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Abstract — The AMAPpara model describes long-term plant growth as the cumulative output of the cyclic interactions
between plant ecophysiological functioning and architectural development. It is based on the classical relationship
between transpiration and biomass production, under the assumption of a constant water use efficiency. Biomass incre-
ment is allocated to organs (leaves, inter-nodes) according to their sink strength and their expansion laws. Allometric
rules are used to derive the geometry of the organs as a function of their volume or biomass. Organ geometry determines
the hydraulic architecture of the plant, from which water transpiration is computed. Feedback between plant growth and
architecture is modelled through a recurrence equation which links the successive growth cycles to each other. Under the
assumption that climatic conditions are approximately stable over the whole growth period, the parameters of AMAPpara
can be estimated from the observation of plant architecture and morphology at the end of their growth. A preliminary
calibration of the model was carried out for cotton, and yielded quantitatively and qualitatively satisfactory results.
(© Inra/Elsevier, Paris.)

modelling / plant architecture / hydraulic architecture / growth / simulation

Résumé — Calibration d’un modele de croissance du cotonnier. Le modele AMAPpara décrit la croissance a long
terme de plantes comme le résultat cumulatif des interactions cycliques entre leur développement architectural et leur
fonctionnement écophysiologique. Ce modele est basé sur la relation classique constatée entre la transpiration et la pro-
duction de biomasse; I’efficience d’utilisation de I’eau y est supposée constante. L’accroissement en biomasse est par-
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tagé entre les différents organes (feuilles, entre-nceuds) selon la force de leur puits et selon leur loi d’expansion. Leur
forme est calculée selon des régles géométriques établies empiriquement. On en déduit I’architecture hydraulique puis la
transpiration sous I’action d’un potentiel hydrique. Une équation de récurrence est ainsi établie : elle relie automatique-
ment la croissance et I’architecture au cours des cycles de croissance successifs.

Sous I'hypothese que les conditions climatiques oscillent faiblement autour de valeurs moyennes stables durant tout
le cycle de croissance, il est possible d’estimer les parametres de AMAPpara a partir de données architecturales et mor-
phologiques mesurées en fin de croissance. Une application est faite sur cotonnier et I’on obtient un ajustement satisfai-
sant du modele qui fournit des prédictions qualitativement et quantitativement satisfaisantes de 1’architecture de la

plante. (© Inra/Elsevier, Paris.)

modélisation / architecture des plantes / architecture hydraulique / croissance / simulation

1. Introduction

Most of the quantitative process-based models
of plant growth [19] do not take plant architecture
into account. These models compute the dry matter
production from physical parameters (e.g. tempera-
ture, light) or morphological indexes (e.g. leaf area
index (LAI)). In such models, there is no feedback
between plant structure and plant functioning. This
fact is now considered as a strong limitation of
these models (see for example the two recent inter-
national workshops on structure—function tree
models organized in Helsinki (1996) and
Clermont-Ferrand (1998)).

On the other hand, computer graphics scientists
have recently tried to generate realistic shapes of
plants by simulating morphogenetic and geometric
rules described by botanists. Although they do not
include any physiological knowledge, software
based on L-systems [13], automaton [17] and
graph descriptions [10] have demonstrated their
capability to generate virtual 3D plant mock-ups.
Such pure morphogenetic simulators can be cali-
brated and validated, with a good agreement
between the real and simulated plant structure {12].
However, these models cannot account for the
interactions between plant growth and plant archi-
tecture, even if some of them (e.g. Grogra [9],
Lignum [11], L-system [6]) begin to integrate eco-
physiological rules and to deal with the allocation
of the assimilates inside the plant structure. 3D
mock-ups can also be used for computing light
interception [5] or water transpiration [14], or for
describing competition for space within a forest
stand [3, 9, 13].

The time step in process-based models which
take leaf physiology into account is usually short:
from a few minutes to several hours. Light inter-
ception and CO, assimilation, which depend on
biophysical parameters and on stomatal opening,
are indeed measured and simulated at a short time
step [14]. If we consider the long-term architectur-
al development and growth of the whole plant (i.e.
over plant life span or crop cycle), longer time
steps seem more appropriate. For example, it has
been shown that the cumulative sum of tempera-
tures is sufficient to predict the number of new
metamers produced by a terminal meristem. As a
consequence, the total number of organs in a given
plant (i.e. the topological structure) does not
depend on the local variations but on the cumula-
tive effect of the physical environment.

Furthermore, at the plant level and over long
periods, the amount of biomass produced is usually
well correlated with the cumulative water transpi-
ration, although this may be untrue for short peri-
ods. The 3D geometrical architecture is not taken
into account in this general result. However, Ryan
and Yoder [18] argue that the hydraulic resistance
to transpiration, which is closely linked to plant
architecture, is the major factor that limits long-
term tree growth.

The basic underlying idea of the AMAPpara
model is thus to simultaneously consider the topo-
logical and geometrical structures of the plant, and
to relate them to the environmental conditions: the
number of new organs is predicted from the cumu-
lative temperatures according to the architectural
model; the volume and geometry of each organ are
computed according to biomass production and
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allocation, using sink—source and allometric con-
cepts.

The aim of ecophysiology is to monitor at short
time steps how plant growth interacts with environ-
mental conditions (e.g. the Tomgro [7] or Gossym
[1] models). However, the architectural point of
view is also important and has not yet been devel-
oped in this context. Which conditions was a plant
subjected to during its life span in order to explain
the observed architecture? This is a common ques-
tion, notably in forestry, which can be answered by
considering jointly the topological and geometrical
structure of the plant [15].

The theoretical approach developed in
AMAPpara [16] deals with these two points of
view. In this paper, we focus on the architectural
development of a plant, and on how it can be relat-
ed to water transpiration and the concept of
hydraulic architecture, to biomass production and
the concept of water use efficiency (WUE), to bio-
mass allocation and the concept of sink strength.
Up to now, no experimental validation of this
model had been performed. This paper presents the
first attempt to calibrate the model, i.e. to estimate
its parameters from experimental data. Our goal is
thus to match the predicted plant geometry with the
observed architecture of cotton plants.

2. Materials and methods

In order to facilitate the comparisons between obser-
vations and model predictions, a field experiment was
conducted, with the aim to have a very simple plant
architecture. Cotton plants were planted at a low density
(1 m x 4 m) and were regularly irrigated. Thus no com-
petition and no hydric stress were expected. Plants were
continuously monitored and branches were pruned
immediately after their initiation, so that the plants con-
sisted of a single stem. Control plants were not pruned,
but all the flowering buds were removed in order to
restrict plant development to a pure vegetative growth.

At the end of the growth season, the plants were
felled and exhaustively measured: the length and diame-
ter of each inter-node, as well as the size and weight of
the petiole and of the blade of each leaf were measured.
Lengths and diameters were expressed in centimetres
and weights in grams.

The effect of pruning was spectacular (figure I): tall
single stems with big leaves and long inter-nodes were
obtained, but their biomass was less than the biomass of
the control (unpruned) plants. The mean height and
weight were, respectively, 2.1 m and 1.1 kg for the
pruned plants versus 1.5 m and 1.8 kg for the control
plants. The number of stem nodes was 35 for pruned
plants versus 25 for control plants.

The growth of the pruned cotton-trees was signifi-
cantly (quantitative) related to the sum of temperatures
(figure 2). Climatic data were available for temperature,
solar radiation and potential evapotranspiration (ETP
in mm.day™'). These data were plotted against time,
using either a fixed 4-day time step, or a variable time
step defined by the delay between the initiation of two
consecutive metamers by the apical bud (figure 3). The
latter time step was closely related to the phyllochrone
and to the leaf initiation rate, which varied from 7 days
(early May) to 3 days (July).

When the fixed time step was used, we observed
growth trends over time (figure 3a, ¢). These trends
vanished when the variable time step was used (fig-
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Weight = 1,08 kg

Figure 1. Photograph of control (unpruned) and pruned cotton
plants.
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Figure 2. Relationship between growth rate and the sum of
temperatures for pruned cotton plants.
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Figure 3. Evolution of the cumulated temperatures and cumu-
lated potential evapotranspiration ETP every 4 days or during
a growth cycle over the period of growth of the cotton plants.

ure 3b, d). When the temperature increased, the growth
rate also increased, so that the sum of temperatures per
growth cycle remained approximately constant. With
ETP, which represents the climatic water demand, we
observed the same phenomenon. These results indicate
that the amount of energy received by a plant during a
growth cycle randomly fluctuated around a mean con-
stant value. We therefore chose to use the leaf initiation
rate as the basic time unit.

3. The mathematical model
AMAPpara

3.1. Biological assumptions

We consider a theoretical plant made up of fresh
matter, which contains approximately 80 % H,0
and 15 % assimilates (CO, + H,0). Water is
always linked in the same proportion as the carbon,
and represents 90 % of the fresh matter and with
CO, 95 % of plant structure. This is quite sufficient
to control the allocation of matter in the architec-
ture. The relative density is set to 1.0 g.cm™3 (strict-
ly speaking, this value is only true for succulent
young organs). Only the aerial part of the plant is
taken into consideration, and its weight is supposed
to be always proportional to the weight of the root
system.

We consider two types of organs, which result
from either primary or secondary growth: leaves
which consist in a petiole and a blade, and inter-
nodes which are made up of a pith and of growth
‘layers’, which result from cambial activity.
Primary growth consists in adding new metamers
(apical growth), but also in the lengthening of the
existing metamers: leaf and inter-node expansion
are indeed supposed to last over several cycles. The
case of inter-nodes is special: i) inter-node length-
ening and inter-node pith thickening occur during
the first cycles just after inter-node initiation;
i1} secondary growth adds a new external layer at
each cycle (in the case of trees under a marked sea-
sonal climate, these layers are visible and are
termed growth rings), thus increasing the diameter
of the inter-nodes.

The blade of the leaves is supposed to have a
constant thickness so that their area is proportional
to their volume. The biomass ratio between leaf
lamina and petiole is also supposed to be constant
during leaf growth. Petioles and inter-nodes are
described as cylinders whose geometry depends on
allometric rules: the long-term ratio between their
cross-sectional area and their length is expressed as
a function of their fresh matter biomass.

3.2. Architectural assumptions

The plant is supposed to grow on a cyclic basis:
here, for pruned cotton plants, growth cycle is con-
sidered to be the time step between the initiation of
two successive leaves along the stem (for temper-
ate tree species growing over many years, we
would probably use a longer growth cycle, such as
one year). Plant age (respectively, leaf age) is thus
expressed as the number of growth cycles since the
plant germinated (respectively, since the leaf
appeared).

For a single stemmed cotton plant, there is only
one leaf for a given age (measured as a number of
growth cycles) and the metamers of the stem are
noted with double indices: j for metamer rank
along the stem (counted upwards), i for plant age
(with i 2 j). For example: ¢ (i,j) is the biomass of
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the jth leaf above the ground at plant age i; leaf age
isk=i—j+ 1.

At the beginning of a growth cycle, new organs
are created while the existing organs further
expand; both new and existing organs use the
reserve of available fresh matter produced in earli-
er cycles. During the cycle, plant architecture
remains constant and leaves produce fresh matter.
At the end of the cycle, secondary growth (i.e.
growth layers) occurs and is simulated using the
allocation and allometric rules. The remaining
fresh matter is stored as a reserve for the next
cycle.

3.3. Ecophysiological assumptions

It is known that about 600 L of water are needed
in order to produce 1 kg of dry matter of potatoes
(or 10 kg of fresh matter). Here, we consider the
case where there is no hydric stress, and suppose
that there is a proportionality between water tran-
spiration and fresh matter produced during a
growth cycle. During the ith growth cycle occur-
ring at date t,, the net quantity of fresh matter
Qfm(i) produced by the plant is given by the classi-
cal formula:

Ofini) = %’—) (1)

where At, is the duration of the cycle; AW is the
hydric potential; Ke is the WUE, which depends on
biophysical parameters, i.e. light, temperature, and
implicitly includes a respiration term; R is the
hydraulic resistance of the plant.

These variables and parameters are supposed to
maintain their average value during the growth
cycle so that, in the first approximation, the prod-
uct £ = Ke - AY - At is constant during a cycle.
This product is defined as the potential of fresh
matter production. The duration of each growth
cycle is adjusted so that £ remains constant from
one cycle to the other (see section 1): bad climatic
conditions result in longer periods for the cycle,
whereas good conditions result in shorter growth

cycles. Equation (1) can thus be simplified into
equation (2):

Ofm(i) = % )

In this paper, we consider that the hydraulic
resistance of the plant depends on the resistance of
the leaves R alone. Discounting shading effects,
which have a marked influence on leaf temperature
and, therefore, on transpiration, each leaf is sup-
posed to receive the same amount of energy and to
undergo the same climatic demand (on a per leaf
area basis), so that equation (2) can be written as:

NG

Q=2

where N(i) is the total number of leaves at growth
cycle i (if some leaves are dead, the summation
starts at the first living leaf). The numerator is con-
stant (E), but the denominator (R (i,j)) varies from
one leaf to another.

Leaf resistance is the sum of blade resistance
and petiole resistance. For blade resistance, we
consider the total resistance needed for the water to
pass through the leaf surface and to change from
liquid to gaseous state. This is convenient from the
architectural point of view (from the ecophysiolog-
ical point of view, this global resistance should be
further detailed). Therefore, leaf blade resistance
can be expressed as:

— E
’;11 _pal §

where p |, S and € are the resistivity, the area and
the thickness of the blade, respectively.

The resistance of the petiole is:
o= pa2 Kol

where p ,, 0 and [ are the resistivity, the area and
the length of the petiole, respectively.

Because of the leaf expansion process, the
dimensions of the organs (S(i,j), I(i,j), o(i,j))
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depend on their rank along the stem (j) and on the
cycle number (). Considering that a growth cycle
covers a short time step, the parameters p,,, p,, are
supposed to be constant during a growth cycle. As
for E, we further assume that these parameters do
not change from one cycle to the other (this
assumption could be relaxed, using knowledge on
the relationship between p,,. p,, and the environ-
mental conditions). The total resistance of a leaf is
therefore:

. 1(i. j)
— £
Ra(ls])_pal S( ,)+pa2 O'(l,])

LJ
Under these assumptions, at cycle i, the produc-
tion of fresh matter depends only on the number of
leaves that are available for photosynthesis. We
define the parameter ¢, as the life span of the
leaves. The fresh matter increment during the ith
growth cycle is:

i

Z E
j=max(1.i-1,) € [(l’ -]) ®

7St o)

Although the parameter E is assumed to be con-
stant, the biomass production of a leaf changes
from one cycle to the other: this is due to the fact
that leaf expansion occurs over several cycles and
thus modifies blade and petiole size, and conse-
quently their hydraulic resistance.

Ofim(i) =

From the architectural point of view, only the
ratios £/ p, and E/ p_, have to be known to simu-
late plant development; these ratios can be estimat-
ed from experimental data. If we set £ to an arbi-
trary value (e.g. E = 1000), the parameters p , and
p,, can be adjusted at proper values to fit well the
data (see section 3.1.2). Changing the arbitrary
value of E would result in a proportional change of
the estimated values of p | and p, ,, but the estimat-

a2’
ed ratio / would remain constant.
al a2

3.4. Modelling biomass allocation
and organ expansion

Biomass increment contributes to both primary
and secondary growth. Primary growth consists in

adding new leaves and inter-nodes, but also in leaf
and inter-node expansion which lasts over several
cycles; during leaf expansion, we assume that bio-
mass increment is shared, with a constant ratio,
between leaf blade and leaf petiole. Secondary
growth only concerns the addition of external
growth layers on the stem: in this paper, we sup-
pose that, for a given growth cycle, the distribution
of the biomass increment along the stem is uni-
form, i.e. the vertical profile of the cross-sectional
area of a given growth layer is constant.

Biomass increment is hierarchically allocated to
the organs: 1) it is shared among three primary
compartments, also named primary sinks: the leaf
compartment, the inter-node compartment and the
layer compartment; ii) within each compartment,
the matter is further distributed among secondary
sinks represented by the various organs, each of
them being at a given stage of expansion. Various
models belonging to this family of allocation mod-
els can be built. Here, we present one member of
this family.

3.4.1. Primary sinks
For the ith cycle (1 < i < N), we define:

— Q(i) as the fresh matter produced by the plant
during the cycle i;

— Q, (i) as the fresh matter allocated to the leaf

compartment;

— Q (i) as the fresh matter allocated to the inter-
node compartment;

— @ (i) as the fresh matter allocated to the layer
compartment;

- p, as the relative sink strength of the leaf com-
partment;

— p, as the relative sink strength of the inter-node
compartment;

— p, as the relative sink strength of the layer com-
partment.

The parameters p , p, and p_ are supposed to be
constant during growth and to verity the constraint
p,tp,+p. =1 Wehave: Q (i)=p, - 0®),
Q,()=p,- Q@) and Q () =p,_ - Q).
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Note that leaves simultaneously play the roles of
biomass source and biomass sink.

3.4.2. Secondary sinks

We further define the leaf expansion function:
f,(k) where k is the age of the leaf expressed in
number of growth cycles (1 <k <¢ ). This function
behaves as a probability distribution function and
verifies the constraint Z’,fz 1 f,(k) = 1(.e. aleaf
fully expands before dying). Both ¢ (the leaf life
span) and f (k) are supposed to be the same for all
leaves.

The leaf expansion function is related to the
physiological maturation of a leaf and measures its
capacity to further grow. If Q(k) is the quantity of
fresh matter available in the local environment of a
k cycle-aged leaf, the fresh matter increment of this
leaf is: f (k) - O (k). The volume of a leaf of a i
cycle-aged leaf cycle is thus: X _ | S (k) - k). I
f,(k) = 0 beyond a given value of , then the leaf is
no more a sink, but it can still be a source until it
reaches age 7.

In this model, leaf growth depends on both the
leaf expansion function and the availability of
assimilates (or fresh matter): multiple combina-
tions can therefore yield the same final result. The
distribution f (k) is hidden and cannot be directly
measured.

In this paper, we choose to model leaf (but also
inter-node and layer) expansion function with neg-
ative binomial distributions truncated at 12 growth
cycles. The second parameter of the negative bino-
mial distributions is arbitrarily set to 2. For a leaf
of age k (1 < k < t), the value of the expansion
function is therefore:

Ctobnl 7t (1 - bna)2

k =
£ > b (1= bn)f

where bn  is an unknown parameter (to be estimat-
ed).

3.5. Modelling growth as a recurrent
phenomenon

Plant functioning and development can be mod-
elled by a recurrence relationship from one cycle to
the next. Plant growth starts with the reserve Q(0)

(expressed in fresh matter), which is stored in the
seed.

3.5.1. Leaf growth

At the ith growth cycle, the biomass of the jth
leaf (1 <j <) is noted g, (i,)).

Cycle 1: the quantity of fresh matter that goes
into the first leaf is: g (1,1) = f.(1) - Q, (0). The
quantity Q MH=010-f (1)) Q (0) is not consumed
during this cycle and is stored in the plant as a
reserve for cycle 2.

Cycle 2: during cycle 1, photosynthesis pro-
duces the quantity Q(1) of fresh matter, so that the
amount of reserves available to build the second
leaf and to ensure the expansion of the first leaf is:
Qa(l) + Q (1). The following system can be writ-
ten:

The quantity 3,(2) = (3,(1) + Q,(1)) - (1 = £,(1)
- f,(2)) is not consumed during this cycle, and is
stored in the plant as a reserve for the third cycle.
A recurrence relationship thus appears between the
successive quantities of fresh matter produced by
the plant. This system can be formally described
by the matrix equation:

Cycle 3: the matrix recurrence equation can be
written:

al3.)| | £0)£02) £
q[32)|=| 0 £{1)£2)} )
aB33)[ |0 0 £1)
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1 0 0| [040)
- £(1) 1 0[-10[1)
(1= £(0){1- £01)- o)) - £00)- £02) 1] | 02

This matrix system links leaf biomass at each
rank along the stem to the amount of fresh matter
available in the leaf compartment at each growth
cycle. The quantity of fresh matter that is not used
according to the leaf expansion function is stored
as a reserve for the next cycle.

3.5.2. Inter-node growth

As for leaves, we define the expansion function
for inter-node pith (f,(k)). The quantity g (i,/) refers
to the biomass of the pith of the inter-node located
at rank j along the stem when plant age is i. The
inter-node compartment contains the amount Q (i)
of fresh matter. The initial amount of fresh matter
allocated from the seed to the inter-node compart-
ment is Q,(0) = p, - Q(0). At cycle 3, the recur-
rence equation is:

al3.)| |401) £2) £3)
al32)|=| 0 f1)£2)} )
gf33)] |0 0 1)

1 0 0 Q(,(O)

1-£{1) 1oolely
(1= 00 (1= £00)- ) 1~ 1)1 | 2]

3.5.3. Secondary growth: adding layers
on the stem

For the layers, there are differences due to the
fact i) that /th layer (i.e. the layer laid down at the
end of cycle /) concerns all the inter-nodes j such
as j </, and ii) that layers expand at the end of the
growth cycles (i.e. there is a shift in the indexes of
the available quantities of fresh matter). As for leaf

and inter-node pith, we define the expansion func-
tion of a growth layer: at growth cycle i, the expan-
sion function of I/th (I <) layer is noted f (k) with
k =i -1+ 1. The quantity g (i,/) refers to the bio-
mass of /th layer, when plant age is i. The layer
compartment contains the amount Q (7)) of fresh
matter. At cycle 3, the recurrence equation is:

q(31)) A1) £2) 13
a32)|=| 0 A1) 12)) (©)
g33)| |0 0 1)
1 0 ol |oll)
1- (1] 1 0l-10[2)

(- A0 {1-£00)- ) 1~ £} | | 2]

3.5.4. Summary

Equations (4-6) can be generalized to N growth
cycles: the dimension of the system increases of
one unit for each new growth cycle. When fresh
matter produced at each growth cycle is known
(i.e. the set Q(0),0(1),0(2),...,Q(N) for a plant of
age N), the model hierarchically allocates this mat-
ter among the various organs, according to the
strength of the compartment sinks and to the organ
expansion functions.

3.6. Geometry of organs

3.6.1. Leaf geometry

Fresh matter allocated to a leaf is divided into
two parts, i.e. to the blade and to the petiole,
according to the proportions ¢, and 1 - ¢,. The con-
tour of the leaf is arbitrary, while its thickness (€) is
supposed to be constant. The quantity of fresh mat-
ter in the leaf is g ,. The area of the blade is thus:

For the petiole, we assume a cylinder shape and
an allometric relationship between its length and
its cross-sectional area:
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o

I, ,0,=b,- {(1 ~c)a,

where b and « are scale and shape parameters: b,
is related to the thinness of the inter-node, while o
controls the behaviour of the ratio [ / ¢ when
petiole biomass (or volume) increases. Particular
values of o are:

- =01 A / ©_ 1s constant whatever the volume of
the inter—nocfe;

- oa=1: lp / o, is proportional to the volume of the
inter-node, which means that ¢ is constant;

-—a=-1:11 o, is inversely proportional to the
volume of the inter-node, which means that [ is
constant;

- a=-1/3: lp / /O, is constant, which means that

the ratio between the

length and the diameter of the cylinder is con-
stant.

When plant age is i, the geometry of the petiole
of the jth leaf is:

1+@)/2

i) =B, (1) a.i.)
o i )= T78, (1) a.(i))

1-a)/2

3.6.2. Inter-node geometry

We have to consider two phenomena: the prima-
ry and the secondary growth. Indeed, the fresh
matter comes from both the inter-node compart-
ment and the layer compartment.

3.6.2.1. Primary growth. The pith is somehow hid-
den below the external layers. In the model, the
pith grows in length and in diameter during a few
cycles. As for the petiole, the geometric shape of
the pith is a cylinder. Let g, be the fresh matter
allocated to a given inter-node, b, and f3 be the
scale and shape coefficients of the cylinder. For the
Jjth inter-node at plant age i, the length and diame-
ter of the pith are then:

3.6.2.2. Secondary growth. At each cycle, a new
layer is added to the stem so that the external diam-
eter of the inter-nodes grows. The distribution of
the fresh matter is supposed to be uniform along
the stem. When plant age is i, the cross-sectional
area of Ith layer is therefore:

) q(.(i, l)
)=
h(i, 1)

where h(i,l) is the length of the stem up to the top
of Ith inter-node at plant age i (1 </ < ). This for-
mula takes the delayed expansion of the existing
inter-nodes into account through A(i,[). It is there-
fore possible to monitor the diameter increment of

the stem. When plant age is i, the radius of the
stem at inter-node j is:

1/2
(o;(i, A+ sli 1))

n.(i, J ) = /4

3.7. Growth simulation algorithm

In this model, we only consider the aerial system
and assume that the biomass of the root system is
proportional to the biomass of the aerial part
throughout growth. We define 7 as the number of
growth cycles that the plant undergoes.

‘Seed biomass’ (Q(0)) is the initial condition of
the iterative growth process. For each subsequent
cycle, leaves and inter-nodes are created and
expand at the beginning of growth cycles, whereas
growth layers (as well as fruits, if they were
included in the model, which would be straightfor-
ward) are laid down at the end of the cycles. The
simulation procedure can therefore be summarized
as follows (see table [ for the list of the 15 parame-
ters of the model):

— fresh matter is allocated to leaves and inter-
nodes for their primary growth, according to the
available reserves and to the relative strength of




274 P. de Reffye et al.

the compartment sinks: creation of a new
metamer, expansion of the existing metamers;

— the geometry of organs is updated according to
their allometric rules and their computed vol-
umes;

— plant architecture is constructed and its
hydraulic resistance is computed from the leaves
geometry;

— water transpiration of the current growth cycle is
computed and converted into fresh matter (using
constant WUE) which is added to the previous
reserves;

— available fresh matter (from the reserves) is allo-
cated to the layers according to their compart-
ment sink: creation of a new layer, expansion of
the existing layers;

— remaining fresh matter is stored for the follow-
ing cycle.

4. Main results
on the single stem cotton-tree

4.1. Calibration of the parameters
on the cotton plant

The measurements carried out at the end of the
growing season are the cumulative output of plant

functioning and development over several months.
These data thus constituted targets for the calibra-
tion of the theory: plants simulated with
AMAPpara should actually match the observations
as well as possible. Each of the cotton plants
observed in the field was used for model calibra-
tion. In this paper, we report the case of only one
of them. The other plants from the experiment all
yielded similar results [4].

The parameters of the model can be divided into
two groups: those which can directly be estimated
from measured variables and allometric relation-
ships, and those which are ‘hidden’ because they
are involved in the cumulative process described
by the recurrence formulas. For the latter, we need
special computational algorithms to calculate their
values.

4.1.1. Estimation of parameters directly linked
to plant measurements

Seven out of the 15 parameters required by
AMApara were directly estimated from empirical
allometric relationships.

The relative density of the organs was estimated
by comparing volumes and weights. The mean val-

Table L. Parameters of the AMAPpara model: meaning and estimated value.

Name Meaning Value
Q) volume of the seed that initiates the growth process Q0) =51 (g)
Py P D, relative strength of the sinks of the leaf, inter-node, and layer compartments p,=0.51
(unitfess) @, +p,+p,=1) p.=0.08
p. =041
bna, bn,, bn, organ (leaf, inter-node and layer) expansion functions were modelled bn =0.86
O<bn<1) by negative binomial laws truncated at 12 cycles. The second parameter of bn =0.55
(unitless) the negative binomial laws was set to 2. bn =0.14
z, life span of the leaves. t, =12 (growth cycle)
bp, o allometric parameters for petiole shape (cylinder shape) bp =68.6
(unitless) a=0
b, B allometric parameters for inter-node shape (cylinder shape) b,=24
(unitless) a=-0.33
£ thickness of leaf blade (lamina) B=0.043 (cm)
P, hydraulic resistivity of leaf blade set for an arbitrary value of the ETP: E = 1 000 p,; =770 000
(unitless)
hydraulic resistivity of leaf petiole, set for an arbitrary value of the ETP: £ = 1000 P, =0.96

pu2,
(unitless)
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ues were 1.06 g.cm™® for inter-nodes and
0.96 g.cm™ for petioles, these values are close to
the hypothetical value of 1.0 g.cm™.

For the blade, the relationship between weight
(P) and area (S) is linear during leaf expansion and
is independent of leaf rank (figure 4): S =0.043 - P.
We set leaf blade thickness to e = 0.043 cm. Note
that we did not measure e and that this parameter is
only a scaling coefficient.

The relationship between blade weight (Pblade)
and petiole weight (Ppet) of leaves at varying
stages of expansion was also linear (figure 5):
Pblade = 4.03 - Ppet.

Allometric relation between leaf petiole length
(Lpet) and leaf cross-sectional area (Sper) was well
adjusted by: Lpet = 68.6 - Spet':%%. This gave:
bp=68.6 and & = 0. Thus, petiole length was near-
ly proportional to the value of the petiole cross-
sectional area: the ratio of these two values was
thus constant and the resistance of the petiole did
not depend on its volume.

The allometric relationship between the length
(Lintern) and diameter (Dintern) of the pith was
studied on the last four inter-nodes, for which the
contribution of layers to the total diameter was still
low. We obtained: Lintern = 24 - Dintern, which
gave: b, =24 and 8 = -0.33.

The weight of the fresh matter of the whole
plant was 1 116 g. The total weight of the leaves
was 593 g. This gave a first estimate of leaf sink
strength as: p, = 593/1 116 = 0.53. Unfortunately,
the total weight of the layers could not be distin-
guished from the total weight of the inter-nodes,
because the internal boundary of the pith is not
clear.

We observed that leaves were efficient on
approximately 12 cycles. Independent leaf pruning
experiments showed that there was no difference
between plants that retained all their leaves and
plants that had kept 15 leaves, whereas the plants
with 15 leaves were bigger than those with only 10
leaves. The efficient life span of leaves was there-
fore set to 12 cycles.

4.1.2. Estimation of the hidden parameters

The eight hidden parameters were estimated in
order to fit the model predictions to the target
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Figure 4. Relationship between leaf blade weight and leaf
blade surface in cotton plants.
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Figure 5. Relationship between leaf blade weight and petiole
weight in the leaves of the cotton plant.

experimental data. These data can be summarized
into five profiles (blade area, petiole and inter-node
length and diameter), which describe the variation
in organ size along the stem. More than 100 exper-
imental values were available in order to estimate
the eight parameters, thus providing enough
degrees of freedom to calibrate the model.

Because of the high number of parameters and
of the recurrent nature of the model, we chose to
develop a special algorithm for parameter fitting,
the so-called ‘simulated annealing method’ [4].
The advantage of this technique is that it can
explore a large range of values for each parameter.
Its drawbacks are that a long computing time is
required to reach a suitable solution, that conver-
gence towards the solution is slow and that it is dif-
ficult to suitably tune the algorithm. There are
alternative methods which might converge quicker,
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provided we have good initial (guess) estimates of
the parameters. The classical minimization algo-
rithms associated with the least squares criterion
are such methods: they are being investigated in
order to obtain a better accuracy for the estimation
of the hidden parameters. Estimating the parame-
ters of such a model is indeed a complicated math-
ematical issue by itself. Anyway simulated anneal-
ing gave satisfactory preliminary results, both in
terms of stability for a given plant and in terms of
consistency across plants.

Although leaf sink strength had been directly
measured (see above: p = 0.53), sink strengths
were estimated jointly for the three compartments
(leaves, inter-nodes, layers). £ being arbitrarily set
to 1 000 (see sectionl.3), the estimated values of
petiole and leaf resistivity should be considered
with caution: their magnitude is biased (i.e. it is
proportional to E), but their ratio is well estimated.
Estimated values of the parameters are given in
table I.

The strength of the leaf sink compartment can
be estimated by two techniques: in fact the two
estimated values were close to each other (0.51
versus 0.53). These values indicate that fresh mat-
ter was almost equally shared between leaves and
inter-nodes (pith and layers).

An enormous difference is observed between
blade and petiole resistivity. In fact, if we take
organ geometry into account, the estimated values
of petiole and blade resistance was of the same
order of magnitude. For a mature leaf: 1) blade has
a thickness of ca. 0.043 cm and a surface area of
ca. 500 cm?; thus, blade resistance is
R, =770 000 - 0.043/500 = 66; ii) petiole diameter
is ca. 0.5 cm and petiole length is ca. 20 cm so that
its resistance is R , = 0.96 - 20/(3.14 - 0.25%) = 98.
The estimate of blade resistance is nearly as large
as the estimate of petiole resistance.

As already mentioned, the ratio of blade and leaf
resistance does not depend on the arbitrary value
chosen for E. When the leaf is younger, blade
resistance is approximately 1 500, whereas petiole
resistance is stable around 100 (because the petiole
allometry makes the ratio / / ¢ stable). For young
leaves the whole leaf resistance is therefore in its
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Figure 6. Relationship between petiole cross-sectional area
and petiole length.

blade, while petiole resistance becomes more
important for mature leaves.

4.2. Comparison between the original
and the simulated data

In figure 7, we present the results for one of the
single stemmed cotton plants (the other pruned
plants gave similar results). The target files are the
five vertical profiles already mentioned. Although
the quality of the adjustment given by the simulat-
ed annealing technique could be improved (see
above), the fit is fairly good and the residuals are
small, especially if we consider that the plants
grew in the field, not in a controlled greenhouse or
chamber.

These complex profiles are the integrated output
of the recurrent functioning of the plant over con-
secutive growth cycles, so that there is no simple
canonical equation to describe their shape. There is
indeed a continuous feedback between plant func-
tioning and plant architecture.

On the histogram of the inter-node length, four
principal zones, corresponding to typical develop-
ment stages, ate clearly visible along the stem:

— ranks 1-6 are strongly influenced by the initial
conditions (seed weight): organs remain small
because the amount of available fresh matter is
small and the duration of organ expansion limit-
ed;

— ranks 7-17 exhibit a sharp increase in the size of
organs: inter-nodes and leaves become bigger;
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— ranks 18-26 correspond to a stabilization of the
growth process that becomes linear: the final
size of the organs appears to be stable;

— ranks 27-30 at the tip of the stem are character-
ized by a decrease in the size of organs, which is
due to the fact that these organs have not yet
fully expanded (i.e. had the plant not been cut,
they would have continued to grow).

Since inter-node expansion is limited to four
cycles, these zones are quite visible for inter-node
length. For leaves this is less clear because leaf
expansion lasts much longer (i.e. about 12 growth
cycles). Regarding stem diameter, nothing is visi-
ble, but the final conic shape is the result of both
pith expansion and of layer stacking at each cycle.

5. Simulation of plant architecture

This model was computerized into a generic soft-
ware that can be used to simulate 3D virtual cotton
plants, according to the values of the previous para-
meters: the phyllotaxy, branching angle of the leaves
and the size of the organs are predicted. The final
shape of the real (figure I) and the simulated plant
are quite similar (figure 8). Note that in AMAPpara
plant geometry is computed and not plated (as in the
AMAPsim software [2]).

Figure 8 shows four stages of development at 15,
20, 25 and 30 cycles. We cannot be sure that the
intermediate stages are correct. The simulation is

Figure 8. Visualization of 3D simulated cotton plants at 15,
20, 25 and 30 cycles of growth.

indeed based on the assumption that the plant under-
went average climatic conditions during its growth.
However, Chemouny [4] has shown that different
climatic growth conditions can produce a fairly sim-
ilar final plant architecture.

The size of the 15-cycle-aged plant is less than
half the size of the plant when it reaches the 30th
cycle, whereas the topological structure is exactly
half. This is because biomass increment depends on
the total leaf area, which itself depends on both the
number of leaves and on their individual size.

Theoretically, AMAPpara can support environ-
mental changes from one cycle to the other (e.g.
modifications of £), so that there is a possibility for
monitoring plant growth in variable climatic condi-
tions at the cycle level (but not within a cycle). For
doing so, it would nevertheless be necessary to
establish experimental relationships between light
and temperature, on one side, £ and resistivity para-
meters, on the other side.

The model can also support pruning or any artifi-
cial modification of plant topology or geometry.
Figure 9 shows that simulated pruned and unpruned
plants had a qualitative behaviour similar to that of
their real counterparts (figure I): the simulated
unpruned plant is shorter with smaller organs, but its
total biomass is higher than that of the simulated
pruned plant; this may be explained by the fact that
the amount of biomass per metamer is larger for the
pruned plant, for this plant does not divide up its
fresh matter production into many competing buds.

Figure 9. Simulation of branch pruning on the growth of a vir-
tual cotton plant.
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6. Conclusion

Earlier models of plant growth and plant archi-
tecture developed at Cirad were based on the study
of the topological structure of the plant, and
focused on the way to dynamically simulate it [2].
Geometry was plated on this structure according to
direct field measurements, with the aim of obtain-
ing satisfactory 3D plant mock-ups. Such simula-
tors consisted in dressing plant topology with an
empirical geometry. In these models, plant devel-
opment was already controlled by the concept of
growth cycle, which can be viewed as a time
scheduler for the creation of new metamers by the
buds. A given plant architecture was thus analysed
as if it were made up of a finite number of growth
cycles without explicit references to real time.
Probabilities could also be associated with bud
functioning (growth, death and branching) at dif-
ferent levels of the architecture. For example, the
AMAPmod software [8] allows these probabilities
to be directly estimated from field observations of
plant architecture. As a consequence, it is possible
to analyse the architecture of a given plant directly
as the result of a regular growth process divided
into a number of growth cycles. This approach is
useful for studying plants, whose past growth con-
ditions are unknown, which is a fairly common sit-
uation.

Real time can be introduced into such models
thanks to the strong links that exist between the
temperature (i.e. thermic time defined by the sum
of temperatures) and growth rate (i.e. expressed in
terms of number of growth cycles per time unit)
[12]. The duration of each cycle can thus be esti-
mated from field, greenhouse or chamber experi-
ments. But even in this case, there is no feedback
between plant growth and plant architecture: plant
topology and organs are produced according to a
pure morphogenetic model, but they do not play
any functional role by themselves. Such models
can neither be used for simulating the influence of
technical interventions, nor for predicting the
impact of changing ecological conditions: the
plants are not sensitive to their environment.

The goal of this paper was to demonstrate that it
is possible i) to extend the concept of growth cycle

to the production of biomass, and ii) to calibrate a
process-based architectural growth model using
experimental data. We assumed that, under normal
conditions, the amount of energy provided during a
growth cycle is fairly constant, so that the environ-
mental trends disappear when growth cycle is con-
sidered rather than time (figure 2). Random oscilla-
tions around the mean were observed on
experimental data, but their effect was dampened
by the expansion of the organs that lasted over sev-
eral cycles. Observed cotton plants had a quite
homogeneous architecture; the evolution of
metamer size within the plant was regular and the
residual noise was low.

We then assumed that, in the absence of hydric
stress conditions, the production of biomass during
a growth cycle is directly under the control of
water transpiration, i.e. that it depends on WUE.
As a consequence, we defined the hydraulic archi-
tecture of the plant. For cotton, we supposed that
the hydraulic resistance was concentrated in the
leaves and was shared between blade and petiole,
which are disposed in series and whose resistance
depends on their geometry and on a resistivity fac-
tor.

The architectural point of view turned out to be
quite efficient and an explicit reference to the exact
values of the physical environmental parameters
was not necessary for calibrating the model.
Indeed, we assumed that biomass increment was
proportional to a constant parameter representing
the potential of fresh matter production during a
growth cycle (parameter E) and inversely propor-
tional to plant hydraulic resistance. An arbitrary
value was set for E, which acts as a common scal-
ing factor for blade and petiole resistivity. The
other parameters of AMAPpara control seed
reserves, and organ sinks, allometry, expansion and
resistivity. These parameters are sufficient to
describe the allocation of the fresh matter during a
growth cycle and to iteratively construct plant
geometry.

Half of the parameters could be directly
obtained from simple plant measurements. The
others had to be estimated by more sophisticated
minimization techniques (i.e. simulated annealing,
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non-linear least squares). Model calibration was
satisfactory: the vertical profiles of organ size
along the stem were well predicted.

As leaf area plays an explicit role in this model,
it is possible to modify either plant architecture or
environmental conditions during the growth.
Feedback interactions between plant structure and
growth are automatically represented through
recurrent growth equations. It is therefore now pos-
sible to link the computation of plant geometry to
the computation of its topological structure. The
present version of AMAPpara [16] can only simu-
late simple plant architectures, but it relies on the
same basic assumptions as AMAPsim [2], which is
already able to simulate the topology of complex
plants. It is thus possible to contemplate simulating
virtual plants reactive to their environment, and
experimentally calibrating such models.
Agronomic applications based on plant growth
monitoring and optimizing at the cycle level is
becoming a goal for the near future.
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