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Abstract – The effects of artificial damage on the branching pattern were studied for a natural population of Nothofagus dombeyi trees. In four
independent experiments, leaves, buds, distal internodes and/or nodes were clipped from main-branch shoots. The sizes of shoots close to the
site of damage were compared with those of control shoots. None of the treatments induced the outbreak of dormant proventitious buds or
adventitious buds. Organ clipping from shoots in winter or early spring resulted in moderate increases in the growth of shoots close to the site
of damage. The removal of a distal shoot in late spring caused an increase in the growth of a neighbour shoot. The size of the largest shoot
relative to that of the other shoots developed on the same parent shoot seems to depend on the tree concerned.

branching pattern / herbivory / plant architecture / shoot growth / compensatory response

Résumé – Effets de facteurs traumatiques sur le mode de ramification de Nothofagus dombeyi (Nothofagaceae). Les effets de
traumatismes artificiels sur le processus de ramification ont été étudiés sur une population naturelle d’arbres de Nothofagus dombeyi. Dans
quatre experimentations indépendantes, l’apex de l’axe, les feuilles et/ou les bourgeons axillaires de pousses annuelles sur des rameaux
principaux ont été coupés et la modalité de ramification des pousses traitées comparée avec celle de pousses témoins. Aucun des traitements
appliqués n’a induit le débourrement de bourgeons proventifs dormants ou adventifs. Le prélèvement d’organes pendant l’hiver ou le
débourrement printanier n’a stimulé qu’une augmentation modérée de la taille des pousses les plus proches du site de traumatisme. Le
sectionnement de l’apex d’une pousse à la fin du printemps induit l’augmentation de la taille d’une pousse voisine. Un effet « arbre » est mis
en évidence dans la taille de la pousse la plus grande relativement à la taille des autres pousses développées sur la même pousse d’origine.

mode de ramification / herbivore / architecture des plants / réponse compensatoire

1. INTRODUCTION

The aerial structure of most woody plants consists of a sys-
tem of branched axes. The branching patterns resulting from
variations in the size and spatial arrangement of the branches
derived from each axis have been interpreted as different ways
of optimising light capture while reducing self-shading [14,
20–22, 28, 29, 32, 38, 45]. Several endogenous factors, includ-
ing hormonal interactions, resource sink strength and alloca-
tion, hydraulic conductance and position on the tree and age of
the branching system are known to be involved in an axis’
branching pattern [4, 9, 10, 13, 25, 26, 36, 48, 53, 54]. However,
a number of exogenous traumatic factors such as stressful envi-
ronmental conditions and herbivory may interfere with the
expression of the endogenously determined branching pattern.
The existence of plant responses compensating or overcom-
pensating in terms of biomass production after biomass losses
caused by herbivory has been repeatedly demonstrated, mainly
for herbaceous plants [24, 33]. On the contrary, little is known
about the extent to which traumatic factors affect the branching

pattern of woody plants and the capacity of these plants to
restore this pattern after a trauma [4, 5, 8, 23, 31, 33]. Two major
reasons for this information deficiency are the high architec-
tural complexity and slow short-term response to damage of
woody plants as compared to those of herbaceous species [24].
These difficulties may be circumvented with a deep knowledge
of a species’ architecture and an adequate selection of structural
modules repeated in plants of the same species at a given devel-
opmental stage. One such modules for species from temperate
regions consists of a parent shoot extended in one growing sea-
son (usually spring-summer) and a series of offspring shoots
derived from buds of the parent shoot in the following growing
season [36, 44]. 

Nothofagus dombeyi (Mirb.) Oerst. (Nothofagaceae) is a rel-
atively abundant evergreen, forest tree species from temperate
South America. The basic architecture of this species has been
studied in recent years [39, 42, 43, 45]. By mid-summer, at the
end of its extension period, each shoot of N. dombeyi bears one
axillary bud at all but its most proximal nodes (sylleptic
branches may be borne by the most vigorous shoots, usually
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those of the trunk). A terminal bud may also develop but spon-
taneous apex deaths are very frequent [39]. Each bud of a shoot
generates an offspring shoot in the spring following that in
which the parent shoot extended; the size of the offspring shoots
derived from a common parent shoot usually decreases as the
parent shoot’s proximal end is approached, as in many other
tree species [6, 9, 39, 41, 42, 45]. Insects belonging to the fam-
ilies Geometridae, Agromicidae, Cerambycidae, Chrysomeli-
dae and Curculionidae may damage buds, leaves and shoots of
Nothofagus species [30, 34, 47]. Other exogenous factors such
as drought or frost may allegedly traumatise the distal end of
shoots [39]. To our knowledge, the extent to which traumas act-
ing on different organs and at different times of the year affect
the branching pattern of Nothofagus trees has not been inves-
tigated. In the present study we report the results of four exper-
iments in which artificial damage was applied to main-branch
shoots of N. dombeyi, simulating naturally occurring damage. 

The main objective of the present study was to assess the
effects of traumatic factors on the branching pattern of N.
dombeyi through artificial interventions on shoots. The second-
ary objectives were the evaluations of differences in the branch-
ing pattern of shoots subject to bud, leaf and shoot-apex
damage, and differences in the branching pattern of shoots after
damage occurring at different stages of the yearly growth cycle. 

2. MATERIALS AND METHODS

2.1. Sampling site and trees

The sampling site lies within the Nahuel Huapi National Park,
Argentina, 25 km south of San Carlos de Bariloche city (41° 10’ S,
71° 10’ W, 850 m altitude). The mean annual precipitation is about
1 000 mm and the mean temperatures for the warmest and the coolest
months are, respectively, 14.0 °C and 2.4 °C [12]. The soil in this area
derived from volcanic ash [49]. A natural population of over 500 young
N. dombeyi trees (18–25 years old, 5–9 m high), developed along 2 km
of roadside after road construction, was selected for this study. At the
time of this study, the trees were at the developmental stage charac-
terised by a well-defined and vigorously growing vertical trunk and
horizontal or slanted main branches derived from the trunk [39]. The
experiments were performed on sets of randomly chosen, healthy-
looking trees of the population. Each tree selected for one experiment
was tagged so as to avoid including it in subsequent experiments. In
all experiments, horizontal main branches derived at 1.5 to 2.5 m high
from the trunk were labelled. Fully extended parent shoots located at
the distal end of the labelled main branches were chosen as sample
units in all experiments. For each tree, all parent shoots selected had
derived from different shoots. At the beginning of each experiment,
each main-branch parent shoot selected consisted of a stem with 10–
28 nodes, and one leaf at each node. The large majority of these shoots
were devoid of terminal bud, which does not alter the branching pattern
of the axis; in this species, the development of a relay shoot from the
most distal axillary bud of the parent shoot usually gives rise to a
pseudo-monopodial branching system [6, 39]. Depending on the
experiment, each node of a parent shoot was bearing, at the beginning
of the experiment, either an axillary bud or a growing offspring shoot
(Fig. 1). 

2.2. Experimental design

2.2.1. Experiments 1, 2 and 3

In each of these experiments a complete-block design [50] was
applied, considering each tree as a block and leaving unaltered one of
the labelled parent shoots of each tree (control = t.0; Fig. 1). These
experiments differed in the time of the year in which manipulations
were applied to shoots (Fig. 2). 

In experiment 1, six parent shoots extended in the 1999–2000 grow-
ing season were labelled on each of thirty trees (Figs. 1 and 2) and the
following treatments applied in August 2000 (mid-winter), before the
beginning of the 2000–2001 growing season: (t.1) clipping (with sur-
gical scissors) of the distal portion of the shoot from the fourth inter-
node counted from the parent shoot’s distal end; (t.2) clipping of the
four most distal buds of the parent shoot; (t.3) clipping of the four most
distal leaves (at the petiole base) of the parent shoot; (t.4) clipping of
the two largest shoots extended at the same time and from the same
shoot as the labelled parent shoot (brother shoots); (t.5) stem girdling,
with a surgery blade, at the fourth internode counted from the parent
shoot’s distal end (girdling was repeatedly tested on other trees and
longitudinal stem sections were observed under light microscope so
as to make sure that the ring cut interrupted the phloem cylinder). All
treated parent shoots and the control were harvested in March 2001,
after the end of the 2000–2001 growing season (Fig. 2). 

In experiment 2, two parent shoots of each of thirty-one trees were
labelled in November 2001, by the time of spring bud-burst (Fig. 2).
At that time, the four most distal nodes of one of the labelled parent
shoots per tree were cut off (t.1, like that of experiment 1; Fig. 1). The
second labelled parent shoot of each tree was left unaltered (t.0). In
March 2002, after verifying that all offspring shoots had stopped their
extension, all labelled parent shoots were harvested.

In experiment 3, five parent shoots were selected and labelled in
each of thirty-five trees in December 2003 (late spring), when off-
spring shoots derived from axillary buds of the parent shoots were at
the peak of their length growth. At that time, one of the following treat-
ments was applied to the most distal offspring shoot of each labelled
parent shoot (Fig. 1): (t.1) clipping of the apex, including all folded
leaves; (t.2) clipping of the four most distal axillary buds and subtend-
ing leaves1; (t.3) clipping of the four most distal unfolded leaves; (t.4)
clipping of the complete shoot. Labelled parent shoots were harvested
in late March 2004, after the end of offspring shoot extension (Fig. 2). 

For experiments 1, 2 and 3, the nodes of each parent shoot were
numbered correlatively starting at the most distal node from which an
offspring shoot had developed (Fig. 1). Nodes whose axillary buds had
been removed experimentally (treatment 2 of experiments 1 and 3)
were not accounted for in node numbering. Stem basal diameter (to
the nearest 0.1 mm with callipers), length (to the nearest 1 mm with
a ruler) and number of nodes were registered for parent shoots and off-
spring shoots. Those parent shoots for which at least one offspring
shoot was damaged by a factor other than those experimentally
applied, was excluded from the analyses. 

2.2.2. Experiment 4

In this experiment, the effects of bud and leaf removal on the extent
of organ differentiation in nearby undamaged buds were assessed. The
four most distal axillary buds and leaves of seven growing main-
branch shoots of a single tree were clipped in December 2003, without
injuring the growing shoot apex (Fig. 2). In May 2004, after the end
of shoot extension and organ differentiation, all treated and
11 untreated main-branch shoots of the same tree were harvested, and

1 At that stage of bud development, bud clipping without causing damage to its subtending leaf was virtually impossible. 
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Figure 1. Diagrammatic representation of distal ends of Nothofagus dombeyi main branches and the treatments applied in experiments 1 (t.0 – t.5,
upper row), 2 (t.0 and t.1, upper row) and 3 (t.1 – t.4, lower row). In all cases, the removed organs are white filled. Leaves were drawn only
for parent shoots of upper drawings and one offspring shoot of each lower drawing. The distal-to-proximal node numbering used here is indicated
for each diagram. Upper drawings (parent shoots and brother shoots are black filled): t.0: control, t.1: clipping of distal portion, t.2: clipping
of distal buds, t.3: clipping of distal leaves, t.4: clipping of brother shoots, t.5: stem girdling (girdling position indicated with an arrow). Lower
drawings (offspring shoots are black filled and parent shoots are grey filled): t.1: clipping of the apex, t.2: clipping of distal buds and leaves,
t.3: clipping of distal leaves, t.4: clipping of distal offspring shoot. A white arrow indicates that the corresponding shoot was growing at the
time the experiment was started.

Figure 2. Scheme showing the main-branch shoots of N. dombeyi at the beginning and the end of experiments 1, 2, 3 and 4 on a time scale:
years 2000 to 2004; Su: summer, A: autumn, W: winter, Sp: spring; dashed arrows: growing season. White circle: axillary bud. Crossed circle:
removed axillary bud. White arrow: growing shoot. Square-headed line: fully-extended shoot. Numbers in brackets indicate the number of trees
selected for each experiment.
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fixed in 96% ethanol for two weeks. The buds of these shoots were
numbered in a distal-to-proximal sequence and dissected under stereo-
microscope (Olympus SZH10, up to 70 ×), so as to determine the
number of leaf primordia of each bud.

2.3. Data analyses

For each treatment of experiments 1, 2 and 3, the mean diameter,
length and number of nodes of offspring shoots in each position were
computed. Whenever an offspring shoot had developed branches dur-
ing its extension, its length and number of nodes were computed,
respectively, as the sum of the lengths and the sum of the nodes of its
main axis and its branches. For each parent shoot, the thickest off-
spring shoot was identified and the maximum diameter ratio (MDR)
was computed as: 

MDR = [diameter of the thickest offspring shoot] / [mean diameter
for all other offspring shoots]. 

Following the same procedure, the maximum length ratio (MLR)
was computed as: 

MLR = [length of the longest offspring shoot] / [mean length for
all other offspring shoots], 
and the maximum number of nodes ratio (MNR) as:

MNR = [number of nodes of the offspring shoot with more nodes] /
[mean number of nodes for all other offspring shoots].

The sums of diameters (Σ diameters), lengths (Σ lengths) and num-
bers of nodes (Σ nodes) of all offspring shoots were calculated for each
parent shoot.

Analyses of variance (ANOVA) [50] were performed within exper-
iments 1, 2 and 3 to assess the effect of treatments (fixed factor) and
trees (random factor) on each of the following variables: (1) position
on the parent shoot of the most proximal offspring shoot, (2) diameter
of the thickest offspring shoot, (3) length of the longest offspring
shoot, (4) number of leaves of the largest offspring shoot, (5) MDR,
(6) MLR, (7) MNR, (8) Σ diameters (9) Σ lengths and (10) Σ nodes
of offspring shoots. Data loge-transformation was applied for all var-
iables so as to render distributions normal (graphic test) [50]. Bonfer-
roni’s correction was applied for significance levels to account for the

number of comparisons performed. For experiment 3, treated off-
spring shoots of treatments 1, 2 and 3 and the most distal offspring
shoots of treatment 4 and control parent shoots were compared with
respect to: presence of axillary branches (Chi-square tests), diameter,
length and number of nodes (ANOVA). The total number of leaf
primordia of all buds of treated and control shoots of experiment 4
were compared with a Student’s t test. All statistical analyses were per-
formed with the Minitab 7.1 software [35].

Throughout the following text, the term “size” will be used collec-
tively in reference to the diameter, length and number of nodes of
shoots.

3. RESULTS

3.1. Parent shoots

Within experiments 1, 2 and 3, parent shoots of all treatments
had a similar size; those of experiment 3 were slightly larger
than those of the other two experiments (Tab. I). Offspring
shoots developed from all nodes except, on average, the six
nodes closest to the parent shoot’s proximal end and those
nodes experimentally deprived of axillary bud. Treatments did
not affect the position of the most basal offspring shoot on each
parent shoot (Tab. II). For experiments 1 and 3, the position of
the most basal offspring shoot depended on the tree concerned.

3.2. Offspring shoots

The size of offspring shoots tended to be highest for the most
distal positions on the parent shoots of all treatments of exper-
iments 1, 2 and 3 and to decrease gradually towards the prox-
imal end of the parent shoot (Fig. 3). Variations in diameter
among offspring shoots followed an approximately linear ten-
dency for all experiments (Fig. 3). On the other hand, variations

Table I. Diameter, length, number of nodes (mean ± s.e., N in brackets) of parent shoots of each treatment of experiments 1, 2 and 3.

Diameter (mm) Length (cm) Nodes

Experiment 1

t.0 2.6 ± 0.08 (24) 14.8 ± 0.81 (24) 15.8 ± 0.64 (24)

t.1 2.6 ± 0.11 (23) 14.5 ± 0.89 (23) 15.4 ± 0.66 (23)

t.2 2.6 ± 0.08 (24) 14.5 ± 0.94 (24) 16.2 ± 0.65 (24)

t.3 2.8 ± 0.10 (25) 14.7 ± 0.92 (25) 15.8 ± 0.63 (25)

t.4 2.5 ± 0.09 (24) 13.6 ± 0.82 (24) 15.9 ± 0.78 (24)

t.5 2.6 ± 0.09 (23) 14.9 ± 0.79 (23) 15.9 ± 0.60 (23)

Experiment 2

t.0 3.0 ± 0.07 (30) 16.0 ± 0.79 (30) 16.9 ± 0.76 (30)

t.1 2.9 ± 0.07 (29) 15.3 ± 0.64 (29) 16.4 ± 0.66 (29)

Experiment 3

t.0 4.7 ± 0.18 (32) 21.7 ± 2.07 (32) 18.9 ± 1.09 (32)

t.1 4.1 ± 0.20 (31) 19.0 ± 2.01 (31) 17.1 ± 0.92 (31)

t.2 4.4 ± 0.22 (35) 21.0 ± 2.01 (35) 19.6 ± 1.17 (35)

t.3 4.4 ± 0.25 (34) 20.2 ± 2.50 (35) 18.3 ± 1.12 (34)

t.4 4.2 ± 0.21 (34) 19.1 ± 1.84 (23) 18.0 ± 1.08 (34)
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Figure 3. Mean (± s.e.) diameter, length and number of nodes of offspring shoots derived from parent shoots assigned to different treatments
of experiments 1 (A), 2 (B) and 3 (C; see text for details), according to the position of the offspring shoot numbered from the parent shoot’s
distal end.

Table II. Results of two-way ANOVAs (Fisher’s test, F) assessing the effects of treatments and trees on the position of the most proximal offs-
pring shoot, the diameter, length and number of nodes of the largest (max.) offspring shoot, the MDR, MLR and MNR, and the sums of offs-
pring-shoot diameters, lengths and numbers of nodes for experiments 1, 2 and 3 (see text for details). *** p < 0.001, ** p < 0.01, * p < 0.05, ns:
p > 0.05.

Experiment 1 Experiment 2 Experiment 3

Treatment Tree Treatment Tree Treatment Tree

F p F p F p F p F p F p

Position 0.4 ns 2.4 ** 0.7 ns 1.4 ns 1.4 ns 1.9 **

Max. diameter 0.8 ns 2.2 ** 25.4 *** 1.4 ns 0.9 ns 2.6 ***

Max. length 0.8 ns 1.8 * 34.2 *** 1.0 ns 1.6 ns 3.9 ***

Max. number of nodes 0.7 ns 1.7 * 52.1 *** 3.5 ** 1.6 ns 2.9 ***

MDR 0.4 ns 3.1 *** 11.0 *** 1.7 ns 1.3 ns 2.3 ***

MLR 1.3 ns 1.5 ns 18.7 *** 1.3 ns 5.0 ** 4.1 ***

MNR 0.2 ns 1.5 ns 30.9 *** 2.2 * 2.4 * 3.0 ***

Σ diameters 7.8 *** 2.2 ** 77.4 *** 3.3 ** 1.3 ns 7.1 ***

Σ lengths 3.2 ** 1.4 ns 56.1 *** 2.2 * 0.7 ns 7.9 ***

Σ nodes 7.3 *** 2.4 ** 85.7 *** 4.1 ** 0.9 ns 8.8 ***
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in length and number of nodes of offspring shoots tended to
diverge from linearity, and the extents of these divergences
depended on the treatment and experiment concerned (Fig. 3).
For experiment 1, the size of the largest offspring shoot per par-
ent shoot and the MDR, MLR and MNR were not affected by
the treatments (Tab. II; Figs. 4 and 5). In the case of experiment 2,
the largest offspring shoots of t.1 were significantly smaller (in
diameter, length and number of nodes), both in absolute and rel-
ative terms, than those of t.0 (Tab. II; Figs. 4 and 5). For exper-
iment 3, although the cutting of the distal offspring shoot (t.4)
tended to increase the mean size of the largest offspring shoot
(Figs. 4 and 5), the difference between this and the other treat-
ments reached a statistically significant level only for the MLR
and the MNR (Tab. II; Figs. 4B, 4C, 5B and 5C). 

The Σ diameters, Σ lengths and Σ  nodes of offspring shoots
per parent shoot were lower for t.1 and t.2 than for the other
treatments of experiment 1 and lower for t.1 than for t.0 of
experiment 2 (Fig. 6 and Tab. II). None of these sums was
affected by the treatments of experiment 3. The Σ diameters and
Σ  nodes per parent shoot were related to the tree concerned in
all three experiments. The Σ lengths was also related to the tree
in experiments 2 and 3 but not in experiment 1 (Tab. II).

Between four and ten offspring shoots per treatment of
experiment 3 developed at least one axillary branch, but the pro-
portion of branched offspring shoots proved not to be different
between treatments (χ2 = 3.1, p > 0.1). The diameter and
number of nodes of treated offspring shoots of t.1, t.2 and t.3
of experiment 3 were similar to those of the most distal off-
spring shoot of t.0 and t.4 (F = 1.4 and F = 2.1, respectively,
p > 0.05). For this experiment, distal offspring shoots corre-
sponding to t.4 were, on average, longer than treated offspring
shoots of t.1, t.2 and t.3 and the distal offspring shoots of t.0
(F = 2.4, p < 0.05).          

3.3. Bud composition

Treated shoots of experiment 4 did not develop axillary
organs in the nodes from which buds were removed. Those
buds developed in distal positions after the removal of distal
buds and leaves included, on average, more leaf primordia than
buds in similar positions of untreated shoots, whereas buds
located proximally relative to the nodes whose buds had been
removed had less primordia than proximal buds of control
shoots (Fig. 7). The sum of leaf primordia of all buds of treated
shoots was similar to that of control shoots (t = 0.7, p = 0.52).

Figure 4. Mean (+ s.e.) diameter (A), length (B) and number of nodes
(C) of the largest offspring shoot developed from parent shoots for
experiments 1 (black bars), 2 (grey bars) and 3 (white bars). Treat-
ment 0 = control. See text for descriptions of treatments.

Figure 5. Mean (+ s.e.) diameter (A), length (B) and number of nodes
(C) of the largest offspring shoot relative to the mean diameter, length
and number of nodes of the other offspring shoots (MDR, MLR and
MNR, respectively) for experiments 1 (black bars), 2 (grey bars) and
3 (white bars). Treatment 0 = control.
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4. DISCUSSION

4.1. Resilience to damage of N. dombeyi branching 
systems

In N. dombeyi trees, like in many other tree species, the
branching system consisting of a parent shoot extended in one
year and a cohort of offspring shoots extended a year later is
characterized by a gradient of increasing offspring shoot size
towards the distal end of the parent shoot [42, 45, 46]. At least
for the main branches of young N. dombeyi trees, this gradient
seems to be resilient to traumatic factors acting either on the
distal portion of a parent shoot before the extension of its off-
spring shoots (experiments 1 and 2) or on the offspring shoots
themselves during their extension (experiment 3). Therefore,
it could be proposed that, whatever the physiological bases of
size differences among offspring shoots, they are not under the
exclusive control of the distal end of their parent shoot.

The activation of dormant proventitious buds and the devel-
opment of adventitious buds, cited as usual responses to dam-
age for other species [3, 7, 11, 18, 19, 40], were not detected
in any of the experiments of the present study. Shoots of Not-
hofagus spp. have tiny axillary buds close to their proximal end.
These proventitious buds do not develop into shoots one year
after their inception, unlike more distal axillary buds. Some
studies have proposed that these proximal buds might form a

“bud bank” able to regenerate the branching system after a
major damage to their parent shoot [42, 44, 51]. According to
the present study, this would not be the case when damage
involves the distal nodes of N. dombeyi shoots, since none of
the treatments applied here affected the position of the most
proximal branches on shoots. On the other hand, some kinds
of traumas acting on a parent shoot at specific periods of the
year caused the sum of the sizes of all its branches and/or size
differences between distal and proximal branches to be lower
than those observed for non-traumatised parent shoots. 

4.2. Damage to growing shoots

The size of offspring shoots developed from a parent shoot
is controlled at several stages [54], the first of which is the dif-
ferentiation of organs in the buds from which the offspring
shoots would eventually develop (i.e. preformation). The phys-
iological processes underlying differences in preformation
among buds are not well understood, although competition for
resources and hormonal interactions seem to be involved [9,
10]. The experimental removal of axillary buds differentiating
at the distal nodes of an extending parent shoot did not affect
the final length and number of nodes of this shoot or the total
number of organs differentiated in its buds at the end of its
growth period (experiment 4). In other words, the loss of pri-
mordial organs due to exogenous factors was compensated by
the development of more primordia in other buds. The positive
effect of bud clipping on the preformation of distal buds and
its negative effect on the preformation of proximal buds would
cause an increase in the gradient of the number of preformed
leaves between distal and proximal branches eventually devel-
oped from the damaged shoot. This result should be regarded
with caution considering the significant tree effect detected in
most comparisons of experiments 1, 2 and 3 (Tab. II) and the
fact that buds of a single tree were dissected. A more extensive
application of bud-removal treatments at different stages of bud
differentiation and parent shoot growth may contribute to our

Figure 6. Mean (+ s.e.) sum of diameters (A), lengths (B) and num-
bers of nodes (C) of offspring shoots developed from parent shoots
of experiments 1 (black bars), 2 (grey bars) and 3 (white bars). Treat-
ment 0 = control.

Figure 7. Mean (+ s.e.) number of nodes of buds in seven shoots for
which bud removal was applied (black circles) and number of nodes
of buds of 11 control shoots (white triangles) of the same tree. The
portion of treated shoots from which buds were removed is indicated
with a line.
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knowledge about the rules of preformation distribution among
buds on the same parent shoot. 

Neither of the treatments applied at the peak of offspring
shoot growth altered the sums of diameters, lengths and num-
bers of nodes of all offspring shoots derived from the same par-
ent shoot (compared to similar sums for control shoots), which
indicates that the damage to a growing offspring shoot in N.
dombeyi is fully compensated at the level of the parent shoot.
On the other hand, clipping a complete distal offspring shoot
at the peak of its extension period increased the length and
number of nodes of another distal offspring shoot on the same
parent shoot (experiment 3, treatment 4). As a consequence,
this trauma, unlike less extensive ones applied in other treat-
ments of the same experiment, increased the differences in
length and number of nodes between the largest offspring shoot
and the corresponding mean for all other offspring shoots rel-
ative to those of control parent shoots. This implies that the larg-
est, most distal offspring shoot restricts the growth of more
proximal shoots whether it is undamaged or partially-damaged;
only a severe damage of the distal shoot allows one of the
nearby shoots to grow longer (but not thicker) and with more
nodes. The re-direction of resources to the development of the
released shoot, might be involved, as shown for other woody
plants [2, 27, 48, 54]. 

The increased growth of a distal shoot after the destruction
of a nearby shoot at the peak of its growth may be a consequence
of the capacity of vigorous N. dombeyi shoots to develop neo-
formed organs after the extension of those organs preformed
in the bud from which the shoot derived [39, 40]. Primary shoot
growth by neoformation may be a relevant mechanism allow-
ing plants to acclimate to environmental conditions of unpre-
dictable occurrence [15, 39]. Neoformation would increase the
length and number of nodes of shoots close to a damaged shoot.
However, their basal diameter would not be affected, as the tis-
sues involved in stem thickening (before secondary growth
takes place) would complete their growth during the expansion
of preformed organs, irrespective of neoformation production.
As a result, severe damage to a growing shoot would cause
undamaged nearby shoots to develop disproportionately more
in length and number of nodes than in stem thickness, which
may have consequences on the released shoot’s responses to
bending stresses from self-weight or wind [55]. 

Leaf removal in Quercus robur and Q. petraea (Fagaceae
family) during the shoot extension period stimulated the further
growth of the shoot through the development of a second flush
of growth from the terminal bud [7, 11]. Leaf removal from
growing shoots of N. dombeyi did not increase the development
of the treated shoots, which would indicate that the correlative
inhibition exerted by leaves on terminal and axillary buds is not
to be regarded as a general mechanism regulating axis growth.
The different responses found on Quercus spp. as compared to
those reported here for N. dombeyi might relate to the degree
of specificity in the response of trees to leaf damage or be due
to ontogenetic differences, since the studies on Quercus con-
cerned seedlings and the present study dealt with older trees. 

4.3. Damage at bud-break

The artificial clipping of the distal end of a parent shoot by
the time of breaking of its buds (experiment 2) affected nega-

tively both the sums of the sizes of all offspring shoots devel-
oped and the size of the largest offspring shoot relative to that
of other offspring shoots (Figs. 4 and 5). The most distal off-
spring shoots developed after the damage reached mean lengths
and numbers of nodes slightly higher than those they would
have reached had no damage occurred (compare with the mean
length and number of nodes of offspring shoots in position 5
on control parent shoots, Fig. 3B), which may be interpreted as
a partial compensation. No response in terms of stem diameter
was detected. For N. dombeyi, the most distal branches at the
beginning of their extension would exert only a minor effect
on the size gradients of branches on a common parent shoot,
in contrast with the results of studies on other species [9, 52]. 

4.4. Damage at dormancy

The interpretation of the results of artificial damage caused
during winter dormancy (experiment 1) is complicated by the
number of treatments applied and the degree of variation in the
responses of shoots to each treatment. Clipping the four most
distal buds or the whole distal end of the parent shoots selected
for this study (treatments 1 and 2) resulted, after a spring-sum-
mer growth period, in sums of diameters, lengths and numbers
of nodes of offspring shoots lower than those corresponding to
parent shoots treated otherwise. A partial compensation was
detected for parent shoots deprived of distal buds, as the distal
offspring shoots developed from these shoots were longer and
had more nodes than those developed in equivalent positions
(i.e. from position 5 to the parent shoot’s proximal end;
Fig. 3A) by other parent shoots. The fact that a similar response
was not observed in parent shoots whose distal buds and leaves
had been removed suggests that leaves devoid of axillary bud
may favour the development of offspring shoots arising from
immediately more proximal nodes, perhaps by supplying them
with resources or hormones [17]. A recent study indicates that
leaf senescence in N. dombeyi implies the resorption of about
half of the nitrogen content from leaves [16]. The removal of
distal buds in this species might induce the senescence of their
subtending leaves, thus increasing resource availability of
nearby growing shoots. An alternative, but not exclusive,
explanation could be that leaves devoid of axillary bud may
contribute to the strength of the shoot as a resource sink and
favour, as a consequence, the development of its branches. The
results for the girdling treatment indicate that phloem-trans-
ported hormones would not be implicated in the size differ-
ences among offspring shoots. The winter removal of shoots
close to the parent shoot did not affect the size and size gradient
of its offspring shoots, which argues against the idea of com-
petition for resources with neighbour shoots as a determinant
of the branching pattern of a shoot [54].

4.5. Conclusions

A number of studies have emphasized the role of endog-
enous rules in the architecture of plants while recognising the
effects of exogenous factors in the expression of these rules [1,
6, 20, 21, 37]. The series of experiments presented here indicate
that some of the architectural features of a species might be more
resilient to traumatic factors than others. For instance, the posi-
tion of branches and the distal-to-proximal decreasing gradient
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of branch size found along most shoots of N. dombeyi exhibit
high degrees of resilience to localised damage. On the other
hand, compensatory responses to damage occurring during the
extension period may increase size differences between prox-
imal and distal branches on a parent shoot. These differences
may arise either from damage to axillary buds and its effect on
the preformation of nearby buds, or from severe damage to a
distal branch and its effect on the growth of a nearby branch.
It may be concluded from this study that the ratio between the
size of the largest branch and the mean size of the other
branches on a particular shoot of N. dombeyi depends on a
number of factors such as the type of axis of the tree [45], the
individual tree concerned, the kind of trauma affecting the
shoot and the time of the year in which the trauma is caused.

Studying the effects of herbivory on woody plants through
short-term studies on relatively small axis portions (i.e. shoots)
has been considered unsuitable due to the slow responses to her-
bivory exhibited by woody plants [24]. However, morpholog-
ical responses may be detected by selecting experimental units
on architectural grounds. 
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