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Preformation and Neoformation in Shoots of Nothofagus antarctica (G. Forster)
Oerst. (Nothofagaceae) Shrubs from Northern Patagonia
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The size (length and diameter) and number of leaf primordia of winter buds of Nothofagus antarctica (G.
Forster) Oerst. shrubs were compared with the size and number of leaves of shoots derived from buds in equiva-
lent positions. Buds developed in two successive years were compared in terms of size and number of leaf
primordia. Bud size and the number of leaf primordia per bud were greater for distal than for proximally posi-
tioned buds. Shoots that developed in the ®ve positions closest to the distal end of their parent shoots had sig-
ni®cantly more leaves than more proximally positioned shoots of the same parent shoots. The positive
relationship between the size of a shoot and that of its parent shoot was stronger for proximal than for distal
positions on the parent shoots. For each bud position on the parent shoots there were differences in the number
of leaf primordia per bud between consecutive years. The correlations between the number of leaf primordia per
bud and bud size, bud position and parent shoot size varied between years. Only shoots produced close to the
distal end of a parent shoot developed neoformed leaves; more proximal sibling shoots consisted entirely of pre-
formed leaves. Leaf neoformation, a process usually linked with high shoot vigour in woody plants, seems to be
widespread among the relatively small shoots developed in N. antarctica shrubs, which may relate to the
species' opportunistic response to disturbance. ã 2002 Annals of Botany Company
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INTRODUCTION

The expression of a vascular plant's architecture results
from the primary growth and branching of each of its axes
(HalleÂ et al., 1978; Caraglio and BartheÂleÂmy, 1997). These
two processes depend upon the activity of meristems located
at the distal end of each axis and/or at leaf axils, and involve
the differentiation of organ primordia from meristems, i.e.
organogenesis, and the extension of these primordia into
fully developed organs (Champagnat et al., 1986). In many
temperate plants, organ primordia remain dormant in buds
and develop into mature organs only after a period of time.
Organs developed in this way are referred to as preformed
organs. Organogenesis and organ extension may also take
place sequentially, without an intervening dormancy period,
and the resulting organs are termed neoformed.

Although the number of studies describing plant archi-
tecture has increased in the last decades (HalleÂ et al., 1978;
BartheÂleÂmy, 1986; BartheÂleÂmy et al., 1989, 1999; Costes,
1993; Caraglio, 1996), little is known about the role played
by preformation and neoformation in the growth of trees
(but see Remphrey and Powell, 1984; Davidson and
Remphrey, 1994; Puntieri et al., 2000; Sabatier and
BartheÂleÂmy, 2000; Souza et al., 2000). For instance,
although differences in the length and number of leaves

among shoots derived simultaneously from a common
parent shoot have been noted (Nicolini, 1998; Puntieri et al.,
1998; Sabatier et al., 1998; BartheÂleÂmy et al., 1999;
Stecconi et al., 2000), it is virtually unknown whether
such differences can arise from variations among these
shoots in preformation and/or neoformation capabilities.
Moreover, information concerning both the co-occurrence
of preformation and neoformation within the same shoot
system, and between-year differences in bud composition
for the same species, is virtually non-existent (but see
Remphrey and Davidson, 1994).

The information available indicates that a large propor-
tion of all shoots developed by trees from temperate and
temperate-cold regions consists of organs preformed in the
growing season previous to that of shoot extension (e.g.
Remphrey and Davidson, 1994; Puntieri et al., 2000;
Sabatier and BartheÂleÂmy, 2000; Souza et al., 2000). A
minor proportion of the shoots of these species develops
neoformed organs following the extension of preformed
organs, which may enable plants to pro®t from favourable
conditions late in the growing season (Davidson and
Remphrey, 1994; Puntieri et al., 2000; Souza et al., 2000).
Some studies on trees from different families have pointed
at a connection between shoot position and the numbers of
preformed and neoformed organs it includes (Macdonald
and Mothersill, 1983; Macdonald et al., 1984; Remphrey
and Powell, 1984; Davidson and Remphrey, 1994; Thorp* For correspondence. E-mail stecconi@crub.uncoma.edu.ar
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et al., 1994; Puntieri et al., 2000; Sabatier and BartheÂleÂmy,
2000; Souza et al., 2000). One of the conclusions arising
from these studies is that trunk and main branches of young
trees are the most likely locations for shoots with preformed
and neoformed organs. The absence of this type of shoot in a
young tree of these species indicates low tree vigour. This
information feeds plant-simulation models currently applied
in forestry, agriculture and ecology (Reffye et al., 1989,
1991, 1995; GueÂdon and Costes, 1997; Reffye and Houllier,
1997). However, only a few species have been studied from
this perspective.

Nothofagus antarctica (G. Forster) Oerst. is a woody
species whose range extends from 37°S, in the northern
Patagonian Andes, to approx. 56°S, in Tierra del Fuego,
Argentina (Dimitri, 1972; Cabrera, 1976; Correa, 1984). It
forms dense and extensive populations in valley bottoms as
well as in wetland margins in both Chile and Argentina.
This species can grow as a tree up to 15 m tall, but has a
strong tendency to develop as a 1±3-m-tall shrub, with
evenly sized axes diverging from the soil surface (RamõÂrez
et al., 1985). Despite little reproduction by seed (Premoli,
1991), N. antarctica plays an important role in the post-®re
restoration of plant communities because of its ability to
regenerate vegetatively from burned stumps by coppice and
root suckers (McQueen, 1976; Donoso, 1993; Veblen et al.,
1996). As in other Nothofagus species (Puntieri et al., 1998;
BartheÂleÂmy et al., 1999), axis extension in N. antarctica is a
rhythmic process (Stecconi et al., 2000): periods of axis
extension (in spring and summer) alternate with periods of
constant axis length (in autumn and winter). Most shoot
apices die after shoot extension and further increases in the
length of an axis take place through the development, in
the following growing season, of a relay shoot from one of
the most distal axillary buds. One year after its extension
period, each shoot develops axillary branches (including the
relay shoot) whose vigour increases acropetally (Stecconi
et al., 2000).

In the present study we analysed shoots of N. antarctica
shrubs for: (1) the extent of preformation and neoformation;
(2) the number of preformed leaves of buds developed in
two consecutive years; (3) the size (length and diameter)
and number of leaves of buds and shoots according to their
position on the parent shoot; (4) the value of a set of
variables as predictors of the number of leaf primordia of
buds; and (5) the relationship between the size (length and
number of leaves) of a shoot and the size of its parent shoot.

MATERIALS AND METHODS

Study site and plants

A Nothofagus antarctica population was delimited within
2000 m2 of the Centro de Salmonicultura, Universidad
Nacional del Comahue, San Carlos de Bariloche, Argentina
(41°10¢S, 71°25¢W, 880 m altitude). The soil in this area is
derived from volcanic ash (Andisol) and is characterized by
a high content of super®cial organic matter and has a
slightly acidic pH (Scoppa, 1998). Mean temperature ranges
between 2 and 4 °C and between 14 and 16 °C for the
coldest and warmest months, respectively. Precipitation

reaches 500±600 mm between May and August, and 50±100
mm between November and February (Conti, 1998).

Woody plant cover in the study site consists mostly of
N. antarctica shrubs (up to 2´5 m in height), although other
native and exotic woody species grow sparsely. A ®re
destroyed all above-ground plant structures in this area in
1978, after which N. antarctica shrubs re-sprouted. This
population was selected for the present study due to the
homogeneity of its shrubs. The structure of these shrubs
resembles that observed in other ®re-affected populations of
this species.

Data collection

Nothofagus antarctica sprouts between 8 and 22 years old
(mean age = 13´8 years, s.e. = 3´5, sample size = 96), derived
from burned stumps, were selected. Three samples of shoots
located at the distal end of these sprouts were taken. In
August 1996 (winter), during the dormancy period of N.
antarctica, 150 shoots that had extended in the 1995±1996
growing season were selected. Each of these shoots
consisted of an unbranched stem with an axillary bud on
most of its nodes. Fifty of these shoots were cut immedi-
ately, so as to record the organs preformed in their buds
(Fig. 1). The remaining 100 shoots were labelled and the
length and diameter of each of their buds measured non-
destructively to the nearest 0´1 mm with digital callipers.
The latter shoots were cut after the end of the 1996±1997
growing season (April 1997), when those axillary buds
measured during the winter had developed into shoots
[Fig. 1; see Stecconi et al. (2000) for a study on the growth
dynamics of these shoots]. These two samples were
performed with the aim of assessing the proportion of
preformed and neoformed organs of the shoots that
developed in both samples. An independent set of 50 shoots
extended in the 1996±1997 growing season was sampled in
February 1997 (Fig. 1), about 1 month after the end of the
extension of these shoots (Stecconi et al., 2000). By the time
they were sampled, these shoots were bearing axillary buds.
The objective of this sample was to compare the number of
preformed organs and the size of buds developed in two
consecutive years. Henceforth, samples taken in August
1996, February 1997 and April 1997 will be referred to as
samples I, II and III, respectively. Bud-bearing shoots of
samples I and II, and shoot-bearing shoots of sample III, will
be termed parent shoots (Fig. 1), whereas axillary shoots
derived from sample III parent shoots will be termed sibling
shoots (Fig. 1). For each sample III parent shoot, the sibling
shoot developed from one of its two most distal nodes
following the line of growth of the parent shoot was termed
the relay shoot.

For each parent shoot of each sample and for each sibling
shoot of sample III, shoot length (to the nearest mm),
number of leaves and apex condition (dead or persistent)
were recorded. The number of leaves per shoot was
determined by counting either leaves on the stem or scars
left on the stem by leaves that had abscised. Previous studies
on this and other species of Nothofagus show that the
number of cataphylls per shoot is relatively constant (most
frequently four) and that their position in a shoot is always
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limited to the proximal end of each shoot (Puntieri et al.,
1998; BartheÂleÂmy et al., 1999; Stecconi et al., 2000). For
these reasons, cataphylls were not counted in the present
study. Hereafter, the word `leaf' will be used in reference to
a foliage (i.e. green) leaf. A shoot apex was considered dead
if the terminal bud was absent or if it was dark-brown in
colour, dehydrated or damaged. Shoots severely damaged
by exogenous factors, such as herbivory, were excluded
from the analyses. The nodes of each parent shoot were
rank-numbered, with 1 being located at the distal end of the
parent shoot.

Parent shoots of samples I and II were preserved in 96 %
ethanol for at least 2 weeks. After that period, the length and
diameter of each bud of each parent shoot were measured to
the nearest 0´1 mm with callipers. Bud length was measured
from the point of insertion of the basal cataphylls of the bud
to the distal end of the bud (Fig. 2A). Bud diameter was
measured at the point of maximum bud width (Fig. 2A). The
number of leaf primordia of each bud was determined by
manual dissection under a stereomicroscope (Olympus
SZ30; Fig. 2B). As in the case of shoots, cataphylls,
which constitute the external cover of buds, were not
included in this count. One or two buds sometimes occur
close to the proximal end of some shoots, but due to their
small size (<0´5 mm long) it was not possible to dissect
them. Leaf primordia were visible as pegs on either side of
the preformed shoot (at 603). The length of the preformed
shoot primordium of each bud was measured from the

insertion of its most proximal cataphylls up to the shoot's
distal end (Fig. 2B) by ®tting a graduated ocular to the
stereomicroscope.

F I G . 1. Diagrammatic representation of bud-bearing and shoot-bearing parent shoots of sample I (August 1996), sample II (February 1997) and
sample III (April 1997). Shoots in black represent the sampled shoots.

F I G . 2. Illustrations of a closed bud (A) and a dissected bud (B) of
Nothofagus antarctica. a, Preformed-shoot apex; bd, bud diameter; bl,
bud length; c, cataphylls; cs, cataphyll scars; lp, subtending-leaf petiole
scar; ls, subtending-leaf stipule scar; pl, preformed-shoot length; pr, leaf

primordium; pt, parent shoot.
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Data analysis

The length and number of leaves of parent shoots were
compared among samples with one-way ANOVA followed
by paired comparisons with the Tukey±Kramer method
(Sokal and Rohlf, 1981).

Data concerning buds of samples I and II (i.e. bud length,
bud diameter, preformed shoot length and number of leaf
primordia) and sibling shoots of sample III (i.e. shoot
length, basal diameter and number of leaves) were averaged,
within each sample, for each node rank number on the
parent shoot. These averages were obtained only for those
positions represented in at least ten parent shoots of each
sample (positions 1±12). Changes in the descriptive vari-
ables of buds, preformed shoots and sibling shoots, accord-
ing to position on the parent shoot, were described by
functions ®tted by least-squares regressions. In each case,
linear, quadratic and cubic functions on raw data and a
linear function on log±log transformed data were ®tted. One
of these functions was selected for each variable after
examination of the residuals and the signi®cance of each
equation term (Sokal and Rohlf, 1981).

The number of leaf primordia of sample I buds was
compared with the number of leaves of sample III sibling
shoots using a one-way ANOVA for each position (1±12) on
the parent shoots (signi®cance levels were adjusted for the
number of comparisons performed using Bonferroni's
procedure).

Stepwise regression analyses (forward selection pro-
cedure; Sokal and Rohlf, 1981) were performed to ®nd the
best set of predictor variables for the number of leaf
primordia (dependent variable) of sample I and sample II
buds. Bud length, diameter and position on the parent shoot,
and the length and number of leaves of the parent shoot were
the independent variables in these analyses. The same
analysis was used to ®nd the best set of predictor variables
for the length and number of leaves of the relay shoot of
sample III parent shoots. In this case, the independent
variables included in each analysis were: length and
diameter of buds that originated the relay shoot, and length
and number of leaves of the parent shoot. For each position
on the parent shoots of sample III, the coef®cient of
determination (r2) relating the length of the parent shoot to
the length of the sibling shoot in that position was
computed.

RESULTS

Parent shoots

On average, parent shoots were longer in sample II than in
samples I and III, and were similar in length for the latter
two samples (F = 24´8, P < 0´001, Table 1). The mean
number of leaves of parent shoots did not differ signi®cantly
between samples (F = 0´6, P = 0´56). All parent shoots had a
dead apex after their extension.

Length and diameter of buds and sibling shoots

Quadratic functions were selected to describe the changes
along the parent shoots of the length and diameter of buds

and the length of shoots preformed in buds of samples I and
II (Fig. 3; Table 2). These functions indicate slight increases
or invariability in the measures describing bud and
preformed shoot size from the distal end to intermediate
positions of the parent shoot, and indicate decreases towards
the proximal end of the parent shoot (Fig. 3; Table 2). For
most positions, the size of buds and preformed shoots
tended to be higher for sample II than for sample I parent
shoots (Fig. 3).

A linear function ®tted on log±log transformed data was
chosen to describe the tendency in the length of sample III
sibling shoots along the parent shoots: differences in sibling
shoot length were more notable for distal than for proximal
positions (Fig. 4; Table 2). On the other hand, the diameter
of sibling shoots of this sample decreased linearly from the
distal to the proximal end of parent shoots. All sibling
shoots of sample III had a dead apex after their extension.

Number of leaves of buds and sibling shoots

In the case of sample I, the number of leaf primordia per
bud showed a moderate but signi®cant linear decrease from
distal to proximal positions on the parent shoot (Fig. 5;
Table 2). For sample II, the number of leaf primordia per
bud was better described by a quadratic function, indicating

TABLE 1.Mean (6 s.e.; sample size in parentheses) length
and number of leaves of parent shoots of samples I (August

1996), II (February 1997) and III (April 1997)

Sample Length (mm) Leaves

I 67´8 6 2´19a (50) 12´3 6 0´31a (50)
II 88´6 6 3´29b (50) 12´6 6 0´26a (50)
III 68´8 6 1´54a (95) 12´7 6 0´21a (95)

Means followed by the same superscript letter are not statistically
different (P > 0´05).

F I G . 3. Length (squares) and diameter (circles) of buds and length of
preformed shoots (triangles) corresponding to samples I (solid symbols)
and II (open symbols), according to bud position ranked from the parent
shoot's distal end. Data are means 6 s.e. The lines ®tted to each data set

are described in Table 2.
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a higher and less variable number of primordia close to the
distal end of the parent shoot and a gradually decreasing
number of primordia towards the proximal end of the parent
shoot. On average, two more primordia were found in
sample II than in sample I buds. The number of leaves of
sample III sibling shoots decreased more notably at the
distal than at the proximal end of the parent shoot (a linear
function was ®tted to log±log transformed data; Fig. 5;
Table 2).

The mean number of leaves of sibling shoots derived
from the ®ve positions closest to the distal end of sample III
parent shoots was signi®cantly (P < 0´05) higher than the

number of leaf primordia of buds in similar positions of
sample I parent shoots (Fig. 5). In more proximal positions,
the mean number of leaf primordia of sample I buds did not
differ signi®cantly from the mean number of leaves of
sample III sibling shoots (Fig. 5).

Parent shoot size and the structure of buds and sibling
shoots

In the case of sample I buds, bud position on the parent
shoot (negative effect) and parent shoot length (positive
effect) were the independent variables most closely correl-
ated with the number of leaf primordia per bud (Table 3).
For sample II, bud diameter (positive effect) and, less
notably, bud position on the parent shoot (negative effect;
Table 4) were the independent variables most correlated
with the number of leaf primordia per bud. For both
samples, bud length explained a much smaller percentage of
the variance of the number of leaf primordia per bud. The
number of leaves of the parent shoot did not have a
signi®cant effect on the number of leaf primordia of a bud
either for sample I or for sample II.

Parent shoot length was the only variable that contributed
signi®cantly to explain the variance in the length (regression
coef®cient = 0´72, t = 3´3, r2 = 0´11) and number of leaves
(regression coef®cient = 0´07, t = 3´1, r2 = 0´10) of the relay
shoot of sample III. The correlation between sibling shoot
length and parent shoot length increased from distal to
proximal sibling shoots (r = 0´35, 0´42, 0´52, 0´54, 0´51,
0´59, 0´66, 0´61, 0´61, 0´63, 0´66, from distal to proximal
positions).

DISCUSSION

Bud structure and preformation

Given the widespread occurrence of apex death in N.
antarctica shrubs (present study; Stecconi et al., 2000), the

F I G . 4. Mean (6 s.e.) length (open symbols) and diameter (solid
symbols) of sample III sibling shoots, according to sibling shoot position
counted from the parent shoot's distal end. The lines ®tted to each data

set are described in Table 2.

F I G . 5. Mean (6 s.e.) number of leaf primordia of buds of samples I
(circles) and II (triangles) and number of leaves of sibling shoots of
sample III (squares). Bud and sibling shoot positions are numbered from
distal to proximal nodes on the parent shoot. The signi®cance levels of
the differences between means corresponding to samples I and III are
indicated: *P < 0´05 and ns P > 0´05 (Bonferroni's adjustment was

applied). The lines ®tted to each data set are described in Table 2.

TABLE 2.Functions describing variations with position on
the parent shoot of bud length (mm), bud diameter (mm),
preformed shoot length (mm) and number of leaf primordia
for samples I and II; and variations in the length, diameter

and number of leaves of sibling shoots of sample III

Intercept Linear Quadratic r2 n

Buds of samples I and II
Bud length

Sample I 2´092 0´101 ±0´012 0´14 536
Sample II 2´140 0´134 ±0´014 0´17 536

Bud diameter
Sample I 1´777 ±0´001 ±0´004 0´20 536
Sample II 1´723 0´066 ±0´008 0´18 536

Preformed shoot length
Sample I 1´333 0´024 ±0´005 0´10 511
Sample II 1´308 0´052 ±0´007 0´18 516

Number of leaf primordia
Sample I 4´692 ±0´146 ± 0´25 504
Sample II 6´546 0´148 ±0´034 0´30 523

Sibling shoots of sample III
Length 1´729 ±1´230 ± 0´58 882
Diameter 1´950 ±0´074 ± 0´39 856
Leaves 0´985 ±0´523 ± 0´54 856

The intercept, ®rst-order (linear) and second-order (quadratic)
coef®cients, the coef®cient of determination (r2), and the number of x±y
pairs (N) are indicated for each function. Italic font indicates log±log
data transformation before function ®tting.
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development of shoots from axillary buds is essential for
both length growth and branching of each axis in this
species. As in Nothofagus dombeyi and N. pumilio (both
native to Patagonia), each axillary bud of N. antarctica
consists of a preformed shoot with distal leaf primordia
tightly enclosed by proximal cataphylls (Figs 1 and 6;
BartheÂleÂmy et al., 1999; Puntieri et al., 2000; Souza et al.,
2000). In all three Nothofagus species (present study;
Puntieri et al., 2000; Souza et al., 2000), as well as in other
trees such as Fraxinus pennsylvanica var. subintegerrima
(Remphrey and Davidson, 1994), axillary buds that develop
distally on a shoot tend to have more leaf primordia than
more proximal axillary buds on the same shoot (Fig. 6). In
contrast, in Persea spp. (Thorp et al., 1994) and Juglans
regia (Sabatier and BartheÂleÂmy, 2000), the number of leaf
primordia of axillary buds was shown to be constant along
parent shoots.

The gradient in the number of leaf primordia per bud
along each parent shoot found here for N. antarctica
corresponded closely with gradients in the length and
diameter of buds and in the length of the preformed shoot.
Bud size and the number of leaf primordia per bud both
varied between shoots extended in two successive growing
seasons (Fig. 6). This difference could be related, at least in
part, to the difference in the length of the parent shoots
developed in the 1995±1996 and 1996±1997 growing
seasons and to the difference in the dates of these samples.
Studies on the dynamics of shoot extension in N. dombeyi
and N. antarctica pointed to the relationship between daily
temperatures and shoot length growth (Puntieri et al., 1998;
Stecconi et al., 2000). The size and the number of leaf
primordia of axillary buds could also be related to environ-
mental conditions during bud inception, an idea supported
by studies on Betula papyrifera (Macdonald et al., 1984)
and Fraxinus pennsylvanica (Remphrey and Davidson,
1994). For the latter species, the number of preformed

organs was found to be higher in populations subjected to
conditions more favourable for tree growth (Remphrey and
Davidson, 1994).

In N. antarctica shrubs, the position of a bud on its parent
shoot, bud diameter and the length of the parent shoot from
which a bud derives may contribute as predictors of the
number of leaf primordia per bud. We found notable
between-year differences in the relevance of each of these
variables as predictors of the number of leaf primordia of a
bud. Such differences may be due to between-sample
differences in bud size which may, in turn, be related to
parent shoot size. The present results indicate that the
number of leaf primordia would be better estimated by bud
position on its parent shoot and parent shoot size in the case
of small buds, and by bud diameter in the case of large buds.
For species of Picea, Fagus, Larix, Fraxinus and Juglans,
the number of leaf primordia per bud was found to be related
to bud size, parent shoot length and the position of the bud
on the parent shoot or in the crown (Gill, 1971; Baxter and
Cannell, 1978; Maruyama, 1983; Remphrey and Powell,
1984; Remphrey and Davidson, 1994; Sabatier and
BartheÂleÂmy, 2000). The results of these studies, as well as
those of the present one, thus support the notion of axis
differentiation by which a tree may be viewed as a set of
axis types, each one with its own morphological and
physiological features (BartheÂleÂmy et al., 1997).

Sibling shoot structure and neoformation

In N. antarctica, sibling shoots develop from buds in the
axil of all but the four to six most proximal leaves of their
parent shoots. In the present study, the number of leaves of
the ®ve most distal sibling shoots was signi®cantly higher
than the number of leaf primordia of axillary buds in
equivalent positions. These shoots extended uninterrupted
(i.e. without the development of a bud during the growth

TABLE 3. Summary of the predictor variables signi®cantly
related to the number of leaf primordia per bud (dependent
variable) of sample I, as selected in three steps of stepwise

regression

Step

1 2 3

Slope 4´7 3´0 3´5
Bud position

Slope ±0´15 ±0´17 ±0´17
t ±12´9 ±16´8 ±17´2

Parent±shoot length
Slope 0´03 0´03
t 12´7 13´1

Bud length
Slope ±0´21
t ±3´1

r2 0´25 0´43 0´44

For each regression analysis, the regression coef®cient (slope) and the
student's t-ratio of each independent variable and the coef®cient of
determination of the regression (r2) are indicated.

TABLE 4. Summary of the predictor variables signi®cantly
related to the number of leaf primordia per bud (dependent
variable) of sample II, as selected in three steps of a

stepwise regression

Step

1 2 3

Slope ±1´9 ±0´1 ±0´2
Bud diameter

Slope 4´4 3´9 3´3
t 30´6 29´5 13´3

Bud position
Slope ±0´15 ±0´16
t ±12´3 ±12´7

Bud length
Slope 0´57
t 3´2

r2 0´64 0´72 0´73

For each regression analysis, the regression coef®cient (slope) and the
student's t-ratio of each independent variable and the coef®cient of
determination of the regression (r2) are indicated.
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period; Stecconi et al., 2000), which indicates that leaves
additional to those preformed in the buds resulted from
neoformation (Fig. 6).

The number of neoformed leaves per shoot decreased
from sibling shoots that developed close to their parent
shoot's distal end (with about ®ve neoformed leaves) to
sibling shoots that developed more proximally on their
parent shoot (Fig. 6). As mentioned above, the number of
leaf primordia of axillary buds (and thus the number of
preformed leaves of shoots derived from them) was related
to parent shoot size. Thus, the higher probability of
neoformation in sibling shoots that developed closer to the
distal end of their parent shoots would explain the lower
sibling shoot size/parent shoot size correlation found for
distal than for proximal positions on the parent shoot.

Considering the relatively small size of the shoots studied
here, it is worth remarking on their capacity to develop
neoformed organs. Studies on N. dombeyi, N. pumilio,
Betula papyrifera, Salix nigra, Populus trichocarpa,
Fraxinus americana, Liquidambar styraci¯ua, Prunus
armeniaca and Larix laricina found neoformation develop-
ment only for trunk or main-branch shoots of vigorous trees;
relatively short shoots such as those sampled for the present
study tend to be entirely preformed (Critch®eld, 1960; Gill,
1971; Kozlowski, 1971; Macdonald et al., 1984; Remphrey
and Powell, 1984; Brown and Sommer, 1992; Costes, 1993;
Davidson and Remphrey, 1994; Puntieri et al., 2000; Souza
et al., 2000).

Plants dependent upon preformation for the development
of leaves may be limited in their short-term production of
leaves, so that their response to environmental conditions
would be manifest in a period of time subsequent to the
stimulus (Diggle, 1997). Neoformation has been regarded as

a feature that provides plasticity to shoot development
(HalleÂ et al., 1978; Geber et al., 1997). The capacity of a
shoot to develop neoformed leaves may depend upon the
position of the shoot along the species' morphogenetic
gradient (BartheÂleÂmy et al., 1997), but the extent of
neoformation might be related to local environmental
conditions during shoot extension. The weak relationship
found in the present study between the size of a shoot and
that of the shoot from which it is derived would support this
view. Given this perspective, the widespread occurrence of
neoformation in N. antarctica shrubs could be interpreted as
giving this species an advantage in communities repeatedly
affected by disturbance: the relatively large number of
shoots with the capacity to develop neoformed leaves could
pro®t from newly opened gaps in their proximity by
differentiating and extending leaves which could ®ll these
gaps. This could be one of the reasons for the abundance of
N. antarctica in disturbed sites (Donoso, 1993; Veblen et al.,
1996).

In the N. antarctica shrubs studied here, the increases in
sibling shoot length and number of leaves towards the distal
end of the parent shoots were more notable than those in
diameter. Similar results were found for longer parent
shoots of N. pumilio and N. dombeyi (Puntieri et al., 2000;
Souza et al., 2000), although for these two species, parent
shoots with the same number of leaves as those of N.
antarctica studied here did not exhibit such sharp gradients
in sibling shoot length and number of leaves.

As a result of the high frequency of apex deaths after
shoot extension in the shoots of N. antarctica studied here,
each axis in these shrubs has a predominantly pseudo-
monopodial construction: each year, a relay shoot is formed
from one of the most distal axillary buds of a parent shoot

F I G . 6. Diagrammatic representations of an N. antarctica shoot before (A) and after (B) the extension of its sibling shoots. In both cases, longitudinal
sections of a distal and a proximal bud of a shoot are shown. Grey and white portions of the sibling shoots represent their preformed and neoformed

portions, respectively.
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(Caraglio and BartheÂleÂmy, 1997; BartheÂleÂmy et al., 1999;
Stecconi et al., 2000). The length and number of leaves of
the relay shoot was correlated with the length of its parent
shoot, although only up to 11 % of the variance of the
dependent variables could be explained. The number of
leaves of the parent shoot and the size of the axillary bud
from which the relay shoot derived were both weaker
estimators of relay shoot size than parent shoot length.
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