 2003), thus providing important 

information to the field of natural hazard research. 

Rarely has it been possible to retrieve detailed information from reaction wood 

alone, for example, particularly regarding the severity of mass movements (Clague 

& Souther 1982). The ability to date mass movement events intra-seasonally and also 

to retrieve more qualitative details would be particularly helpful because at present 

tree-ring responses to different mass movements such as debris flows and avalanches 

cannot be distinguished. A comprehensive wood anatomical analysis of reaction wood 

induced artificially as part of a growth experiment has the potential to provide more 

complete information on potentially different tree-growth reactions to these dissimilar 

events. 

Broadleaf trees form tension wood in direct response to mechanical forces that mis

align stems from optimum equilibrium (Wardrop 1956; Scurfield 1973). General features 

of tension wood are enhancement of radial growth on the upper side of leaning trunks, 

silvery sheen visible in cross sections, production of gelatinous fibres, low lignin and 

high cellulose contents, and a reduction in vessel size and number (Bland & Scurfield 

1964; Cote & Day Jr. 1965; Hughes 1965). 

Although this definition is commonly used, it has been shown that tension wood also 

can vary depending on the species itself, physiological status, parts of the tree affected, 

type and duration of mechanical impact, and climatic conditions (Sachsse 1961a; 

Wardrop 1964; Cote & Day Jr. 1965; Arganbright & Bensend 1968; Nicholson 1973; 

Nicholson et al. 1975). A better understanding of tension-wood development, therefore, 

is of basic interest and practical importance (Kennedy & Farrar 1965). Although attempts 

have been made to classify compression wood on the basis of severity (e.g., Yumoto 

et ai. 1983) such classifications do not exist for any broadleaf species. Such a classi

fication holds the potential to calibrate wood anatomical reactions to growth stresses 

of various kinds and strengths. 

The general lack of studies of tension wood is probably due to the difficulty of detec

tion without detailed microscopic examination and its high structural variability. 

Additionally, Hoster and Liese (1966) showed that some broadleaf species form little 

or no tension wood at all. In view of these limitations and the restricted use of tension 

wood for characterising past mass movements, analysis of its formation under controlled 

growing conditions may enable dendrogeomorphological studies in vegetation zones 

dominated by these trees. 

Because of these uncertainties we decided to concentrate on two common broadleaf 

species, namely European beech (Fagus syivatica L.) and European alder (Ainus giuti

nasa (L.) Gaertn.). Both species form distinct tension wood (Hoster & Liese 1966). 

Fundamental reaction wood properties have been studied in beech (Chow 1946; 

Sachsse 1961b; Trenard & Gueneau 1975, Tesari & Mattheck 1999; Mattheck et al. 

2000; Clair & Thibaut. 2001) and alder (Willits et ai. 1990; Lowell & Krahmer 1993; 

Wilson & Gartner 1996). It is hoped that the additional application of wood anatomical 

techniques can provide supplementary information about the type, size and intensity of 
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past hazardous impacts on the growth of broadleaf trees. As part of an ongoing growth 

experiment, samples of tension wood were collected from living trees. The experiment 

attempted to simulate the effects of geomorphic events and to detect growth responses 

to a range of mechanical stresses. 

MATERIALS AND METHODS 

Growth experiments were set up in Switzerland with European beech and European alder 

near Krattigen (7°45' /46° 38',840 m asl, Bemese Oberland) and near Posieux (7°08'/ 

46° 45', 600 m asl, Canton of Fribourg), respectively, at the end of tree dormancy in 

March 2004. The treated specimens at both sites were mainly young trees still flexible 

enough to be bent to 80° without breaking the stem (diameters 4-10 cm). The forest 

stand in Krattigen contains 10- to 20-year-old beech re-growth which developed fol

lowing heavy storm damage, and the stand of European alder in Posieux was planted 

for re-vegetation purposes approximately ten years ago. At both sites nine treatment 

groups containing four trees each were selected (Table 1). Some of the treatments were 

inspired by earlier experiments conducted by others. For example, treatments 1 and 2 

were developed by Robards (1966) to investigate the degree of eccentricity and produc

tion of tension wood in willow related to the angle of displacement from the vertical. 

Table 1. List of different treatment groups containing four trees per species and treatment. 

T1 Stem bent to 80° from the vertical 

T2 Stem bent to 45° from the vertical 

T3 Stem bent increasingly in time starting from small angles up to 80° 

T4 Stem bent to 80°, but with the apex remaining vertical 

T5 Stem bent to 80°, with apex cut 

T6 Stem bent to 80°, but with the bark and cambium partly removed from the upper side 

T7 Stem bent to 80°, but with the bark and cambium partly removed from the lower side 

T8 Stem bent to 80° and sideways 

T9 Reference group 

Treatment group 3 purported to study the reaction wood in trees due to recurring 

slow mass movements (Alestalo 1971). The trees were first bent to 30° in March 2004, 

then to 45° in April, and finally to 80° in May. Experiment 4 was devised by Wardrop 

(1964) on eucalypts in Australia and was repeated in the current study to simulate a 

tree tilted horizontally but with the upper part of the crown leaning against an obstacle 

and thus remaining vertical. Treatments 5 and 8, first devised by Bums (1920), were 

designed to test growth responses to a changed equilibrium within the tree's architecture. 

For example, a tree could be tilted horizontally and have lost its apex during or after 

the event. Experiments 6 and 7, first described by Wardrop (1956) for eucalypts, test 

the hypothesis that partly removing the bark from the upper side of a leaning tree can 

result in the production of reaction wood. This scenario can occur when a tilted tree 

is damaged during a mass movement event. Finally, group 9 contains four untreated 

reference trees. 
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Figure 1. Increment puncher used 

for collecting minute samples of 

tension wood (Forster et al. 2000). 
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At the end of the growing season in 2004, four increment puncher samples were taken 

from the tension wood side of one tree selected randomly from each group (Fig. 1). 

The puncher takes minute samples approximately 1 mm in diameter from the cambial 

zone and the adjacent ring without otherwise disturbing growth during the experiment 

(Forster et ai. 2000). 

The puncher samples were glued on small holders and transverse I5-l1m sections 

were cut with a sliding microtome and stained using astrablue and safranin according 

to standard techniques (Schweingruber 2001). A Zeiss Axioskop equipped with a digital 

camera was utilised to conduct light microscopy and photographs were taken of the 

sections under various magnifications. Photos were examined for structural changes 

formed during the experiment. The dimensions of wood anatomical features, that is, 

cell wall and lumen areas of fibres and total lumen area of the vessels, were determined 

by digital imagery utilising the software program Win CELL Pro 2005a. Although the 

system permits automatic object recognition, each analysis also was visually checked 

by the operator and, if necessary, manually corrected. The influence of the different 

treatments on subsequent growth was determined quantitatively using the software pack

age S-PLUS. The analysis started with an assessment ofthe normality of the data using 

histograms. The distribution of the data was skewed and had to be log-transformed in 

order to conform to a normal distribution before further analysis. The S-PLUS diagnostic 

plots, e.g., residual plots and Cook's distance were used to ensure constant variance 

and absence of outliers, respectively (Cook & Weisberg 1999). Analysis of variance 

(ANOVA) was conducted to test the variances of the vessel lumen areas between and 

within groups TI to T8. For an a posteriori examination of the vessel-area variations 

between the treatment groups, box-whisker plots were created. In general, box-plots 

allow a quick and easy comparison of the means and spread of the data. Any two data 

sets are considered significantly different if one box does not overlap the median of a 

second box, provided that data are distributed normally (Cleveland 1994). 
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RESULTS AND DISCUSSION 

We applied eight different mechanical treatments and proposed that differences in 

the tension wood formed would be discernible. We hypothesised that tension wood 

would be more fully developed after severe bending and that tension wood formation 

would be altered if the tree is not only bent but also modified in other ways, such as 

by wounding (Wilson & Gartner 1996; Mattheck et al. 2000). 

Typical tension wood and normal stem increment growth in alder and beech are 

illustrated in Figures 2 and 3. The tension wood contains denser fibres and fewer and 

smaller vessels. Furthermore, no vessels developed in the earliest part of the rings. The 

denser tissue implies that initial growth resulted in increased stabilisation of the tree 

rather than the production of new conducting tissue. This differs from the responses of 

two coniferous species, Picea abies (L.) Karsten and Larix decidua P. Mill., also treated 

in the course of this experiment (Gartner et al. unpubl. data.), in which the first radial 

files were typical earlywood tracheids with thin cell walls and large lumens. However, 

it is unknown whether differences in the wall- and lumen-dimensions of first-formed 

cells in the broadleaved and coniferous trees represent different growth strategies that 

Figure 2. Light microscopy photos of microsections cut from an alder of treatment group Tl 

(strongest bending) (left) and an untreated reference tree (right) at site Posieux, Fribourg; tree

ring boundaries indicated by arrows (magnification in both photos: x25). 

Figure 3. Light microscopy photos of microsections cut from a beech of treatment group T1 

(strongest bending) (left) and an untreated reference tree (right) at site Krattigen; tree-ring 

boundaries indicated by arrows (magnification in both photos: x 25). 
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T1 T2 T3 T4 T5 T6 T7 T8 T9 

Treatment groups 
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T1 T2 T3 T4 T5 T6 T7 T8 T9 

Treatment groups 

Figure 4. Percentage area covered by fibre cell wall (grey) and fibre cell lumen (white) per treat

ment (Tl-8; treatment T9 is the untreated reference group) for alder (left) and beech (right). 

first favour either stem stabilisation (study trees) or conductance (conifers), or if dif

ferences are related more generally to the complex wood anatomy of diffuse-porous 

trees. 

Visual impressions were confirmed by digital imagery analysis. Both species dis

played substantial differences between treatment and reference groups (Fig. 4). In alder, 

the percentage of cell wall material was greatest in group Tl (strongest bending), small

est in groups T2 (weakest bending) and T6 (cambium damaged at upper side), and in 

the reference group. In beech, cell wall percentages were greatest in groups Tl (strong

est bending) and T7 (cambium damaged at lower side) whereas the reference group 

and T3 (increasing bend) displayed the smallest values. These differences suggest that 

treatments induced tension wood in both species that varied among groups in response 

to the treatments themselves. These results are similar to those found in crack willow 

(Salix fragilis L.) by Robards (1966), who noted that tension wood was more fully 

developed in stems bent to a 120° lean than in those at a 90° lean. Results of our study 

strengthen the feasibility of differentiating tension wood into classes, comparable to 

those proposed for conifers by Yumoto et al. (1983). Severe mechanical stress appears 

to increase the deposition of cell wall material and decrease the dimensions of cell 

lumens more so than does less stress, e.g., decreasing mechanical stresses in groups 

T1 to T3 are paralleled by a decreasing gradient of cell wall material. In both species, 

the more intensive treatments in Tl resulted in tension wood that is denser than that 

in group T3. 

The percentage of cell wall material in fibres of both species was greater in T7 (cam

bium damaged at lower side) than in T6 (cambium damaged at upper side). Trees in 

both treatment groups were bent 80° from the vertical; however, in T6, bark and cam

bium were partly removed from the upper side of the inclined stem above the bend, 

whereas the bark and cambium in T7 were stripped from below the bend. This result 

suggests that the induction of reaction wood might be controlled from the upper part 

of trees and that tissue removed from the upper side in T6 may have hindered the flow 

of hormones and other substances that regulate the production of tension wood (Stras

burger et al. 2002). The fibres had smaller percentages of cell walls in both species in 

T4 (apex vertical) and, particularly, in T5 (apex cut) than in T1 (strongest bending), 
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suggesting that tension wood is less completely formed when the apex was vertical or 

cut. These results thus imply that the position and integrity of the apex are important in 

the formation of tension wood, and that alterations to the apex may lead to subsequent 

variations in the anatomical composition of tension wood. Accordingly, factors such 

as the dimensions of cell walls and lumens might be used as differential indicators of 

reaction wood formation, assuming that trees were bent but otherwise undamaged. 

These findings are similar to those of Wardrop (1954, 1964), who found that tension 

wood in eucalypts formed when the apex was cut following bending of trees into the 

horizontal position, but little tension wood developed if the apex was cut before the 

trees were bent. Furthermore, Wardrop (1956) found that the removal of the bark from 

the upper part resulted in less developed tension wood than when bark was removed on 

the lower side, a finding confirmed in treatments T4 to T7 of our experiment. 

The total area of vessel lumens seems to have changed in response to the different 

treatments, as well. The analysis of variance (Table 2) suggests that vessel lumen areas 

differ more between than within the treatment groups, implying that treatments resulted 

in changes in vessel morphologies. The box-whisker plots (Fig. 5) suggest a progres-

Table 2. Analysis of variance (ANOVA) of total vessel lumen area for alder and beech. 
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Figure 5. Total vessel lumen area (log-transformed) per treatment (Tl-9) for alder (left) and beech 

(right); box-plots show five important numbers: the box in the centre spans the quartiles; the 

horizontal line in the centre marks the median; the vertical lines extending out from the box are 

capped by horizontal lines often called whiskers indicating minima and maxima (Cleveland 1994). 
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sion in both species in groups Tl to T3 from smaller to relatively larger total vessel 

lumen areas. In both species, total vessel lumen area decreased less when the apex 

was cut (T5), possibly because the apex is required for response to gravitational forces 

(Strasburger et ai. 2002). This seems comparable to the altered percentage of fibre cell 

wall material in this group (Fig. 4). It may be that, to some extent, the dimensions of 

vessel lumens and fibre cell walls might eventually be used to classify tension wood 

formed in response to a gradient of mechanical stresses. 

However, the box-plots also show that total vessel lumen areas do not necessarily 

correlate with percentages of cell walls in fibres. For example, in alder, treatment T6 

resulted in significantly smaller total vessel lumen area relative to T7, whereas in beech 

the total vessel lumen areas ofT6 and T7 are not different. This might suggest that both 

fibre cell and vessel formation in alder are hindered by the effects of tissue removal from 

above the impact zone, but that this might not be true in beech. Furthermore, vessel 

areas for beech in treatment T4 (apex vertical) are slightly but insignificanly larger in 

T5 (apex cut), whereas in alder the total vessel area ofT5 is significantly greater than 

that ofT4. 

Overall, the results presented here suggest that the additional application of wood 

anatomical techniques can help identify different degrees of tension wood formation. 

This study shows for the first time that the area of vessel lumens and the relative amount 

of wall material comprising the fibres of alder and beech are factors that potentially 

can complement dendrogeomorphologic studies based otherwise only on ring width 

measurements or simple ring counts. The preliminary results demonstrate that differ

ences in the formation of tension wood might be used to infer the nature of various 

geomorphic events and processes in greater detail. However, attention needs to be paid 

to trees that have not only been bent but also damaged, in which case the development 

of the tension wood is likely to be altered even further. Additional analyses are needed 

to confirm and refine these preliminary results and to specifically test the hypothesis 

that wood anatomical techniques can be used to reconstruct the kind and size of geo

morphic phenomena in greater detail. 
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