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The aim of this study was to identify the developmental stages of Rubus alceifolius and to determine one or
more characteristic morphological markers for each stage. The developmental reconstitution method used
involved a detailed description of many individuals throughout the different stages of growth, from germination
to the development of an adult shoot capable of fruiting. Results revealed that R. alceifolius passes through five
developmental stages that can be distinguished by changes in several morphological markers such as internode
length and diameter, pith diameter and plant shape. This analysis indicated that R. alceifolius has a heteroblastic
developmental pattern, midway between that of a bush and a liana. Moreover, results showed that this species
taps environmental resources early in its development, i.e. foliarization is high (the foliar component overrides
the caulinary component) and an autotrophic stage is rapidly reached, whereas it ‘explores’ the environment dur-
ing the adult stage, i.e. axialization is substantial (the caulinary component overrides the foliar component) and
autotrophy occurs at a later stage. The morphological markers identified could benefit land-use managers
attempting to control this species before it reaches its optimum developmental stage.
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INTRODUCTION

Plants respond sensitively to the environment not by moving
their bodies but by varying their physiology and growth
(Waller, 1986). Architectural analysis provides access to the
global architecture of a plant and its spatiotemporal
development (Hallé and Oldeman, 1970; Edelin, 1977,
1984; Hall€ et al., 1978; Barthélémy et al., 1989). It consists
of a structural description of individuals that have reached
various stages of development in differing environments.
This approach involves an a posteriori reconstitution of the
development of each individual and is based on different
morphological markers, thus highlighting the chronological
developmental patterns of each structure assessed (e.g. Day
et al., 1997; Nicolini, 1998; Nicolini and Chanson, 1999;
Sabatier and Barthélémy, 1999; Heuret et al., 2000; Lauri
and Kelner, 2001; Nicolini et al., 2001).

A recent morphometric approach used by Lauri (1988,
1991; Lauri and Térouanne, 1991, 1995) operates on
another level, focusing on the structure of the caulinary
axis components, the metamer (White, 1979, 1984), and
variations in the balance between the different components
(leaves, nodes and internodes). Considering the site of leaf
projection and its subjacent basal extension, Lauri (1988,
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1991) and Lauri and Térouanne (1991, 1995) suggested that
the foliar component may override the caulinary component
(= foliarization), whereas during development towards a
more axialized metamer the caulinary component overrides
the foliar component (= axialization). In these studies,
internode diameter was used as the stem parameter (Lauri,
1988, 1991; Lauri and Térouanne, 1991, 1995; Lauri and
Kelner, 2001). However, the shoot axis is represented by the
central pith region (primary structure) that is corticated by
surrounding leaf tissues (secondary structure) (Troll and
Rauh, 1950; Kaplan, 2001). Both structures must therefore
be considered when studying stem parameters, as demon-
strated successfully for Fagus sylvatica, a temperate tree
(Nicolini and Chanson, 1999). Therefore, pith has been used
like the main stem parameters in this study.

Architectural analysis can be more meaningful when
quantitative measurements are combined with morpho-
logical description. Trees of economic importance have
been studied often (e.g. Heuret, 2000; Lauri and
Kelner, 2001; Nicolini et al., 2001; Sabatier and
Barthélémy, 2001), but other plant groups are compara-
tively poorly studied, especially those with life forms
intermediate between those of trees and herbaceous
perennial plants.

Weakly lignified brambles belonging to the genus Rubus
constitute a unique biological model, having high specific
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diversity throughout the world and a unique growth habit
and architecture. Their development and growth capacity
are such that many species, when translocated by man to
new areas, become highly invasive.

Some studies have documented the developmental stages
of different species of Rubus: R. fruticosus (Barnola, 1971a,
b; Amor, 1974; Amor and Richardson, 1980), R. ulmifolius
(Heslop-Harrison, 1959) and R. idaeus (Hudson, 1959;
Barnola, 1970). However, these descriptive studies have
generally focused on one architectural parameter (for
example, rooting of the stem apex).

Among the invasive Rubus species in the world,
R. alceifolius, native to eastern Asia (northern Vietnam to
Java), became a major weed in Queensland, Australia, and
the Indian Ocean Islands, Réunion—Mauritius—Mayotte—
Madagascar, after its recent introduction by humans. A
recent genetic study of R. alceifolius has shown that the
plant invaded Réunion Island from a single clone
(Amsellem et al., 2000).

To gain a better understanding of the invasiveness of this
plant, growth and developmental stages of this plant were
documented using architectural and morphological analyses
by addressing the following questions: (1) does Rubus
alceifolius have a particular growth habit; (2) does the
morphometric approach, particularly of the primary struc-
tures, provide markers to characterize the developmental
stages of this plant; and (3) can these markers be used to
describe the development of each individual and thus
predict its spatial invasive potential?

MATERIALS AND METHODS
Study site

The study was carried out on Réunion, a volcanic island in
the Indian Ocean (21°06°S, 55°32E). Rubus alceifolius is a
species that thrives in wet habitats. It proliferates on the
eastern and southeastern coasts, where rainfall is heaviest,
from sea level to 1700 m a.s.l., whereas it is only found at
500 m a.s.l. and above in gullies along the western coast.
Measurements were carried out at two sites: (1) Grand
Etang, located in the eastern region, between 500 and 550 m
a.s.l., where the annual average rainfall is high (6306 mm
year!) and the annual average temperature is 20-4 °C
(source France Météo, year 2000); and (2) Mare Longue,
located in the southern region at 500 m a.s.l. Precipitation is
also abundant (approx. 4000 mm y-!) and the annual
average temperature ranges from 19 to 20 °C.

For the purposes of our analysis, we did not differentiate
between the two study sites.

Biological material

All descriptions were based on individual plants that had
been harvested near gaps in the forest, and which had
reached the following specific height stages: stage a,
1-10 cm seedlings; stage b, 30-50 cm individuals; stage
¢, 90-120 cm individuals; stage d, 170-220 cm individuals;
and stage e, individuals whose height ranged from 5 m to the
top of the canopy. Five plants were studied for each stage.

One hundred other individuals were also assessed for more
general features.

Observation methods and parameters studied

An individual of R. alceifolius grown from seed can be
regarded as stock (also called rootstock) that bears shoots of
various sizes, which are emitted successively during plant
development. On each of these axes, the total number of
nodes was counted, and each component of the successive
metamers (stem part and leaf) was measured. Data pre-
sented are: (1) the global trend for each descriptor
(internode length, pith and internode areas, leaf form, etc.)
of the most representative individual per stage, to give an
overall view; and (2) tables presenting mean values with
statistical comparisons for all individuals. In these tables,
we do not present all metamer data: according to architec-
tural descriptions, the main plant axis was divided into four
different parts (1-4) and only data recorded for four
metamers selected at a median position in each part are
presented.

Description of stem components

On each of the axes, the total number of nodes was
counted and internode lengths were measured from base to
tip. Internode length may be considered to be a good marker
of the growth rate and internal rhythm of plants (Pieters,
1983, 1985; Lauri, 1988; Nicolini, 1998). The diameter of
the axis at each internode level was measured. The
internode diameter measurement takes into account the
primary (pith) and secondary structures (surrounding tis-
sues), especially for the oldest individuals. To assess the
intrinsic potential of the primary developing meristem on
the basis of the structure of its products (leaves, stems), it is
essential to be able to determine the share of primary stem
tissues that results from its functioning. Although the
structure of each individual was analysed at a macroscopic
level, a posteriori we decided to retain only the primary
structure part. The pith of Rubus alceifolius stems was
clearly visible, so, using the naked eye or with the aid of a
dissecting microscope, it was possible to measure the pith
diameter using a small ruler. Based on pith diameter
measured in the middle of each internode (d) and internode
length (/), pith volume at each internode was calculated
from the formula nd?L.

Leaf description

After numbering and dehydrating the leaves located at
each node of the axis, leaf area was measured using an
image analysis software program (Core]lDRAW 9). Leaf
thickness was also measured using a calliper (0-01 cm
accuracy). Using these two parameters, leaf volume was
calculated (leaf area X thickness). The length of the midrib
(RL1) and of a secondary rib (RL2) was also measured, and
the ratio RL2 : RL1 calculated. This ratio accounts for the
shape of R. alceifolius leaves and their developmental
patterns.
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F1G. 1. Architecture of different R. alceifolius individuals at different developmental stages. A, Young stage a. The axis shown was derived from a
seed. B, Intermediate stage b. C, Adult stage e; the lianescent axis tip can root and form a new axis (D).

RESULTS

Individual plant architecture

Seeds germinated along forest paths and in clearings. About
3 months after germination, seedlings (stage a, Fig. 1A),
which were 1-10 cm high, had a non-ramified thin main axis
(2-39 £ 0-33 mm diameter) that was vertical for smaller
plants and slightly inclined for larger ones. This axis
comprised successive nodes, each having a simple leaf,
separated by internodes of variable length. Leaves were
arranged around the stem according to an alternate-spiral

phyllotaxis arrangement with a 2/5 index. At each leaf axil
there was a small lateral bud whose length depended on the
associated leaf position: the largest buds were located at the
base of the epicotyl and were 2—3 mm long, whereas those
located on the rest of the axis were less than 1 mm long.
Larger individuals (30-50 cm height) comprised several
axes of different heights. Assessment of one individual
revealed the organization described below (stage b, Fig 1B).
The smallest axis had stopped developing and was usually
dry. This was often the axis that issued from the seed; it had
less-developed internodes (1-5 cm). At its base, it had a
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TABLE 1. Mean internodes, pith diameters of metamers and ratio of secondary rib length : midrib length (RL2/RLI) of
each leaf corresponding to these metamers, located in different axis parts for individuals at different developmental stages

Stage Part Internode length (mm) Pith diameter (mm) RL2 : RL1

a 1 10-1 * 4132 0-89 + 0-10? 0-35 += 0-052

b lo 54-6 = 8-96P 1-19 *+ 0-15° 0-43 + 0-02b¢
1B 373 = 9.24¢ 1-00 = 0-16% 0-41 = 0-02°

c lo 127-8 + 18314 1-57 = 0-23¢ 0-48 + 0-024
1B 57-4 = 12.01° 1-09 *= 0-12° 045 + 0-03¢

d lo 164-6 = 22.73¢f 4.51 + 0-53¢ 0-56 = 0-01¢
1B 102-4 *= 11-25¢ 2-54 = 0-30° 0-53 = 0-03f

e lo 266-0 = 22-66" 973 = 0-96f 0-62 * 0-028
1B 178-0 = 9.31f 8.58 + 1-13f 0-62 * 0-032
2 140-3 = 15-08% 645 + 1.23¢ 0-60 * 0-04¢¢
3 232.3 = 8.97! 3.02 = 031h 0-62 * 0-032
4 3.6 = 047 6-09 + 0-55¢

a—e Represent the five developmental stages analysed. One axis can be divided into four distinct parts: an ascending or self-supporting part (1), a
transition part (2), a bending or lianescent part (3) and a terrestrial layering part (4). Only part 1 was subdivided further into a median part, o, and a
part located at the end of part 1, B. In each part (1o, 1B, 2, 3, 4), four metamers found in a median position were selected. Means of the parameters
were then calculated on the basis of these metamers. A 95 % confidence interval was associated with each mean. The metamer means for the five
plant groups (Mann-Whitney U test) are represented by the letters a, b, ¢, d and e. Different superscript letters within a column indicate that the

corresponding distribution is significantly different at the 95 % threshold.

more developed axis that was still alive and comprised
longer internodes (2-8 cm) whose development ceased
following necrosis of the terminal meristem. This axis had
stopped developing, was dry, like the axis that issued from
the seed, and bore a higher axis with longer internodes
(4-11 cm) that were still growing at the time of examin-
ation. It had the overall appearance of a stock bearing
vertical axes at different stages of development. The leaves
of the live axes were in an alternate-distichous arrangement
on a plane on the stem. This is the only foliar arrangement
that occurred thereafter.

This general organization was also noted in larger
individuals (stage c, 90-120 cm; stage d, 170-220 cm).
Larger-sized structures appeared at this stage (basal diam-
eter: stage ¢, 5-2 = 0-44 mm; stage d, 8-5 = 1-70 mm). The
mean basal axis diameter differed significantly (Mann—
Whitney U test) among developmental stages.

Stage e individuals were organized differently (Fig. 1C).
Examination of a representative individual of this class
showed that it had several axes of different heights starting
at a stock of greater dimensions than that of the previous
stage. All axes except one were poorly developed (around
2 m) and were confined to within the understorey. There was
a major vertical axis at the basal part of the plant with a
horizontal axis at the distal part. Some axes had stopped
growing, whereas others continued to grow a little. They
were all sterile at the time of examination, except the most
highly developed axis that had reached the canopy. This
14-m axis was organized differently to the other axes. Based
on the organization of the main axis (growth direction and
branching) from the base to the apical part, it could be
divided into five parts as described in Fig. 1C. The first part
was vertical and rigid from the stock up to the lower level of
the canopy (part 1o and B: corresponding to the unique part
observed in the younger stages, Fig. 1C); the second part
was curved and grew within the canopy with lateral
flowering and fruiting branches (part 2); the third part was

supple and hung from canopy to the ground (part 3); the
fourth part was rooted in the ground (part 4, Fig. 1D); and
the fifth part was vertical, still growing, and constituted a
new vertical axis (part 1 of a new axis, Fig. 1D). As part 1
varied between the first developmental stages, we distin-
guished two zones, o and P (called part 1o and part 15).

Development of the metameric caulinary and foliar
components

Internode lengths increased markedly from the axis base
to its tip (Table 1). For all individuals described in stages
a—d, this pattern could be divided into two stages (Fig. 2A):
in the first (part 1ov), internode lengths increased from the
base to the median part of the axis, whereas in the second
stage (part 1P) an inverse pattern was noted from the median
to the distal part of the axis. Stage e individuals also showed
this pattern in the first part. However, these individuals had
shorter internodes until the median part of part 2, then the
distance increased again until the beginning of part 3. On
this part of the axis, the size of the internodes remained
constant before decreasing suddenly. Internodes were very
short on the rooted part (part 4). Longer internodes were
then found on a new vertically growing axis. A comparison
of the mean longest internodes (part o) revealed a signifi-
cant increase in length from one developmental stage to
another (Table 1; Fig. 2A).

Changes in pith diameter at successive internodes showed
the same pattern as that for internode length along the axis
and also between developmental stages (Table 1). However,
qualitative differences were sometimes noted with respect
to individuals at stage e. The pith diameter decreased in
part 3 whereas it thickened substantially in the rooted part
(part 4).

Two curves (Fig. 2B) provided information about the
tissue area (conductance, support and storage) in the stem.
This tissue area was greater in the self-supporting part at
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F1G. 2. Variations in characters analysed on successive metamer-forming
axes for individuals at different developmental stages. The characters are:
internode length (A), pith and total internode area (B), and the ratio of
secondary rib length : midrib length (C). Variations occurred from the
base towards the axis tip. Each line represents a different developmental
stage: stage a (open circles), stage b (closed circles), stage ¢ (open
square), stage d (closed square) and stage e (triangle). In B, the lower
curve represents the cross-sectional area of the pith (primary structure),
whereas the upper curve represents the total cross-sectional area for an
internode (primary and secondary structure). The area between the two
curves gives an approximation of the stem tissue area (conductance,
support and storage), mainly of secondary origin. The different axis parts
are represented on the abscissa. The y-axis corresponds to five distinct
parts: an ascending or self-supporting part (1), a transition part (2), a
bending or flagelliform part (3) and a terrestrial layering part (4). Part 5
corresponds to the base of a new ascending or self-supporting part.
Stages a—d have axes formed only with part 1 (ascending or self-
supporting part).

each developmental stage. The tissue area increased
progressively between stages. At the adult stage (stage e),
the minimum value was obtained in the lianescent part.
The ratio between the length of rib 2 (LN2) and the length
of rib 1 (LN1) (an indicator of leaf shape) increased

significantly between stages (Table 1; Fig. 2C), but it varied
little along an axis.

Comparative development of the metameric caulinary and
leaf volumes

Changes in the metameric structure can also be con-
sidered through a comparison of the development of
different volume components (Table 2; Fig. 3). Pith and
leaf metameric volumes in part 1o significantly increased
between developmental stages (Table 2). Figure 3A-E also
highlights the fact that the pith volume increased more
rapidly than the leaf volume between developmental stages.
The leaf volume : pith volume ratio gradually changed from
829 = 373 at stage a to 0-45 £ 0-2 at stage e.

The pith volume, leaf volume and the leaf volume : pith
volume ratio varied significantly (Table 2; Fig. 3) along an
axis at all developmental stages. Considering, for instance,
an individual at stage e (Fig. 3E), pith volume predominated
over leaf volume (ratio approx. 0-2) in part 1o, whereas in
part 1B pith volume decreased while successive leaf
volumes increased. This pattern continued in part 2 where
the leaf volume finally predominated over the pith volume
(ratio approx. 4). The pattern was then reversed, i.e. pith
volume increased substantially, whereas leaf volume
decreased gradually. In part 3, medullary and leaf volumes
were relatively similar and the leaf volume : pith volume
ratio oscillated around 1.

Figure 3F shows medullar and foliar patterns at the end of
part 3, in part 4 and at the beginning of the new part 1. This
new part corresponds to the creation of a new vertical axis
that was growing during the observations; patterns noted in
this part were similar to those of part 1 of the main axis.

DISCUSSION

All plants go through a series of developmental changes
from non-reproductive to reproductive stages. In many
plants, shifts in development are subtle, involving small
changes in leaf size and shape. In others, the changes are so
marked that early and late stages have been identified as
separate species. Goebel (1900) recognized these differ-
ences in the extent of developmental change, designating
the former species as homoblastic and the latter as
heteroblastic. Since Goebel’s treatment, the heteroblastic
developmental concept has been extended to species in
which the juvenile-to-adult transition is more gradual,
which is true of the majority of plants (Allsopp, 1967),
with more developmental traits being considered: leaf
anatomy, phyllotaxis, internode length, stem thickness,
shoot apex structure and zonation, trophic response, regen-
erative capacity, physiology and reproductive status (Troll,
1939; Doorenbos, 1965; Richards, 1983; Lee and Richards,
1991).

Development of Rubus alceifolius, a species with an
organization midway between a bush and a liana

The development of R. alceifolius can be summarized as
follows. After seed germination in an opening in the forest
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TABLE 2. Mean values for leaf volume, pith volume and the leaf volume : pith volume ratio for metamers located in
different axis parts for individuals at different developmental stages

Leaf volume Leaf volume:

Stage Part Pith volume (mm?3) (mm?) internode pith volume
a 1 0-8 £ 0-352 281 £ 702 829-23 * 373.072
b la 68-2 + 2]1-4b 1074 = 202° 21-90 + 6-60°
1B 313 £ 15-1¢ 689 = 108¢ 30-49 * 8-67¢
c la 297-4 *+ 141-14 2046 =+ 3204 12-03 * 3.764
1B 59-8 + 14.7° 2210 = 4664 4130 = 11-24¢
d lou 2913-5 *= 956° 5592 * 854¢ 2:96 * 0-94¢
1B 569-4 + 203f 4016 = 703f 874 + 2.074
e la 21 129-0 £ 43602 6299 *+ 1475¢ 0-45 + 0-20f
1B 11 0857 + 2617" 9284 + 1392¢ 121 = 0412
2 5908-7 = 2066° 7760 + 10202 3.49 + 1.80°
3 1694-3 + 303 1461 = 356° 090 = 0-18¢
4 105-9 = 21-6) -0 —0

a, b, ¢, d and e represent the five developmental stages analysed (see Table 1 for part codes and for explanation of statistical analysis).

canopy, the plant forms a small vertical leafy axis with
reduced development. The development of this first axis is
followed shortly by the formation of a new vertical axis
from a lateral meristem located at the basal part of the axis
(basitonic ramification). This new axis has larger dimen-
sions than the preceding one, and so on. While the older
shoots dry out, new self-supporting shoots, with a vertical
part and a more or less oblique part, are formed from an
increasingly larger stock. This understorey developmental
phase, based on the basitonic ramification phenomenon, is
characteristic of bush development (Champagnat, 1947;
Crabbé, 1976), and has previously been observed in other
Rubus species (Heslop-Harrison, 1959; Barnola, 1970).

At a certain developmental stage, characterized by a
relatively large stock containing sufficient reserves with a
well-developed root system able to extract essential nutrient
reserves from the soil, a new shoot is formed by the plant
and, after a self-supporting phase (part 1, self-supporting
part), it reaches the top of the canopy. From there its growth
direction changes, switching gradually from vertical to
horizontal, forming an arch (part 2, transition part), with the
formation of flowering twigs. When the shoot reaches the
mature stage, it expresses a new whole-organism potential,
represented by a positive geotropic growth phase during
which the apical meristem produces a supple axis (part 3,
flagelliform part) which reaches the ground and forms roots
(part 4, terrestrial layering). This stage, similar to that
observed in other Rubus species (Heslop-Harrison, 1959;
Barnola, 1971a, b), is followed by the formation of a new
self-supporting axis from the same terminal meristem.

The change from a self-supporting developmental phase
to a non-self-supporting phase is a key feature of liana
development (Caballé, 1998), and also of R. alceifolius.
This was confirmed by our observation of a growing axis
during the descending phase: the terminal meristem pro-
duced an axis with long and fine internodes, which Madison
(1977) and Blanc (1980) referred to as a flagelliform axis for
tropical liana development in the Araceae family. A
vegetative mode of propagation and a capacity to grow

roots from flagelliform axes with or without soil contact are
two characteristics of R. alceifolius that are generally
specific to lianas (Caballé, 1980), thus confirming that this
species belongs to the liana biotype.

The lianescent propagation mode is acquired gradually,
which is also the case with respect to the acquisition of
maturity and other lower profile potentials that are not
expressed during the initial stages of plant development.
The mature reproductive stage is reached and the lianescent
character is expressed after an installation phase, a
phenomenon described in many plant species (e.g. Heuret
et al., 2000; Nicolini et al., 2000), and referred to as
establishment growth by Tomlinson and Zimmermann
(1966) or heteroblastic development by Goebel (1900).

As is the case for many plant species (Champagnat, 1947;
Heslop-Harrison, 1959; Barnola, 1970; Crabbé, 1976), in a
favourable environment the installation phase for
R. alceifolius is expressed by the formation of more and
more developed axes, constituted of longer and longer
internodes, containing a thicker pith, and different leaf
shapes linked with a vigour gradient (Champagnat, 1947).
All of these criteria highlight the inevitable transition of the
organism from a sterile juvenile stage to a mature adult
stage. This transition is under endogenous control, but is
modulated by more or less favourable environmental
conditions which shorten or lengthen this period (Lee and
Richards, 1991). These different markers, located within a
well-defined stage or part, could be efficient indicators of
the degree of maturation of R. alceifolius.

Significance of caulinary and foliar metameric patterns and
the application of axialization and foliarization concepts to
Rubus alceifolius

Development of R. alceifolius, as observed through
volumic variations in the primary metameric elements,
involved a gradual increase in leaf and pith volumes.
Considering axis part 1o, the pith volume increased more
rapidly than the leaf volume (Fig. 5A), so that the caulinary
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F1G. 3. Patterns of variation in pith volume and leaf volume for successive metamer-forming axes of individuals at different developmental stages.

Variations occurred from the base towards the axis tip. Each graph represents a developmental stage: stage a (A), stage b (B), stage ¢ (C), stage d (D)

and stage e (E). F, Variations at the end of part 3 (flagelliform part) for an individual at stage e. Closed circles, pith volume variations; open circles,
variations in leaf volume.

component was very low at stage a, whereas it predominated
at stage e, during which the organism reached maturity.
Moreover, this balance varied along an axis.

Using the terms proposed by Lauri (1988), and Lauri and
Térouanne (1991, 1995), young plants of R. alceifolius can
be described as beginning their growth with a very foliarized
stage (the foliar component overrides the caulinary com-
ponent), then developing towards a more axialized stage (the
caulinary component overrides the foliar component), which
is expressed at stage e (Fig. 5A), and which corresponds to
the acquisition of reproductive capacity.

Assessing maturity using axialization and foliarization
concepts

At a given developmental stage, all axis parts were not in
the same state. For stage a—d individuals, part 1o was

generally less foliarized than part 1B. Similarly, for stage e,
part 1 and 3 metamers were rather axialized, whereas those
of part 2 were more foliarized. The latter part is the only one
bearing fruiting twigs. This association between flowering
and foliarized structures has also been described in Alstonia
vieillardii (Apocynaceae) by Lauri (1991), who associated
flower propensity with the foliarized metamer stage. In this
species, flowering starts when the axes formed revert to an
original foliarized stage. This reversion cannot solely justify
the expression of sexuality as young axes are foliarized but
sterile. Sexuality starts only when a certain dimensional
value is exceeded (Lauri and Térouanne, 1991, 1995). This
trend also applies to R. alceifolius, since the propensity to
flower does not affect the axialized part (parts 1 and 3 at
stage e) or the foliarized part formed at a young age. To
flower, the meristems have to form metamers with a degree
of foliarization close to the limit between the foliarized state
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and the axialized state (Fig. 5SA), and with dimensions great
enough to induce flowering and ensure fruit development, as
was the case in part 2 for stage e individuals. In
R. alceifolius, structural maturity (ripeness to flower;
Klebs, 1918) can be characterized by a certain leaf quality,
and a certain caulinary tissue organization of metamers, as
noted in some other plants (Nicolini and Chanson, 1999).

Interpretation of Rubus alceifolius behaviour through
axialization and foliarization concepts

The concepts of axialization and foliarization take us
back to the interpretation of the balance between stems and
leaves, and of the exchanges that occur between them. To
what extent can the a posteriori description of R. alceifolius
structure inform us about the functioning of the different
plant parts, and to what extent can we qualify these
respective functions? Previously published observations
enable us to further interpret developmental patterns of
R. alceifolius.

Studying apple trees, Hansen (1977) and Lakso (1984)
showed that short twig leaves, representing foliarized
structures (Lauri and Térouanne, 1991; Lauri and Kelner,
2001), start to export carbohydrates 10 d after the onset of
growth, whereas rather axialized long shoots (Lauri and
Térouanne, 1991; Lauri and Kelner, 2001) do not export
carbohydrates until 3—4 weeks after budding. In agreement
with Hansen’s (1977) results, Lakso (1984), Johnson and
Lakso (1986), Lakso and Corelli-Grappelli (1992) and Lauri
and Kelner (2001) showed that, contrary to long shoots, the
capacity of short shoots to precociously export carbohy-
drates to other parts of the plant could be linked, in part, to

1

the development of a reduced quantity of caulinary tissues
by these structures (Johnson and Lakso, 1986). Thereafter,
less time is required to complete stem structure formation
after lengthening of leafy shoots. Autotrophy and carbohy-
drate export phases are reached more rapidly in short shoots
than in long shoots. Lauri and Kelner (2001) consider that
early achievement of autotrophy is a major feature of
structures with a high degree of foliarization.

The first developmental stage of R. alceifolius (stage
a), corresponding to very reduced axis formation
exhibiting high foliarization with reduced secondary
growth, can be considered as a short shoot formation;
such a structure is likely to reach the autotrophy phase
rapidly with subsequent carbohydrate export towards
other plant parts (stock, roots). This structure taps the
environment more than it explores it.

The inverse pattern is noted in the first stages of shoot
formation in stage e individuals. The production phase of
axialized part 1o (very thick stem bearing reduced leaves,
Fig. 1A) can be considered as long shoot formation—this
part of the axis takes longer to reach the autotrophy phase
with carbohydrate export towards other plant parts (stock,
roots). This structure does not substantially tap the resources
of the environment, but it explores it using its own reserves
(stock, roots) to meet its needs for important secondary
growth (Fig. 3D).

The autotrophic phase of a shoot at stage e is gradually
reached after the complete lengthening of part 1o and 1B
leaves, and especially of part 2 leaves. This highly foliarized
part has a relatively thin axis (Table 1) with limited
secondary growth (Fig. 2B), and bears large leaves of high
specific weight (weight : area ratio, data not shown) that are

Transition part (2)

Non self-supporting
or
flagelliform part

3

New self
supporting axis

(%)

e ————Al

Terrestrial
layering

(C))

:

F1G. 4. A typical developmental sequence in Rubus alceifolius. Different parts (1: o and B, 2, 3, 4, 5) are specified for each developmental stage.
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well exposed in the canopy. This appears to be the most
suitable part for tapping the environment. Its function is
ultimately to ensure autotrophy of all shoots by exporting

W Stage a, part 1 m Stage c, part la

O Stage c, part 1}
& Stage d, part la
& Stage d, part 1
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Pith volume (mm?)
Increasing axialization ——>

Foliarized stage

Early autotrophy
Exploitation part
Exportation part

Axialized stage
Late autotrophy
Exploration part
Importation part

F1G.5. A, Relationship between mean pith volume and mean leaf
volume for metamers forming the different axis parts for individuals at
different developmental stages. A 95% confidence interval is associated
with each mean. The axes are graded on a logarithmic scale. B,
Interpretation of Rubus alceifolius organization and functioning on the
basis of the axialization and foliarization concepts. The shading (dark to
pale) highlights changes for each developmental stage and along different
axes with respect to level of axialization and foliarization, indicating the
autotrophic and environment-tapping or exploring potential of plants
during their development. Grey rectangles indicate the presence of a
rooted stock.

carbohydrates towards the basal parts (part 1) to enable their
high secondary growth, towards the stock and roots, and
also towards the shoot periphery where part 3 is constructed
by the terminal meristem.

The axialized part 3, with a thin flagelliform stem bearing
small leaves, can be considered as a structure that reaches
the autotrophic phase later, i.e. a structure that explores the
environment more than it taps it, probably utilizing
carbohydrates from part 2 or other parts of the plant.

Shoots formed during the intermediate developmental
stages (stages b—d) exhibit transient stages, as shown in
Fig. 5B, which illustrates graphically these concepts with
respect to R. alceifolius.

CONCLUSION

The results of this study highlight important aspects of the
developmental strategy of this species, which goes through
a series of stages from the seedling to the fruiting adult. The
growth reconstitution method developed here, using mor-
phological and architectural markers, allowed us to classify
Rubus alceifolius as an organism midway between a bush
and a liana able to bear fruit. Different stages were identified
and characterized by morphological and architectural
criteria, which could provide many useful markers to
facilitate the identification of this species. The different
developmental stages of this plant can be analysed using
these markers. They could also be used to determine the
growth patterns of this species in order to formulate
eradication  strategies for invasive plant control
programmes.
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