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Abstract: Functional-structural plant models (FSPM) simulptent development and growth,
usually accompanied with visualization of the pl&bt architecture. GreenLab is a generic and
mechanistic FSPM: various botanical architectuis lze produced by its organogenesis model,
and the plant growth is governed by the competitionbiomass among growing organs. A
distinguished feature of GreenLab model is that,oitganogenesis (in terms of the number of
organs) and growth (in terms of organ biomass) farmulated with recurrent equations. It
facilitates analytical study of model behaviourgiaroof of simulation software, and application
of efficient optimization algorithm for parametelentification or optimal control problems.

Currently several levels of GreenLab model exis}t:tlie deterministic one (GL1): plants have a
fixed pattern for development without feedback frtime plant growth; (2) the stochastic level
(GL2): pant organogenesis parameters are prohb#hil{8) the feedback model (GL3): the plant
development is dependent on the dynamic relatipniskiween biomass demand and supply (and
in turn the environment). It makes it possible éaldwith different kinds of behaviour observed in
real plants.

This paper presents recent typical GreenLab apgitst (1) calibration of GL1 for getting sink
and source functions of maize; (2) fitting of G2 @rganogenesis of wheat plant; (3) rebuilt of the
rhythmic pattern of cucumber using GL3; (4) optiatian of model parameters to improve vyield,
such as leaf (for tea) or wood quantity (for tred$) the possible introduction of genetic
information in the model through detection of quiative trait loci for the model parameters; (6)
simulation of plant competition for light.
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1 Introduction

In past years, Functional-Structural Plant Mod€ISKMs) were attracting interest from plant
modellers (Vos et al 2007). GreenLab methodolbggan to develop near ten years ago, have
been applied for many different crops, includingzagGuo et al 2006, Ma et al 2007, Ma et al
2008), tomato (Dong et al 2008), chrysanthemum ¢Katnhal 2006), pine tree (Guo et al 2007),
Arabidopsis (Letort et al 2007), wheat (Kang et280D8). Other undergoing GreenlLab-based
application for various purposes includes modellmgbeech tree, rice, cotton, cucumber, sweet
pepper, etc. On the other hand, theoretical worksoeenLab kept on undergoing in parallel: the
formalism of the topological model (de Reffye eR@D3), structure factorization of complex plant
structure for fast computation (Cournéde et al 2086alytical computation of mean and variance
of stochastic model (Kang et al 2007), generatibnhgthmic pattern of branch or fruits from
GreenLab dynamic system (Mathieu et al 2007), lektween GreenLab parameters and QTL
(Letort et al 2008), computation of inter-plant qmetition (Cournéde et al 2008). Software based
on GreenLab model has been developed for plantlaiion and model calibration, including
CornerFit, GreenScilab, and DigiPlante.

In this paper, we review the general form of Gre@minodel, present its different levels, and
one of its application on real plants. Three theoaéworks are presented to show future possible
application with GreenLab.

2 General presentation

A time step (a growth cycle, GC) in GreenLab manetesponds to the temperature sum it
takes to generate a growth unit (GU), being a metdor crops or an annual axis for trees. The
plant development is simulated with automaton (Zba@l 2001). All organs (leaf blade and
petiole, internode pith and layer, female and madgns, root system) are sinks that share biomass
from a common pool. The sink strength of an orgarieg with time, described by an empirical
function. As a result of competition, the weighteafch organ is computed, as well as the size of
organs. Beside the seed that provide biomass fiali@Cs, leaf is the main source organ. The
production of a plant is a function of green leagaa

The number of GC since the appearance of an ongarbeanch is called chronological age
(CA). Another feature is physiological age (PA). BAexpressed in integer values too, being one
for main stem. Branches are generally physiolobjicatler than its parent axis, except the case of
reiteration. The maximum PA in plant is noted gas®rgans of the same CA and PA are supposed
to have the same sink strength and thus the sarightw@xcept for internodes that can have
secondary growth). Based on the notion PA, usirgstsucture decomposition (Cournede et al



2006), the number of organs in each GC can be ctadpuith equations without resorting to
simulation.
A highly compact form of GreenLab model can be ezped as in Eqn. 1:

No = f(P;,Q,T) (1)

Q=1f(No,Py,E)

In Eqn. 1,N, are the number of organs of each CA and PA intdancture at each growth cycle,
O=B (blade), S (sheath), pith (P), layer (L), feendF), male (M), or root (R)P4 are the
development parameters that define the plant tggplimcluding the number and PA of leaves,
buds, flowers and axillary buds in each kind of G&petition time of GU in an axis before mutate
into another PA, etcT is the air temperature. The development speeteoplant, or number of
days per GC, is mainly decided by the air tempeeatu

Q can be any quantity of the biomass of plant ahemowth cycle: weight of individual organs, or
total weight of a kind of organ (say fruits), origlet of full plant.E is the environmental datRy is
the growth parameters that effect the biomass mtomtu and partitioning among organi,
includes:

(1) the relative sink strength of orga®g}), p being PA of organs. That of blade in main stem
is set to one as the reference, Pg’=1;

(2) parameters of sink variation functiopo) that describe the change of sink strength of
individual organsj being CA of organs. The actual sink strength obegan of PAp and CAi is
thusPoPyq';

(3) the empirical parameters of source functiom gn. 3);

(4) functioning time @, expansion time (f of organs;

(5) internode allometric parameters and specifif Veeight €).

The total demand for biomass of plant is computedha sum of sink strength of all growing
organs, as in Eqn. 2:

Pm tXO

D, = ;Z No"' Pod, 2)(
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A commonly used biomass production function of @teb is inspired by the Beer-Lambert law
of light extinction:

Q, =E.B-exp(yS,)) 3)
Wherep, y are empirical model parameters estimated by mogelsion,S, is the total green leaf
area of the plant at growth cyaie
The biomass allocation to an organ is then
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The biomass of an organ is sum of increment sitscagpearance:
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From Eqgn. 5, it can be seen that the biomass ofgan depends on the ratio (Q/D) during its life
span. Although organs of the same type and PA tleveame sink strength, their final biomasses
differ if they appear at different moments.

3 Versions of the GreenLab model and their applicadns

Different levels of GreenLab model have been dgy&dcand applied, namely GL1, GL2, and GL3.
In order that the model behave closely to the paht, it is necessary to get a set of suitable
parameters (model calibration). Part of them caoliserved directly, such as specific leaf weight,
internode allometric parameter, development pararag¢tase of deterministic model), functioning
and expansion time of organs. Organ sink strengjthk expansion functions, and empirical
parameters for biomass production, are difficultn@asure directly. These (hidden) parameters are
estimated using non-linear least square methodngimi minimizing the model output and
measured data. Besides these common parts, difféegals of model have their specific
parameters, see below.

3.1 GL1 and case study on maize

GL1, the basic version, has been applied to simutany plants: maize (Ma et al 2007), pine tree
(Guo et al 2006), arbidobisis (Letort et al 20a3)rysanthemum (Kang et al 2006), etc. In GL1,
the plant development (and consequently the numbergans) is not influenced by the biomass
supply, but follows a fixed pattern. The form of Gis thus as in Eqgn. 6.

No = f(P,,T)

Q=f(No,P, E) ©

In the case that the plant is of single stem gtinectthe numbers of organs are easy to
compute, and one can concentrate on sink-soureenger.
Growth rateQ), is the increment in biomass in a growth cycletfigrwhole plant or each individual
organ. For field plants, the growth ra&dg, and organ growth rattsg,(n) are internal and transient
variables, and they are technically difficult todieectly measured. Therefore, the source and sink
functions cannot be separately determined by usiagsical curve fitting methods. On the other
hand, the plant architecture and organ biomasaanemulative results of the dynamical processes
since the plant emergence, including plant growtth argan development. From the modeling
point of view, since GreenLab model output variakfleumber, size and mass of organs) implicitly
and nonlinearly depend on the hidden parametetiseimecursive simulation process, thus these



parameters can be identified through inverse mogglie., the parameter values are determined
by minimizing the differences between observed sintlilated variables. When this is achieved,
GreenLab model can fit best to plant morphologemadl architectural data observed at several
points of time. There are several optimization athms available to minimize the proposed
objective function, for example, the Levenberg-Magit method, genetic algorithms, or
stochastic methods. The Levenberg-Marquardt mathprhctically proved more efficient than the
others in terms of computation time.

We llustrate how GL1 is calibrated on the maizanplas an example. Under normal
condition of moderate density, the final structofenaize plant is made up of four types of organs:
the main stem, the leaf sheathes and blades, & (tes male organ) at top, and one or several ears
(the female organs) set at different nodal positialong the stalk. For maize, the variation of sink
strength of individual organs was taken as the foffagn. 7:

B o 1sjstx
0 j>tx,
. a1 . Bo-1
Wherego(j):(J_O'S) (1_1 0.5) | (7)
l:O tO
HUo =max{gy(j)|1s j<tx,},0=B,SI,F,M

¢o(j):{

There are 12 parameters to be estimated for mé&ngspincluding two empirical parameters of
the source functiondandyin Eqn. 3), and ten parameters of the sink fumsti®o in Eqn. 2 and
acin Eqn. 70 =B, S, |, F, M, denoting leaf blade, sheath,imbele, ear and tassel, respectively,
ao + o =5 for all organs).

During the course of plant development and growants were regularly sampled and
detailed measured, including size (length, diameter) and fresh or dry mass of each organ. The
data were stored in a specified structure accortbnipe position, type and attribute of organs.
From these data the target can be constructetiédambdel to fit. In order to get an estimate of the
source and sink parameters, we use the weightetidgaare criterion:

@0) =(Z-F(6)) W(Z-F(®)) (8)
whereZ is the target vector consists of measurementaaaant samples at several stages
the parameter vector to be estimated, a subseg; ¢%(8) is a vector function (i.e., the recursive
simulation equations) with respect@pwhose components are simulated data correspotwlifig
W is a diagonal positive matrix which weights theieas observations.
GL1 model where fitted to three stages of maizentglaThe fitting results are shown in Fig. 1.
Based on the calibrated parameters, the model egtsdt against independent data from different
years (Ma et al 2007) and different population d@s(Ma et al 2008).



3.2 GL2 and case study on wheat

GL2 is a stochastic model, having the same foriagas 6, whereaBy are stochastic variables. It
takes into account the variations in topology amplagts caused by bud activities, such as bud
dormancy and bud death. Accordingly, the numbesrgins,Ng, are stochastic variables. Their
mean and variance, necessary for computing thob®mofass, can be computed analytically aside
Monte-Carlo simulations (Kang et al 2007). At autesthe effect of plant topology (dense or
sparse) on plant production GL2 can be shown imatelyi GL2 is interesting for plants show
strong randomness in topology, for example, whéattpUsing tiller bud outgrowth probability
and tiller survival probability, the number of pbgters in tillers and the final remaining tillers
were well simulated, as shown in Fig. 2. The secda@d of model calibration concerns fitting on
biomass production. This procedure is similar talGixcept that the numbers of orgaNs, are
the mean values from plant samples. In other wihvel average plant is fitted, representing the
common plant among those of various topologies.

In more general sense, the growth parametgiare also stochastic variables. It is meaningiul f
genetic application of the model. The biomass petida is a complex nonlinear function of both
categories of parameters. The analytical mean arihnce of Q can be computed using
differential statistics.

3 GL3 and sweet pepper

GL3 is a feedback version, having the same forifaaqs 1 regarding the biomass production
but the topological events of the plant are assumée controlled by the ratio of bioma€k Eqn.

3) to demand (D; Eqn. 2), that is to say that theloers of the different type of orgaNg are
computed as functions of this ratio. It allows kghrcing the plant phenotypic plasticity as the
number of organs depending on the plant vigour.

As an example, this GL3 model can be used to simte cyclic patterns of fruits that have
been observed in the sweet pepper plant (Marcetis2004) or in the cucumber plant (Marcelis,
1992). Fruit abortion can occur within the firstydaafter fruit anthesis. In the GL3 model, we
assume that if the ratio of biomass to demand @ ua given threshold a few growth cycles after
the fruit appearance, then the one will abort. @tise it will continue growing. This model was
calibrated on pruned cucumber plants where the fmowth is not limited by fruit initiation
(Mathieu et al 2008). Fig. 3 shows the differenibeveen the plant measurements and the model
simulation. Fruits appeared on the plant when #tie 0of biomass to demand exceeds a threshold
(Fig.- 4) which explains the two waves of fruits tire stem. The cyclic patterns of fruits are
explained as a consequence of the assimilate cd@mpdietween organs.



4 Theoretical study

The virtual plant itself as described by GreenLatdet is a complex dynamic system. As it can
behave close to real plants, it is meaningful tovittual experiment on GreenlLab plants. The
theoretical studies present here are experimente docomputer. These works may pioneer the
following work of applications.

4.1 Possible link with Quantitative Trait Loci (QTL)

In maize (Ma et al 2007) and tomato (Dong et al7Z2P@lthough the relative sink strength (of
pith and fruit) vary, their expansion function rdmghe same for plants grown under different
population densities. Consequently, it can be Hyggired that some of GreenLab parameters are
species-specific and gene-based.Y.denote the vector of these ‘genetic’ parametetsodiucing
genetics in the model allows simulating plant rejmeiion and studying the evolution in time of a
virtual population without requiring to time- andage- consuming experiments. In our model, the
genotype of the plant is defined as a set of twaiors C, andC,, representing the chromosomes
(for sake of simplicity, only pairs of chromosonma® considered, although maize is generally
haploid). The components of these vectors (alledes) positive real numbers representing the
parameter variation around a reference vafiye An applicationf defines the rules of allele
expression (dominance or additivity) and then tpenetic’ vector of GreenLab paramet#rss
calculated as a product of matrices:

Y =C x Axf(Cy,Cy) 9

A is a matrix defining the influence of genes onheparameter, including pleiotropic rules
(one gene has an influence on several parametecg)nabinations of several gene effects on one
parameterC is a diagonal matrix introduced to ensure thatdbefficients ofY are of the same
order range (similar to barycentre calculation)pi®eduction between two plants is simulated with
realistic rules (Poisson law) driving the probapitf crossing-over occurrences, see Letort et al.
(2007) for details. It allows generating a virtn@pping population (recombinant inbred lines) to
simulate the procedure of quantitative trait |0QIT() detection, as done by geneticists on real
plants (de Vienne 2003). Their goal is to localize chromosomal segments (called QTL) that
contain genes of interest (influencing the yielok, instance). In our model, QTL detection is
analogous to determination of the coefficients aftnim A that drives the link between the plant
genotype and the model parameters. Results showsigin5 are consistent with the opinion
defended in several recent papers that underlifesl gotential benefits of introducing
physiological knowledge into breeding programs.(€gapman et al 2003; Hammer et al 2006;
Tardieu et al 2003; Yin et al 2003). Our studysthated that QTL detection on model parameters
is more accurate on model parameters than on &ssical morphological data such as cob weight
(Fig. 5). We conclude that this method is worthyotested on real plant populations. GreenLab



parameters provide new criteria to renew the brepgrocess and to characterize model-based
ideoptypes.

4.2 Yield optimization

As GreenlLab is a mathematical model, it is possibkpply various optimization algorithms.
Optimization on plants helps revealing the relalip between sources and sinks, and guiding us
the direction in cultivation and genetic operation.

The optimization applications on GreenLab can lessified into two categories. If the
parameters on which we optimize are related to tgefectors, such as sink variation of organs,
their positions, etc, this kind of optimization ptems belong to the classical multivariate
optimization problem. If the variables to optimize related to cultivation methods, such as water
supply strategy (Wu et al 2005), pruning strategg, this kind of problems belongs to optimal
control problem. Here we present several optimizagproblems of different aims based on
GreenlLab model.

There are two basic optimization problems: optitidrawith or without constraints. Most
optimization problems for plant growth can be dfésd to constrained ones. For example, in the
domain of forestry, the volume (quantity) and gtyatf wood are of primary importance, from
both economic and mechanic point of view. In Gresmmodel, wood quantity is impacted by the
sink strength for cambial growth and a coefficigrat determines how biomass for cambial growth
is allocated to each internode. Optimization orsé¢hievo parameters gives the best yield of wood.
On the other hand, wood quality is related to teergetrical shape of a bole and branches, which
is controlled by mechanical parameters. Given ¢it@l biomass for cambial growth, if too much
biomass is allocated to the branches, the bionasisigned to the bold is not sufficient. Otherwise
if allocation is too much for the bole, the loadlué bole will be too heavy and fall down easibe s
Fig. 6. As a result, besides maximizing the boléghk the angle of the bold at the top is limited
under a threshold. The optimization problem on wqoantity and quality for a tree is the classical
optimization problem with constraints. The prelianiy results are to be published (accepted by
IUFRO 2008).

Pruning is a common cultivation action in agrictdtior forestry, in order to make plants
growing better and to get better yield. For examplest of side branches of tomatoes are removed
to make sure fruit yield. Obviously the behaviopt#nt is modified if pruning is done during plant
growth. A special case is to prune leaves, sudkeagplant. Here leaf plays double roles: it is not
only the source organs the provide biomass to whialet, but also the yield. For this problem, we
add a control variable that represents the propori number of leaves pruned among the living
leaves. With the objective being maximizing pruteslves, it is an optimal control problem. This
work is to be published soon. An ongoing optimizatissue concerns the relationship among palm
tree, insects and parasites. In this system, leanogiice biomass through photosynthesis, insects



eat leaves and parasites suppress the populatiovttgof insects. The optimization problem is

complex because of interaction among the threersctbis necessary to study the population
growth of insects and parasites, both affect sicgniftly the growth behaviour of the palm tree. In
addition, to avoid destroying leaves, pesticidased. Considering the fact that pesticide kills not
only insect adults but also parasite adults, ardptice of pesticide is very expensive, in order to
reduce the cost and increase its use efficiendydkly insect adults), it is important to decide

when pesticide is put to palm tree. This is als@ptimal control problem.

4.3 Plant competition

GreenlLab is an individual-based plant growth motieiwever, for applications in agriculture
and forestry, it has to be extended to the scalglaft population. For this purpose, inter-plant
competition for light is taken into account, seau@@de et al (2008).

For high density crops at full cover, the modelidtide equivalent to the classical equation of
field crop production. For example, Howell and Miks{1985) showed that biomass production is
proportional to crop transpiratioh It is driven by the potential evapotranspiratithe soil water
content and the exposed green leaf surface arabyad®d using Beer-Lambert's extinction law. If
at cyclen, E,denotes the product of the potential evapotranspiranodulated by a function of the
soil water contenk is the Beer-Lambert extinction coefficient relatedeaf angular deviation and
LAl,is the leaf area indeX, is estimated as:

T, =E,(1-exp-kLAI,)) (10)
Finally, the biomass production per unit surfaceag),” is:
Q=4 T, =Eu (1-exp(-kLAl)) (11)

whereu is the Water Use Efficiency.
From the individual plant production equation oe€&nLab (3) and in the case of a homogeneous
crop of density , the biomass production per unit surface arearésilly deduced:

Q°, =E, Bd (1-exp(-1s,)) (12)

Let S=1/d. For a homogeneous cropAl, =S/S;, by identifying (11) and (12), the empirical
parameter® andy are thus given by=uS; andn=w/S;. This analogy helps us derive a general
formulation for the individual plant production exion:

Q(n)=E(n)us, (1-exg-ks(n)/s,)) (13)

S, is a reference surface, such th&$ in the case of homogeneous high density cropstfgee
application to maize for different densities in Btaal 2008). In the case of spatially heterogeneous
crops (like rapeseed fields), a Voronoi tesseliatian help determine thg 8f all individuals in
the population. For tree communities, things carfaremore complex. First, the reference surface



can not be taken as a constant: it increases alamg) growth. Cournéde et al. (2008) proposed to
model it as a function of the leaf surfacg(:rﬁtsjo(SJS)O)’. Simulation results are shown in Fig. 7,
which shows the impact of density on tree architexctlt was tested successfully by Letort et al. on
beech tree (2008, submitted). Moreover, a gene@lizoisson model of leaf repartition inside the
canopy was proposed by Cournéde and de Reffye J2@DZompute plant production for
individuals in heterogeneous and potentially msiitecific tree stands. Although the simulation
results are encouraging, this model still lackkifiealidation.

5 Conclusion and Discussion

The GreenLab model catches the main growth prosedse integrating the competition and
production of biomass. The model is proved to beege to simulate plants of various
architectural models. When difference is discoveledween the behaviour of model and
experimental data, it reveals lack of informatiantihe model: some important ecophysiological
process might not be taken into account, and fugkperimental studies are required. Theoretical
work can push experiment and experiment providesviedge to model. In a spiral way, through
interaction between model and experiment, knowledgeplant can be increased. GreenLab
provide such a tool that integrates knowledge, talgd improving understanding of the complex
plant system.

The mathematical formulation of GreenLab allowbkeotetical study of model behaviour, prior to
application to real plants. At beginning the maiterest was the calibration of model for a plant
under fixed environment. With the achievement oeothtical computation, such as plant
optimization, possible link with QTL and plant coetition, new focus will be on the genetic
difference, and cultivation strategy. Actually swebrk has begun already.

In GreenLab, there are still several empirical pagters that lack explicit physical meanings. With
more and more application, the next step may lkethia parameters with actual measurable values,
so that it is easier to compare the parametersaotpunder different condition, or even compare
the parameters for different species. Alink betw&eeenLab and traditional physiological models
may benefit to each other.
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Fig. 1. Fitting GL1 to maize plants using measudath at three ages (i.e., 10, 18, and 30 GC, raégplgdt

simultaneously. Target data are organ fresh wei@ht®r internode, (b) for the cob, (c) for leddde, and (d)
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Fig.2. The mean and standard deviation of the naimbghytomers and ears in main stem (PA 1), prymar
tillers (PA 2), secondary tillers (PA 3) of a wheddnt, with population density 100 plant& nfitted with

GreenLab organogenesis model (lines).
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Fig. 3. Simulation and measurement for a cucumtzent @t three different ages (9GC, 15 GC, 31 GC). We
used a multifitting procedure with the same sedmfrce-sink parameters. The variations in the phgto

profile along the stem are a consequence of thgettion between sinks.
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Fig. 4. Ratio of biomass production to demand asatfon of growth cycles and corresponding plant.
Horizontal line represents threshold value (a). Wihe ratio exceeds this value, fruits grow onrttaén stem.
Two timeframes in which fruit set can take place aloserved (b).
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Fig. 5. Simulation of QTL detection: GreenLab paesens ) are determined through a simple genetic
model (matrix multiplicatiorD, A) from the allele values. The graphs representabelts of QTL detection
using a virtual mapping population when traits el parameter compared to the case where théstrai

cob weight.
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Fig. 6. 3D illustration of wood quality and quawptifor a 40 years old virtual tree. (a) trunk weigh
5.04E+4g (b) trunk weight 2.45E+5g.



3D Output:

View from above:

Fig. 7: Simulation and visualization of trees (o same species) growing in different conditions of
competition: in a clump for individuals (a) and é@)d in open-field conditions for (c).



