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RESUME. Dens oo papies donl présenids de nouveain dévsloppements malhdmaliques &n
meddlisation et simulaion de 8 crosancs des plames. Greanlab esl un moddle sruclone-
fanctian, qui combine Narganogenéss (archilsciung) of B photosymbése |production of rpatition
der bEamasse). La riroaction entre la pholosymibése of 'ompanogensse o5 infroduite ol Nous
présenions Mrdluence de fa biomasse dsponble sur le nombre de méambses par unibé de
croissance o sur e démamage des bourgeons. La théorie ast ersuile appligués & des modiles
dadire simpias, dorm on dludie divers comportaments,

ABSTRACT. In this paper are presaniod new malhamabcal developments m plant growth
mednlling @nd simulation. Geeanlab Meodal = a lunchonalstructural plam growth modal, it
comilings both orpanogeness  (architectural and photcsymthasls  (blomass  production and
rapariticn), Mew iImpEovaments cancam the ralreastion of phetosymhesis on cegaroganasis, We
presant in 1his pager the influanca of avallabla bomass an tha numbar of matamars ina grawth unt
and on tha beanching The ganeral theary s inkroduced and applied o smpé frees. Socme
Ingarashing Denauours pre underinad,

MOTS-CLES : modélisafion ta croissance des plantes, smulation, systéame dynamioue, modéls
ghiLiciuFe-Tonciian
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1. Introduction

Functional-Structural Medels [ 7]) aim @t controfling all sides of plant growth by
combining organcgencsis amnd photosvnihesis. So far, few models exist with their
cormesponding simulation codes ([2][3L[5]k Rocently, Yan ef ol see [4], proposed o
fenctional-structural model in the form of a dvnomical svstem, GreenLab, and based on
simple relevant choices from both biologica]l and mathematical point of views. The
mathematical formalism introduced allows w implement optimization and  contral
technigues for agronomic applications,

In the previous version of the model, the orgonegencsis was determined by a
deterministic or siochastic outomaton, withowt any influence of the photosynthesis. In
this paper, the complete feedback betwesn photosynihesis and organogencsis s
introduced: o variable number of organs will be constructed according 10 the ratio
between the biomass supply provided by the photosynthesis and the plant demand. 'We
stprl by giving a new form for the growih cyele taking info aceount for the first time the
bud existence. Then, we introduce the influence of the retroaction on two kinds of
organs:  first, the number of metamers per growth unit, secondly, the branching patiem.
Lastly. for simple cases, we study the behoviour of the system, from theoretical and
numierics] poing of views,

2. Description of the model

Plunis ore supposed to prow moooyeles. Organogenesis and photosynthesis are
computed simultandously in a recurrent boop of growth. Afler describing a cyele, we
detail the mathematical formalism weed (o represent the plant.

2.1. Progress of a growth cycle

From an wrehitecturnl paint of view, the plant is decompos=ed m basic elements and
simulated by an automaton, whose time step 15 & growth ovele;

- @ metamer 15 a set of organs made of leoves, internodes, buds, fruis.

- o growth unil, noted GU, 15 an elementary portion of pn axis, 1115 & succession of
mednmers sef in place during the same prowth cvele. It s supposed o be completely
preformed in o bud (ne neoformation possible)

An orgin is charpcterized by d chronological age (number of growih cycles since its
appearsmee) and a physiclogical age (type of bearing axis [ | ]} varying from 1 w0 P, .
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[ the photosynthesis model, the plant constructs its first organs from the seed. Then,
during a cycle, the leaves make phoiosynihesis to produce biomass by uiilizing carbon
dioxide, light energy, and water, We introduced here the notion of bud w model the
retromction and determinge the number of sew organs: st il theee is not enough matter,
o buds may die (which used 1w be probabilistic) and then, the number of preformed
ofgans in 4 functional bued §s compueted with the matter allocated o it what goes 10 o
bl is proporionad to is siok value and o the pool of biomass reserves divided by the
total of the buds sinks, called the buds demand, The bud blossoms & the beginning of
thie next eyele, and 50 o, We can sum up this functioning in the following & steps:

I.  Calculation of the available biomass fabricated by the leaves during the cycle.
2. Calculation of the bueds demand, considering all the potential buds,

3. Determination of the member of functional buds, aceording to the ratio bebacen
kaorkass and demand, calculation of their demand.

4. For each b, computation of the preformed growih unit: calcubution of the
number of metamers according 10 the ratio bebaeen biomass and  demand, and
partitioning of the fresh matier between the future ofgans,

G, Blossoming of the buds at the beginning of eyele nt+1

For the sake of clarity, we suppose that the organs grow and function dusing only
one cvele, This is the case of most lemperate trees. Also secondary growth s neglected
(o Bayers ), and so s the root system. However, the model can easily be extendied.
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2.2. Mathematical formalism

Im this section, we introduce the formalism of the mathematical model. A more
achievid form nelated o Automatic Control theory is presenicd i [#).
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2.2.1 Notations

A bud of plvsiological age K bisbk), grves birth (o o@ growth e of physiologecal
age b, GLICKD, thist i s suecession of metamers (6], each of them bearng M, potential
axillary bodsdj) pad | leaves, We pole wf ; the number of metarmeres (kj) i GUE) |
vary g Trom K o ',

N s the number of botanscal clements o created ot the béginning of cycle n, o
iher sinks (o bor leall e for imterneide, m for metamer, b for B, LA fos growth smit), T
araiels for o demancd gnd €7 is U biomass produced ar growih cvele n

N AL sctimal hudslh) are in thi trewe ol the end of cyele n-1. They blossom al
ihe  begmmng  of eyele 0, w0 N =N Thercfore  there  are

."l.l'ff "4 mtanersi k) in thie tee and we deduce the aumber of leaves, litermisdes. ..

Fi"ﬂﬂ_t.'h[%‘-." dederibe the plant w9 the bisdnnmg of evele no we s the varishlés
AT =N e, :1'“1.;-[:.--1.! J and 5" =[S, |, iy - orray of the surfice
areas of leaves, We nole A, B and B armys reprssenting respectively plam consimsction
rules, relaticns between sinks and sources, and eavironneninl parameters.

2.2.2 Photosynthesis

In the photosyithesis model, cach leaf produces matter * according 1o 5in empirical
function degending on 15 surfhee B i #d, r2 hidden parométers 1o assess We
suppose thar only the onc-cvele old leaves work o fill the biomass rescrve. We have:

# L T
e O =3 N ZL'— = (X" ST EB. A (1N
k)

g T
» r: H +f":.
§ 8

2.2.3 ll:-lrgmmﬂs

£.2.3.1 Buds modalEng

I the tree, there are A" potential huds of physealogical age k (31
NI = E NV M N i3

=

and their demmnd s (4] : &

D‘Iﬂl“ =ZJ~|'IF“F-: -I‘Ii
k=

According io the available biomass, some buds maov die. Their behaviour-depenid on
their choractenistics i physinbogical mge) but ned necessarily on the hranchimg onder in the
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tree, We consider for the moment that termingd buds always keep functioning, In each
Gk}, wee determune the luunh-&f.-.,{' al functsonal bods :m:ung tI:enr' .'nf I:dtﬂm:m[
pertential opes, and set them i place in the goovib unli scegeding s hﬂlﬂﬂ.ﬂ:] !:m".

J,- "Gl,f'r"i,,- ..,-1F, L?f'""" (%)

Herenfler, we compute the iogal number ol functional buds and ther demand,

P,
NP SN N i DENER @
= =l
- ﬁ-‘i Lot =."'|’f"", finally:

[N:.'r mll = F;'[l-l"J'll't'" I.-I-J‘.. '!“;I_,n |4_..' .P_*l ."j':'_l [I Jul B A8, E] p
I

2.2.3.2 Metamors creation

Each budik) recerves on amoomt ¢f minites proporionnl m its sink, g, (8} which
determines the number of metamers (kb thas it will crease 5], (9) -

ai" = pt fm. W= L g = PN L 4 BQ) (81i9)

wre |t

We note o * * the organs demand inside the bud and each one receivesq’ ;" They
appear at the begimimg of cyele n+ 1, therr volumes bemng computed by atlometry mles.

Fﬂ- Ejl'ﬁ'" [
¢ = :ﬁ o owith @7 =Nl pr (1)
d e

In particular, leaf aren :‘rs";" y
R T O ) O (1)

223 Dynamical system

I3y combrmng the above orgamogeness and photosymithesis equations, we con oblain
the follawing dynamicad systém deseribing the pland growih;

§" =M S AR E)

» (12)
X = F{X*,5".4,B.E)
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3. Results

In this section., we present some theorcticel and numerical examples for the vamable
number of metamers per growth unit and the variable number of axillary branches. The
simulation results are obtained with the C++ software Digiplant develoged in ECP.

3.1. Variable number of metamers per GU in young seedlings

[n nature, tree seedlings have growth units with few short metamers. Progressively,
growth it size increpses. Here we study a young unbronched seedling. At each eycle,
its terminal bud gives birth to o new growth unil, whose number of metamers varies.
Grrovwvth eguations (63011 ) become:

u"EQ rep”
W' = 0", with 0" = —Q_Iam?' g iﬂ =i
"+ BQr pp ‘
. (13}
LT el .l|'l._-|l.-lI QI
Nl T me—ee
e pu
Wechoose ¢ - v — {., Y« where {x}in the rouncled value of x
; : I E il
' In this expmple, we take a=1/2 C=2, JJB‘,, 1.00 : B0
\ / E= 10600, x=750, =130, (ii=1; p*=p"=0.5. p"=1. I 121 2 06l
\ 1 144 2 0m
i st 3OLAE 2 DB4
. 4 201 3 067
r 5 23T 3 0M
“ 6 271 3 0%l
: 7 O30E 3 OLDG
3 r 8 35 4 089
L 9 407 4 1M
" e —e—biomass O - o . | 10447 4 L12}
. i —i— ik _rme|
2 ——yol_met

Ifex =0, the biomass and the number of metamers have a limit that can be easily
computed from the recurrent equations | 13) This behaviowr is guite similsr o that of
voung beech inee.
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Snine interesting behaviour frequently observed on real plants (b, chacs )
i nbtaned for somee partaculsr value of OF

— Example
i — -~ with &= —1h5
=
5 s -
e e — We  nmolice
1 ~— thar, after @
L S T while, the scrics
& [ — S : becomes
n 1 i (] ] b o g e IJ'Er'iI:I:iiEEl
e e e I L

3.2, Functional buds in a Roux model

We study a iree with o trunk und vne type of Branches (2 physiobogical ages)
Chrotwth unils a0l compesed of ene metamer, bearing me leaves, Metamers . on
branches have mo axilbiry bod, The terminal bud abways functions but the lateral ones
Ty sl

‘|"r|'| Al - G{Hll'n Qﬁ }= hl'." A +(ﬂ.435 LJ"I > : ”_rﬂl ='I

. D'“"" m4+ hrl-l!..n
1 " I:|'.|-.|1 bE [T -II-II
'i.1m +Ii Ir;ll I||II||.'!'.-\.| +rlgv-l

=5 E=1000,e= 0,05, rl = 7500, )2 =75, 2p" = p =05, p' =L,m=2
P
W can deduce the condilions satisfied by e frst cyele ol branching J;
O < (m+ 10510435 < hHE"),
el Mnisfly f=8 bere (Uhat s m =1 )

After same tome, two bronches appear ol each cyche. Then, the msetamer vohmme
benids tey o bisent g, that is ndependend of the cheice o the Fusetion G, and exasts evien
sl a B unboainded himehon:

mE=A

o5
T

=647
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I a amet 1y 1 g _k.l Mija
o 1.0 1.0 aji1z 15 1.5 1
1 1,8 D42 aj o 12s 16 1
2 16 053 aji4 16F¥ 1,78 1
3 20 D086 ajism 181 1.9 1
4 24 D8O ajie 230 208 1
5 28 085 ajirT a2rs 226 1
6 33 111 ajta 32e 251 1
7 38 137 1]#8 383 273 1
a 468 116 1|30 445 2497 1
8 57 114 a]a1 5.2 320 1

1o 7.0 138 11& 583 343 1
1 85 142 1|23 es7 3es 3

4. Conclusion

We have presented the bases of a theoretical mode]l descnibing the influence of
photosyrthesis on the number of metamers per growth unit and on branchime. The model
con be easily extended to more complex cases. However, it needs to be fitted to real
plamis, which raise n problem of choice and adjustment of s parameters. Therefore,
complementary studies (implying confrontation of the model o real plants, like beech
tree pnd coftee tree) are in process in order 1o refine the parameters definition.
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