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Abstract - Some results of the application of the method of architectural analysis, originally designed for trees, to crop
species are reviewed. They are illustrated through a comparison between two species, maize (Zea mays L.) and pea
(Pisum sativum L.). It is shown that despite huge apparent differences in physiognomy, similarities in architectural devel-
opment can be found, and expressed within the framework of architectural analysis. The relevance of these results for
architectural modelling, crop ecophysiology and architectural studies is discussed. It is argued that one of the main ben-
efits of an interdisciplinary approach probably is at the inter-specific comparative level, and that it may allow for the
development of rather general structure-function architectural models, with a clarification of significant specific traits.
(&copy; Inra/Elsevier, Paris.)
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Résumé - Analyse architecturale des herbacées cultivées. Cet article présente une illustration des premiers acquis de
l’application de l’analyse architecturale, initialement développée pour les ligneux, à des espèces herbacées cultivées, à
partir de la comparaison de deux espèces, le maïs (Zea mays L.) et le pois (Pisum sativum L.). Malgré d’évidentes dif-
férences physionomiques, des similitudes de développement architectural, correspondant à des concepts d’analyse archi-
tecturale, existent. La signification de ces résultats pour la modélisation architecturale, l’agrophysiologie et l’architectu-
re des plantes sont discutées. Il semble que le principal bénéfice d’une telle approche interdisciplinaire réside dans la mise
en place d’une écophysiologie développementale comparée (entre espèces). Ceci devrait permettre le développement de
modèles structure-fonction architecturaux assez généraux, avec une meilleure identification des caractéristiques spéci-
fiques. (&copy; Inra/Elsevier, Paris.)
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1. Introduction

Within the last few decades, most of the crop physi-
ological models have considered the plant as a set of
compartments, driven by a general phenological clock
(see a review in [2]). The compartments were usually
defined on a morphological basis, either at the level of
the system (i.e. shoot system, root system, reproduc-
tive system), or at the level of the organ (i.e. leaf, stem,
fruits and seeds, root). In this last case, it was implicit-
ly assumed that the populations of organs were homo-
geneous in terms of their dynamic responses to envi-
ronmental factors, or at least that the effect of
heterogeneity was of second order. Aside from such
process models, demographic studies have been
developed, detailing the age structure of the organ
populations during the development of the plant [11],
but with little attention to the possible differentia-
tion of plant parts, irrespective of their age (but see [3,
14]). However, recent advances in ecophysiological
studies of the control of plant development have indi-
cated that plant parts can differ in their response to
their local environment, irrespective of their age. For
example, the photomorphogenetic control of stolon
development in clover is stolon-type dependant, yield-
ing marked differences in morphology and spatial
colonisation in response to homogeneous treatments
[8].

Such considerations help to explain the current
revival of interest in morphological studies in agro-
nomical sciences, and the development of architec-
tural modelling in crop species. However, with the
exception of phenology (e.g. [12]) a large part of our
knowledge about the morphological development of
crop species is still framed within the monographics
studies from the first half of this century [22]) with a
particular attention to shoot and root growth and
anatomy.

Meanwhile, in trees and shrubs, methods of archi-
tectural analysis of global plant construction and pat-
terning have been renewed since the 1980s, under the
influence of the seminal work by Hallé, Oldeman and
co-workers [9] and their concepts of architectural
models (see [1, 6, 20] for detailed reviews). These
analyses have mainly considered the plant as a set of
axes. Each axis has been defined as the morphological

sequence of phytomer units (leaf, internode, axillary
bud), along the same general smooth direction, result-
ing from one (monopodial) or more (sympodial)
meristems [20]. The architectural development of a
plant then results from i) the modalities of axes mor-
phological construction, ii) their differentiation (lead-
ing to different morphogenetical types of axes) and iii)
their patterning within the plant (see [1] and [6] for
more detailed demonstrations of the method of mor-

phological analysis of plant construction). The com-
parison of the architectural analyses of many different
species have made it possible to establish general
processes of plant construction. Some of these archi-
tectural concepts have been implemented as a basis of
architectural models of tree development [4].

To our knowledge, only a few attempts have been
made to apply the methods of architectural analysis to
herbaceous plants, and the most systematic work goes
back to the very preliminary stages of architectural
analysis [1, 10, 20]. For that reason, a set of studies on
eight crop species from the Poaceae and Fabaceae
(= Leguminosae) families was conducted to evaluate
the relevance of architectural analysis applied to crop
species. This paper focuses on a comparison between
two species (one from each family), maize (Zea mays
L.) and pea (Pisum sativum L.).

2. Materials and methods

2.1. Plant material

Detailed descriptions of the experimental conditions
have been published previously [15, 19, 23]. Briefly, the
plants were grown from seeds in normal field conditions in
Grignon (France 48°51’ N, 1°58 E, 105 m in height). In
both species a typical modem cultivar was used: Dea (mid
early flowering flint dent hybrid) in maize and Solara
(semi-afila type) in pea. Two types of experimental plots
were constructed. In the first one, called ’isolated plants’,
the plants were grown at extremely low density (about 0.40
m between plants in pea, and 1.20 m in maize) and watered
liberally to enable a very large architectural development.
The second type, called hereafter ’high density’, consisted
of ’normal’ agricultural fields, with plants at a range of
plant densities from 45 to 90 plants m-2 for pea and from 10
to 20 plants m-2 in maize, in irrigated conditions. Note that
our aim here was not to make a quantitative assessment of
the response to plant density (and the influence of spatial
sawing patterns, e.g. [23]), but by comparing extreme situa-



tions, to test whether the architectural analysis could give
better insights into the specification of the major develop-
mental responses.

2.2. Morphological study

Plants (20 per species and treatment) were studied at five
to six developmental stages, from seedlings to seed produc-
tion, in order to encompass the whole vegetative develop-
mental cycle of the plant. Each plant was carefully
observed, and a sub-sample of five plants was dissected (to
study the buds and the hidden organs). Profile stick dia-
grams and plant diagrams were realised to capture the mor-
phology of the organs, and their relative positions (see
Methods of description in Bell [1 ] for more details about the
methods of morphological description). Moreover, detailed
drawings were made for every peculiar trait (figure 1).

From the comparative analysis of all this material, a syn-
thetic diagram was established, corresponding to the typical
’mean’ individual of the species in a given environmental
condition. In such diagrams, the leaves are represented by
symbols, in order to minimise the specific morphological
traits and make the comparison between species easier.

2.3. Architectural analysis

A recent review of the concepts and tools of architectural
analysis is given in Edelin et al. [6], and a larger historical
view can be found in Bell [1]. However, due to the fact that
such analysis is not well known in the agronomical field, a
brief and partial introduction is given here. The first step of
the analysis is to categorise the axes from the clustering of
25 different morphological traits (e.g. sympodial or
monopodial growth, indeterminate or determinate growth,
phyllotaxy, tropisms, markers of phases of reduced elonga-
tion, bud morphology, sequence of branching, position of
sexual organs, position of root initials, adventive rooting,
sizes and shapes of organs, etc.), in an attempt to distinguish
different modes of morphogenetical differentiation. The
major functions of these axes are also determined qualita-
tively (support, exploration, exploitation, reserve, reproduc-
tion). The second step focuses on the plant construction
sequence, i.e. i) topographical patterning of the axes in the
branched structure, ii) sequence of outgrowth, and iii) main
phenological events. These aspects are interpreted in terms
of morphogenetical correlations (dependence of the mor-
phogenetic differentiation of an axis on the state of develop-
ment of the parent plant) [16], and accordingly, a (morpho-
genetical) hierarchy is defined between the types of axes.
The hierarchical architecture including all the types of axes
represents the ’architectural unit’ of the species [5].
Functionally, the completion of the architectural unit corre-

sponds to the stage where the plant is able to perform all its
functions.

In most species, the process of building an architectural
unit can be (partially or totally) repeated, eventually several
times. This process has been called ’reiteration’ [17].
Several modes of reiterations (sylleptic, proleptic) have
been found, which can eventually induce changes in the
morphogenetical and functional organisation of the plant
[6].

As the development of the plant (particularly the reitera-
tive process) is very dependant on the environmental condi-
tions, it is thus necessary to begin the study on isolated
plants in favourable conditions so that the total development
can be studied. In a second time, the variability of architec-
tural development induced by environmental conditions (in
our case, by plant density) can be described and interpreted
[13].

Before reviewing the cases of maize and pea, it should
be stated that the previous presentation of architectural
analysis has been given here for the non-specialist reader.
This does not mean that we assumed that these concepts,



developed from the observation of a large collection of tree
species, can be readily extended to the herb species we have
studied. Although they were familiar to some of us, we
have tried to begin our analysis from ’scratch’ on a morpho-
logical basis, in all the species we have studied. The rele-
vance of the architectural analysis in interpreting these
plants was tested subsequently.

3. Results

3.1. Maize architecture

A detailed morphological, kinetic and architectural
analysis of maximal maize development is being pub-
lished elsewhere. Here, the aim is to review only the
morphological aspects necessary to discuss the archi-
tectural analysis, and to allow for a comparison
between species.

The maize plant is composed of two categories of
axes (figure 2). The primary axis (A1) is monopodial
and orthotropic. It displays a distichous phyllotaxy,
with one bud at the axil of each leaf, with the excep-
tion of the five to six terminal nodes. Its growth is
determinate, ending with a terminal inflorescence
(panicle). The basal part of the A 1 axis is strictly vege-
tative, with short internodes and adventitious roots.
The upper part displays much longer internodes, bears
axillary A2 axes (in isolated plants, any node higher
than node 5 usually bore one) and is deprived of roots
(although meristematic rings can be found at the base
of each internode).

The A2 axes are short, with very short internodes.
However the pattern of internode relative lengths is
very different, with a (relatively) long first internode.
They are also monopodial, with a distichous phyl-
lotaxy, except for the last few leaves where there is a
shift to a spiral pattern. In isolated plants, the vegeta-
tive nature of the A2 leaves, including lamina and
sheath was clear, and a normal axillary bud was found
in the basal part of the axis. The A2 axes have a defi-
nite growth, ending with a female inflorescence
(spike).
The differentiation and outgrowth of the A2 axis

occurrs just after the A1 axis has terminated the pro-
duction of all its leaves and entered inflorescential

development (see also [21]). These facts can be inter-
preted as the A 1 axis being morphogenetically domi-

nant, determining at a certain stage the morphogenesis
of the more differentiated A2 axes. All together, A1
and A2 axes form a structural unit, which allows the
plant to perform all its functions. This unit can thus be
interpreted as the ’architectural unit’ of the species.

In isolated plants, this architectural unit was not
unique. During its growth, the maize plant develops at
its base 1-3 long orthotropic axes (figure 2) which are
morphologically identical to the main axis (A1 type,
noted A1’). These axes bear short branches of A2
type, with terminal female inflorescence. These

repeated architectural units can therefore be interpret-
ed as resulting from a process of basal reiteration.



They experienced no quiescent phase in their develop-
ment, and are thus produced by an immediate branch-
ing (sylleptic growth). However, their initial outgrowth
was less ’vigorous’ (short internodes at their bases)
than that of the A2 axes, and they remained hidden in
their enclosing sheath much longer.

3.2. Pea architecture

Pea is composed of two categories of axes (figure
3). The A1 axis is a long monopodial and orthotropic
axis, with short basal internodes. Its development is
indeterminate and there is no terminal inflorescence.

However, the terminal organogenesis is stopped by
apical death (the development of pods seem to be par-
tially involved, but the mechanism is still disputed, and
positional aspects seem to be important [ 18, 19]). The
A1 axis has a distichous phyllotaxy, and displays sec-
ondary growth. At the axil of the three to four most
basal true leaves, three buds were found: the main

axillary bud (central) and two supernumerary collater-
al buds. The one or two subsequent nodes usually bore
one axillary bud and a single collateral. Then, the
upper leaves only had one axillary bud. Globally, the
basal part of A1 is vegetative. The terminal part is
more complex, with a proximal zone bearing A2 later-
al axes, and a distal zone bearing lateral inflorescences
(starting around node 15 in this cv.; see [19] for a
more general perspective on the development of lateral
inflorescences). Rather often, a barren node (without
any axillary bud) was found between the basal and the
terminal zone.

The A2 axes (figure 3) are short lateral axes, but
with a (relatively) long first internode. They are
orthotropic and indeterminate, with distichous phyl-
lotaxy. In our experiment, they displayed no supernu-
merary axillary buds, no secondary growth, and bore
lateral inflorescences down to the third node.

The outgrowth of A2 axes started after the develop-
ment of the first inflorescence in the A1, and thereafter
it was immediate and basipetous. A2 axes are always
lateral to the A1 (figure 3) and display a restricted veg-
etative development. All these traits indicate that the
morphogenesis of A2 is under the influence of A1.
The ensemble of A1 and A2 is moreover functionally
complete. It can thus be interpreted as the architectural
unit of the species.

At the basal nodes of A1, large branched systems
developed, at least in isolated plants. They were
formed by long monopodial orthotropic axes, identical
to the main axis A1, and therefore noted A1’ (figure
3). The basal part of A1’ axes is vegetative, with short
internodes, and their terminal part bears short laterals
and lateral inflorencences. These lateral short axes are
of the A2 type, with a long first internode, and bear
lateral inflorescences. These basitonic systems thus

correspond to reiterates of the architectural unit of the
plant. Stricto sensu, their development is immediate
(sylleptic growth). However, they experienced a lag
before their outgrowth, shown morphologically by
their existence as whitish buds in younger plants. In
these buds, the leaves were reduced to scale, and the
internodes were very short.

3.3. Architectural variability

Two types of variability in architectural develop-
ment can be observed in our experiment: a variability



between plants within the same density treatment (in
particular in the case of the isolated plants, in which
the architectural development is much less con-
strained), and a variability between the isolated and
high density treatments. From a developmental point
of view, comparing them can be of interest, as both
genotypic and plastic variations may result from mod-
ulations or perturbations of the same basic morpho-
genetical dynamics (in our conditions, there was no
plant death, so treatments were applied to comparable
samples of the same population).

In maize, the architectural variability in isolated
plants affected mainly the presence or absence of the
more basal reiterate (node 2). In dense stands, the
basal reiterates were no longer displayed at all (figure
4), and are thus facultative. The number of visible A2
also decreased down to the one or two top axes in
dense stands, but the ’missing’ axes could be found by
dissection. These axes had experienced an almost
complete organogenesis, down to the development of
their inflorescence, but their outgrowth was reduced.
In the median zone, they could be reduced to such
minute axes that they were still enclosed within their
prophyll. In the outgrown A2 axes, in these dense
stand conditions, the morphology of the A2 leaves
was also changed, with an almost total suppression of
lamina expansive growth (however, a minute but clear
lamina could be found). The number of vegetative
phytomers in A2 also showed significant variability
between density treatments.

In pea, the variability in isolated plants concerned
the number and origin of the reiterates. In some plants,
two A1’ were displayed per node. They originated
from the collateral buds (figure 1), whereas the central
bud had aborted. This process can be more or less

repeated leading to ’bushy’ plants. This demonstrates
that, in pea, in contrast to some other species [1], there
is no determination of the collateral buds towards a
distinct fate. The origin of this death is unclear. The
only clear thing is that it is not systematic. Although
this can be interpreted as indicating an accidental ori-
gin, the hypothesis of a developmental process is
equally arguable, in a genotype displaying abortion of
the terminal A1 apex (and also of some axillary apex-
es). This aspect would thus require a more detailed
study. The number of A2 (and the number of repro-
ductive nodes) also varied.

In dense stand conditions, the number of branches
of pea plants was strongly decreased. In contrast to
maize, however, many plants were found with basal
A1’ and no A2.

4. Discussion

The comparison between maize and pea demon-
strates rather unexpected similarities in terms of archi-
tectural development, despite their huge phyllogeneti-
cal and physiognomical differences. Both of them
have two categories of axes, with differentiated mor-
phological and functional characteristics. The structure
and the sequence of development of their architectural
unit is rather similar. Both species are also capable of
basal complete reiterations, duplicating the architec-
tural unit. The development of these reiterates is
immediate, basipetous and basitonic, but they experi-
ence a phase of retarded growth (compared to the A2
axes). The expression of this basal reiteration is highly
dependant on the environment.

Such similarity is of clear interest for architectural
modelling. Although the apparent physiognomy of
species is different, they can share rather large devel-
opmental architectural ’programmes’ (basitonic



immediate reiteration, acrotonic A2 differentiation).
Interestingly, these similarities do not lie at the phy-
tomeric level, as the phytomers have very distinct
shapes and topology in the two species. They also
extend beyond the basic shoot iterative phytomeric
production that has already been captured by these
models for herbs (e.g. [7, 20]), and come mainly from
the macro-characters of axe differentiation and of reit-
eration. This illustrates the fact that the development
of plants includes repetition at various complexity lev-
els, allowing us to define natural, heterogeneous com-
partments at various scales (see [6] for a more general
discussion of this aspect of plant organisation). It will
be of particular interest to investigate in a broader
range of species the possibility of deducing a typology
in the modes of construction of the architectural unit

(axis differentiation and sequence of outgrowth), and
in the modes of reiteration. Incidentally it should also
be noted that the models of branching currently avail-
able for crop plants (the so-called ’tillering models’
developed for grasses [3, 14]) have to be extended to
cope with the more complex branching pattern report-
ed here.

By the same token, the existence of these similari-
ties also indicates that specific terminology can some-
times act as a possible obstacle in architectural studies.
This is for example the case of the term ’tiller’ that is
only used for grasses. It seems to define a particular
type of organ, whereas it only refers to normal axes. It
might even be rather ambiguous, as it is not clear
whether it points to the possibility of vegetative multi-
plication or not. It is hoped that subsequent studies on
other Poaceae species will allow us to better clarify
this aspect [20]. Meanwhile, the tillers of maize are
complete reiterates, and from that perspective are
comparable to the basal branches of pea (see [6] for a
more general discussion about the root system of com-
plete shoot reiterates). Note lastly that a similar discus-
sion could be held for example for the term ’ear
shank’ in maize.

From this limited study of two crop species, the
framework of architectural analysis thus seems to
apply to the study of herbs, and to be particularly use-
ful for inter-specific comparisons. It is noteworthy that
such a rather qualitative but cautious morphological
observation, when centred on the analysis of the plant
architectural development, proved informative and

provided a starting point for more detailed studies.
However, when compared to angiosperm trees, the
categories of axes are much less differentiated, and
less numerous. For that reason, the contribution of
architectural analysis to the understanding of develop-
ment for a given species is less spectacular than in
trees (beyond that of ’standard’ morphology).

Concerning the effect of environment, and particu-
larly of plant density, the most clear fact is that a con-
spicuous reiterative branching can occur when plant
are carefully isolated. This is particularly spectacular
in maize, as Dea is a modem cultivar, known to be

non-tillering and non-prolific [23]. It demonstrates that
the reduction of reiterative branching by plant breed-
ing did not result from a genetic suppression of the
reiteration capacity, but from an increased sensibility
to neighbouring plants. Note additionally that reitera-
tive branching was also variable between plants of the
same genotype in isolated conditions. This demon-
strates the value of a co-operative research in develop-
mental genetics, architecture and ecophysiology (par-
ticularly environmental signals). Moreover, this means
that if architectural models are to encompass a much

larger range of environmental conditions than current
process models, down to the isolated plants that breed-
ers manipulate, it will be necessary to take this faculta-
tive reiteration into account, even in species where it is
a negligible component of yield in standard agricultur-
al conditions.

The relevance of the axis types in terms of their

response to environment, if rather clear within a single
species (and particularly in the case of maize), is less
substantiated at the inter-specific level. Increased stand
density suppresses first the A1’ reiterates in maize
(although they develop before the A2), but this
seems to be the contrary in pea, where A2 axes are
more reduced. This question has to be investigated
more deeply, to test for example the importance of
traumatic reiteration in pea, or the influence of the
kinetic of shading development in dense stands com-
pared to that of potential reiteration. Whatever the
case, this contrasted behaviour points to interesting
questions: i) the possibility of various modes of axis
differentiation and of morphogenesis of the architec-
tural unit [16], and ii) their consequences in term of
ecophysiological functioning. Advances in this direc-
tion will clearly come from the comparative study of



several species, and architectural modelling can be
particularly useful as a tool to test various hypothetical
scenarios. This will no doubt benefit from the interdis-

ciplinary interest, making comparative ecophysiology
and architecture of herbs a promising field.
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