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Abstract

Construction of architectural databases over yéarme consuming and cannot easily
capture the event dynamics, especially when beth tiwpology and geometry are considered.
The present project aimed to bring together modélsopology and geometry in a single
simulation such that the architecture of an appde tmay emerge from process interactions.
This integration was performed using L-systems. i&eth approach was developed based on
stochastic models to simulate plant topology andhaeistic model for the geometry. The
succession of growth units (GUs) along axes andr thanching structure were jointly
modeled by a hierarchical hidden Markov model. Anbeéchanical model, derived from
previous studies, was used to calculate stem fdartheametamer scale, taking into account
the intra-year dynamics of primary, secondary anod growth. Outputs consist of 3D mock-
ups geometric models representing the progressiameefform over time. To asses these
models, a sensitivity analysis was performed andcmjagors were compared between
simulated and digitized trees, including the totanber of GUs in the entire tree, descriptors
of shoot geometry (basal diameter, length), ancrgesrs of axis geometry (inclination,
curvature). In conclusion, in spite of some limaas MAppleT constitutes a useful tool for

simulating development of apple trees in interactiath gravity.

Keywords: Functional-Structural Plant Modellree simulation, Biomechanics, Markov

model,Malus x domestic8orkh.



Introduction

In the last twenty years, the introduction of aretiural studies in horticulture has led to a
better understanding of fruit tree development @andprovements of tree management at the
orchard level (Lauri 2002; Costes al. 2006). In particular, tree architecture plays a kag

in 3D foliage distribution and consequently in lighterception and carbon acquisition, which
in turn strongly affect the reproductive growth fofiit trees. During tree ontogeny, tree
architecture is progressively built up, reflectmgomplex interplay between the topology of
tree entities (which in turn results from the grbwand branching processes) and their
geometry, including both the shapes and 3D positdrisese entities (Godin 2000). Specific
methodologies have been proposed to capture dpsogy (Hanan and Room 1997; Godin
and Caraglio 1998) and geometry (Sinogeetl. 1997), and to combine both description
(Godinet al. 1999). Based on these methodologies, a numberntabases have been built for
several cultivars of apple tree, and models hawn lieveloped for analysing growth and
branching processes along the trunks (Costes andoBu&002), the branches (Lawt al.
1997), and over tree ontogeny (Costéal. 2003; Durancet al. 2005; Rentoret al. 2006). In
parallel, the question of stem form change oversybas been addressed by the development
of biomechanical models (Fourniet al. 1991a and 1991b; Jirasek et al. 2000, Ancetial.
2004, Taylor-Hell 2005). Fournier and collaboratolarified the application of mechanical
principles to the calculation of the deformationaofrowing stem. These works underlined
the importance of the relative dynamics of stendilog and rigidification. An extension of
this model to the bending of fruit tree branches baen applied to the apricot tree and
required to take into account the intra-year dymanaf growth, loading and rigidification

(Alméraset al.2002).



As the construction of architectural databases geears is time consuming and cannot
easily capture the dynamics of events, especialtgnvboth topology and geometry are
considered, we developed a complementary stratdgghwaims at integrating the acquired
knowledge into simulations of a developing treehdecture. Our project was to bring
together the models of topology and geometry dewetnt in a single simulation such that
the architecture of an apple tree may emerge fltoeset models interacting over time. This
integration was accomplished using an L-system lsitin model, MAppleT, which is
presented in this paper.

In previous studies, L-systems (Lindenmayer 19@8siRkiewicz and Lindenmayer 1990)
have been widely used to simulate various aspefciglamt development (Prusinkiewicz
1998). In many applications, local re-writing rulapply to apical meristems to model
meristem production at the metamer scale (as detoye\White 1979). In these simulations,
mechanistic models of plant function specified atiotgs levels of abstraction have been
applied to simulate various plants. For instanbe, dllocation and transport of carbon has
been considered in peach (Allehal. 2006, Lopez et al. 2008); the relationship betwgant
structure, fruiting patterns and environment, amel éffect of defoliation on plant structure
have been addressed in cotton (Hanan and Hearn Z00&hbyet al. 2003); and the impact
of light has been considered in various coniferamsl deciduous trees (Mech and
Prusinkiewicz 1996; Rentogt al.2005a and 2005b) and in clover (Gaugeal. 2000). In the
present study, we developed a mixed approach basesfochastic models for representing
plant topology and mechanistic model for the geoynéfhe modeling of branch bending
critically depends on the distribution of massemglthe branch (.e.g. fruits, and long or short
shoots). As current mechanistic models do not sgprieaxillary distribution with sufficient

precision, we used stochastic models (Guéetaal. 2001; Guédon 2003) to simulate axillary



and terminal bud fate at the growth drsitale (GU). This scale makes it possible to accoun
for tree development in consecutive years, andploenomena which have a particular
importance to fruit trees, such as the annual eggyl(or alternation) of fruit production and
the distribution of fruit within the tree structurBegarding stem form, calculations were
performed at the metamer scale, taking into accdoltintra-year dynamics of primary,
secondary and fruit growth. The bio-mechanical nhoded in MAppleT is derived from the
work of Jiraseket al. (2000) and Taylor-Hell (2005), and from the workAdméras (2001)
and Alméraset al. (2002 and 2004). Both these works are based manr-ournier's (1991a,
1991b) metaphor of bending beams applied to wotaiys

In MAppleT, tree architecture is determined by types of information: the tree topology
(i.e., the connections between plant entities, sasckthe sequence of GUs and the placement
of the organs) and the temporal coordination ofettgymental events, the latter including
both morphogenesis and organ growth. From this nm&bion, the tree geometry is
determined by computing the biomechanics of the.tf@ur goal has been to lay out the
foundations for a fruit tree simulation programtth@uld make it possible to examine virtual
scenarios of horticultural practices, consideriegagic variation of architectural traits. Given
the high complexity of possible model outputs, goal was to initiate a validation approach
by defining a number of tree descriptors and compgahem between simulated and digitised
trees. This paper presents (i) the datasets that used in the modeling approach, (ii) the
elementary models that were integrated in MAppléhutations, and (iii) the results of

simulations, which were obtained in both graphaad numerical form.

A growth unit is defined as a succession of metarbailt during a same growing period, i.e. betwiem
resting period of the meristem; a growth unitiisiled by scars indicating the growth slowing dowrsmp
(Hallé and Martin, 1968)



MAppleT: an Integrated Simulation M odel

Plant material

Our main database consisted of data for two appkestof cultivar Fuji, the topology and
geometry of which were entirely described overysars (Costest al. 2003; Durancet al.
2005). The method used to describe tree topology dedailed by Godirt al. (1999) and
Costeset al. (2003). In brief, each tree was described usingethscales of organisation
corresponding to axes, growth units, and metaméng types of links between plant
components were considered: succession and branchinee axis types (long, medium and
short) were distinguished, depending on their comipasin term of GUs. These GUs were
divided into four categories. (i) Long GUs were mdinan 20 cm long and had 22 metamers
on average. They included both preformed and newfdrelongated internodes. (i) Medium
GUs were more than 5 cm but less than 20 cm lohgsd GUs consisted of 8 metamers on
average, which were typically preformed and had gdted internodes. (iii) Short GUs were
less than 5 cm long, and consisted of non-elonggedpormed organs. (iv) Floral GUs or
“bourses” resulted from floral differentiation dfe apical meristem. The number of metamers
was counted on the long and medium GUs only.

In this database, the tree geometry was obtainatidiysing the woody axes in autumn.
The trees were described three times, in theirtodifth and sixth year of growth. Spatial
coordinates and diameters were measured at themmetcale, each five nodes along the
long and medium GUs, and at the top of short a®patial coordinates were collected using
3D FastTrack (Polhemus Inc.) digitizer and 3A saftev (Adamet al. 1999). Using this
database, which combined both topological and g&orakobservations, 3D reconstructions
of the trees were obtained with V-Plants softw#&fermely AMAPmod), in order to compare

them with simulated outputs of geometrical models

2 http:/Aww-sop.inria.frivirtualplants/wiki/doku.pRizi=software




Additional data from other experimental design,lexibd mainly on Fuji cultivar, were
used in complement, especially for the plastochvalne, dynamics of diameter growth, and

the wood properties of axes. References to thdseatla indicated in the text.

Model for tree topology
In MAppleT, the topology of the trees was simulatisthg stochastic models. The succession
of GUs along axes and the branching structure o$ @#ere jointly modelled by a two-scale
stochastic process that was inspired by the hieiGathidden Markov model proposed by
Fine et al. (1998). At the macroscopic GU scale, the successioGUs along axes is
modelled by a four-state Markov chain. The four tmeastates” are long, medium, short and
flowering GU (Fig. 1). This Markov chain is indexd&y the GU rank along axes and is
defined by two subsets of parameters:

- Initial probabilities to model which is the fir&U occurring in the axis (the set of

initial probabilities constitutes the initial diiiution): 7z, =P(GU, =y) with

Zyﬂy :1’
- Transition probabilities to model the successminGUs along axes (the set of

probabilities corresponding to the transitions iegva given macro-state constitutes

the transition distribution of this macro-state) p;, = P(GU, = y| GU,, =x) with

Zy pxy :1'

At the microscopic metamer scale, branching strestwf long and medium GUs are
modelled by hidden semi-Markov chains (HSMCs) tra indexed by the node rank along
GUs. A HSMC is defined by four subsets of paranseter

- Initial probabilities, to model which branchingre is the first one in a GU (of type

y): &, =P(S = j| GU, = y) with Zj a, =1,



- Transition probabilities, to model the successafnbranching zones along a GU:
g, =P(S =il S #iS,=i)with Y g =1,
Occupancy distributions to model the lengths ofnbhéng zones in number of
metamersd, (u)= P(S.q # jiSuus = V=0,..,u-2 S, = jS #]j) u=12...,

- Observation distributions, to model the branchigge composition of branching
zonesb, =P(GU, =y] § =) with 3’ b, =1.

During simulation, the transitions between scakgs &ndb, ) and within scales|f,, and

g;) are managed through a precise scheduling scheatest the main specificity of this

hierarchical model with reference to standard hidiarkov models. When entering a long
or medium GU macro-state, the associated HSMCtigaded first (Fig. 1). The initial state is
selected according to the initial distribution b&€tHSMC, and this corresponds to a between-

scale transitiora,;. The succession of branching zones along the Ghleis modelled at the

metamer scale using the within-scale transitionsthref HSMC. The HSMC simulation

determines the type of axillary GU at metamer leVéis process ends with an atrtificial final
state from which the control returns to the madetesthat has activated the HSMC. This
corresponds to another between-scale transitiore fijpe of next GU is then chosen
according to the within-scale transition distriloutiof the current macro-state. For a given
GU, its successor and axillary GUs are simulatedarallel, thus generating a growing tree
structure. These GUs develop according to a catetidd defines the dates at which the
different processes occur (see below). The begiafrthe simulation of a new axillary GU

in a given macro-state also corresponds to a betsegle transitiorb, . One may notice

that, in this approach, the GU length, measuretthénnumber of metamers, is not simulated

on the basis of a knowa priori distribution, but is directly the sum of the lemgtof the



branching zones (simulated according to the coomdipg state occupancy distributions of
the HSMC).

In MAppleT, we assume that the simulation begins in the fiesir pf growth with a trunk
in the long GU macro-state. In the following yeafshe first GU of the year is vegetative, we
assume that it does not give rise to another Giiersame year. This means that polycyclism,
i.e. the capability to develop several vegetativ¢ i@ the same growing season was not taken
into account in our study, consistent with the eetlipolyclism in Fuji (Costest al. 1995).
In contrast, if the first GU developed in a giverayis floral, it may give rise in the same year
to a vegetative GU, which in this case develops édiately (Crabbé and Escobedo-Alvarez

1991).

Estimation of Markov chain parameters

From the database described above, sequences of wglés extracted along all axes,

including the trunks, to estimate the parameterthefmacro-state model. After a flowering

occurrence, the new axis arising from sympodialntihing was considered as the
continuation of the previous axis. When two axessarfrom the same floral GU, the distal
one was chosen as the continuation. Sequences sfw&lk then modelled by a first-order
Markov chain. Since it has been demonstrated thasitions between GUs change with tree
ageing due to tree ontogeny (Duragtdal. 2005), the transition probability matrices between
GU types were estimated annually, from the seconthé sixth year of growth (Table 1).

When long GUs were considered, no or few transstimward short GU or meristem death
took place in any year, while the most frequenbgitons were toward another long or a
floral GU. When medium GUs were considered, thetrfregjuent successor in all years was
a floral GU. A small number of medium GUs was foled by another medium GU, while an

even small number was followed by a long GU. Diteatsitions toward a short GU or death



were rare. When the parent GU was short, the meguént transitions were toward another
short or a floral GU, depending on the year. Thiange in transitions with years resulted
from the alternating flowering behaviour of Fujilttvar (Costeset al. 2003). The transitions
from floral GU towards long GU decreased from tleeond to the fourth year of growth,
while those toward medium GU increased. However niost frequent transitions from floral
GU were toward short GU or meristem death.

Similarly, axillary bud fates were explored duritrge ontogeny, for different GU types
and years of growth, in order to estimate the patars of HSMC (Rentoet al. 2006). In
previous studies, the branching pattern along @ae-gld trunks were shown to be organised
in successive zones, and hidden semi-Markov chaers proposed to model this structure
(Costes and Guédon 2002). This approach was fuekiended to explore how branching
patterns, described at metamer scale along GUsgehduring tree ontogeny. From the initial
database, all GUs of the two Fuji trees were etéthand classified by type, year of growth
and branching order. For each GU, the axillary tatds were observed metamer by metamer
and represented as a sequence of symbols corresgdadive types of lateral growth (latent
bud, and short, medium, long, and floral lateralsUFirst, all these sequences were used to
estimate a single HSMC composed of six successaresient states followed by an “end”
state (Fig. 1; see Rent@ al. (2006) for details on model building). Second,hreabserved
sequence was optimally segmented in branching zaiseyy the estimated HSMC. Bivariate
sequences were built by associating each obseragesce with the corresponding optimal
segmentation in branching zones. The resulting risitea sequences were grouped
hierarchically according to the GU length, yeargodwth, and branching order. Parameters
were estimated for each group of bivariate sequennethe basis of counts for the transition
between successive branching zones, the branclong fength and the branching type

composition of branching zones. The comparison ofleh parameters between these groups
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highlighted similarities between GUs: the compaositand relative position of the latent bud,
floral and short-lateral zones were invariant witthe GUs. The probability of occurrence of
the floral zone changed with years, showing theratdttive fruiting behaviour of ‘Fuji’
cultivar. Moreover, during ontogeny, branching eats tended to become simplified due to
the disappearance of the central zones and a gsageereduction of the floral zone length
with GU length (Rentoret al. 2006). To formalize these results in MAppleT, g subset
of parameters was used to represent mixtures ailesaxillary GUs in branching zones and
occupancy distributions for zones that were theesdon all GU types and years, while
different subsets of parameters were used depewdirtige type of parent GU and the year of
growth for transition probabilities between bramghzones and occupancy distributions for
zones that differed between GU types or years.

In HSMC, the length of the sequences is a propdrtiie model if an artificial “end” state
is added to the model, and does not depend on riduecip location. This may lead to
unrealistic sequence length, ignoring the expertalgnfound decrease in the number of
metamers per GU with tree age (Costésal 1997 and 2003). We thus extracted from the
initial database the empirical distribution of nuenlef metamers per GU (Fig 2). On the basis
of this distribution, we selected limits for thenge of sequence lengths according to the GU
type and year of growth. The sequences generatediSh§C were then accepted or rejected
depending on the correspondence between theirneargt the range of possible lengths for

each GU type and year of growth.

Chronological control of morphogenesis and orgameinsions
In MAppleT, a calendar defines the starting datesimulated processes, i.e. primary and
secondary growth (Fig. 3). However, individual orgaat the metamer scale develop

according to their own chronology, as they appeaaing the whole season. In each GU
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category, new metamers are produced with a plagioclof three days. This value
corresponds to the mean observed over a growirspsdar two different apple tree cultivars,
‘Starkrimson’ and ‘Rome Beauty’, grown with two fdifent rootstocks (Costes and Lauri
1995). The period over which a metamer elongates set to ten days according to
observations of J.J. Kelner (personal communicatiddeasurements carried out on Fuji
cultivar (unpublished data), showed that the filedgth of internodes depended on the
internode position in the shoot, such that thernddes at the beginning and end of each GU
were shorter than those in the middle. In MAppl#ils variation was modelled by attributing
different lengths to internodes according to thenbhing zone along the shoot to which they
belong.

Following field observations of Fuji leaf developmecollected by Massonnet (2004), it
was assumed in MAppleT that leaves grow sigmoidalgr twelve days, at which time they
reach maturity. Similarly, according to field obsstions of flowering and harvest dates in
Fuji (J.L. Regnard, personal communication), weuassl that, if a metamer supports an
inflorescence, the flowers last for ten days amdi becomes a fruit, the fruit lasts until
harvest (approximately 150 days). We also assutmgdeach inflorescence develops into one
fruit at most, which corresponds to the usual timgnpractices (Costest al. 2006). An
expolinear model, i.e. an exponential function daléd by a linear function, had been
proposed by Lakset al.(1995) to estimate the increase in mass of a duwet time, and was
calibrated to the fruit of Fuji during a previousidy (Massonnet 2004). This expolinear
model with parameters for Fuji was used in MAppleT.

As large and rapid bending of axes is usually oleskm fruit trees over a fruiting season,
the intra-year dynamics of diameter growth musttddeen into account in biomechanical
computations (Alméraset al 2004). In MAppleT, the widths of the internodeseres

controlled in the spirit of the pipe model proposgdShinozaket al (1964). In particular, we

12



used the metaphor introduced by these authorstimsiders each distal end of a plant as an
origin of a vascular strand (a “pipe”), and thateaich branching point, these strands are
bundled together to form a larger, composite strahccording to this metaphor and a

formulation proposed by Murray (1927) and furthealszed by MacDonald (1983), the

radius,r, of an internode is determined by the formufeery +r,”, where r. corresponds to a

lateral internode borne on the current internoglep the internode following the current

internode along the axis, aidis a fixed parameter, which we call the pipe masgionent.
However, Suzuki and Hiura (2000) showed that thegleh explains allometry relationship at
the level of the whole tree, but does not alwayslyapo the current shoot. In particular, the
pipe model formulation implies that growth in diaereoccurs only when new internodes are
added. To verify this assumption, we used a preslotpllected dataset of one-year-old floral
GUs of Golden Delicious cultivar (Benzing 1999).id dataset characterized both the within-
year dynamics of primary growth, i.e. number of maetamers, and growth in diameter (Fig.
4). Observations showed that primary growth of sheots was found to start in mid-April
and stop at the beginning of June. On the othed e diameter at the shoot base increased
over the growing season in two distinct periodpidiy from bud burst to the end of May and
more slowly from mid-June to the end of the growsegison. This demonstrated that growth
in diameter continues even after the cessationriofigny growth. Moreover, in a previous
study carried out on apricot tree, the basal diamet one-year-old shoots was found to be
linearly related to the number of internodes, ireteently of the fruit load (Costext al.
2000). Following these experimental data, we medethe secondary growth in MAppleT by
augmenting the diameter of the terminal internool&iouously after the cessation of primary

growth. This was done using the formula

r(S)_ﬂminJ

r-]max_r]min

fa (S):ra,min +(ra maX_ra,min)(
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whererg(s) is the radius of the terminal internode of sheat the end the growing season,
r.min IS the initial radius of this internode upon iteation (set to 0.75mm, Table 2)maxis
the maximum radius observed at the end of the gr@weason for any terminal internode
(ramaxwas set to 6mm according to field observation§3) is the number of internodes of
shoots at the end of primary growth, and,,and nmaxare the minimum and maximum
numbers of metamers observed in the populatiomadts of the same type asr,(s) is thus

located betweerr,,,, and ramaxproportionally to the status of shostin the population, as

defined by its number of metamers

Determination of plant geometry using biomechanics

In MAppleT, the shape of each branch is calculadedording to the biomechanical
component of the model. Our method simulates bramehding and twisting, and the
resulting permanent changes of branch shape (“simapmory”), following Fournier's
treatment of woody stems as elastic beams (rodggauto primary and secondary growth
(Fournier 1989, Fourniest al. 1991a and 1991b). L-system implementations of ketis
model were originally developed by Jirasetkal. (2000) and Taylor-Hell (2005); a tutorial
introduction to biomechanical modelling using Ligyss is also presented by Prusinkiewicz
et al. (20073, The use of L-systems does not introduce new eiésnto the mechanics of
Fournier's model, but facilitates the organizatmncomputation by seamlessly updating the
system of equations that need to be solved whenmetamers are added, and by integrating

all aspects of MAppleT within a single software eomment. The biomechanical component

* Mathematically, the equations used in our appreaphesent a finite-difference
discretization of the underlying partial differaitequations (Jirasek et al. 2000), which
capture the mechanics of elastic rods (Landau &stitz 1986). We have chosen finite
differencing over finite element methods, becausgefdifferencing is fully applicable to
linear and branching structures, and is simplémigement.

14



of MAppleT incorporates changes in shape due tddireation and impact of reaction wood,
changes in the mechanical properties of wood wittet and the loading and unloading of
fruits. The bending model is derived from the wofkTaylor-Hell (2005), while changes in
shape due to reaction wood and loading/unloadiegdarived from the work of Alméras
(2001), and Almérast al. (2002 and 2004).

In the biomechanical model, each point of a sleas$ is associated with a moving

HLU frame, three orthogonal unit-length vectors thaidate the heading, upwards and left
directions (Prusinkiewicz and Lindenmayer 1990,sikiewicz et al. 2001). Bending and

twisting correspond to rotations of this frame. Thete of rotation is expressed as

Q <d§;H d déllL d(ﬁJ> where the individual derivatives represent thiegaf rotation around

the H,L,U vectors, and is a position along the shoot axis. For compaieii purposes, we

assumed that each shoot axis is discretized irs®gaence of rigid internodes connected at
flexible nodes (joints) (Fig. 5). The mass of eauernode is assumed to be concentrated at
its distal node.

The shape of the axis depends on the torques amtinig nodes. When calculating these
torques, two factors are initially taken into acebuhe force of gravity and a combined effect

of photo- and gravitropism, which is abstracted as orthotropic force. The gravity

component of the torqu&% that acts on the proximal node of an isolated iueei is

equal to 7%=l Hixm g, wherel, is the length of this internodd], is its heading vector,

m; is the mass of the distal noded g is the gravity acceleration. This equation is remely
— - N N

extended to an entire axis using the form@@=l Hi XMig+7; where M; =>'m, is the
k=i

cumulative mass of the nodes in the distal partth@d shoot following internode

15



(Prusinkiewiczet al. 2007). A further extension to branching structusesccomplished by
adding torques from all branches originating atdhmme node (Fig. 5¢).

The combined effect of phototropism and negativeviggopism is simulated by turning
shoots upward (Hangarter 1997). Although photosmpimay act on both elongating and non-

elongating shoots (Matsuzadd al. 2007), we only consider the elongating (leafyginbdes.
Specifically, we assume that leafy nodes are stimja torqueZt,=l H, XT , whereTis a
vector indicating the upward tropic direction (Sesble 2). The total torque acting on a node
of a leafy shoot is thu§ =I;+7;°.

To calculate the resulting change in frame oriémtatwe decompose torqué into

componentd,, , T, and 7;, that act along théd,L, U axes at nodg find the corresponding

. T T T .
rotations Qj, =—*, Q) =—=and Q;, =—% around these axes, and compose them into

Ry R Ru
the combined rotatio®; (Jirasek et al. 2000). Assuming that the rotati@)s, Q; and Q;,

are small, their composition does not significamtgpend on the order of rotations, and thus

is well defined (Goldstein 1980).

In the above formulasR,, is the torsional rigidity of the axis at noglevhile R, and

R, are flexural rigidities in the direction df and U axes, assumed to coincide with the

principal axes of the cross-section of the axi:i@dei. This assumption is automatically
satisfied if the branches have circular cross-eaaind the distribution of material properties

in the branches is radially symmetric, which weuass in the mod&l In principle, the
flexural rigidity is calculated using the formulB =R, =El whereE is the Young's

modulus of the material, arlds the second moment of the area of the brancksesection,

* Note that, in spite of this symmetry, branches magt and bend out of vertical plane due to
the presence of lateral branches.
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equal to%r4 for an axis passing through the centre of thdeciof radiusr (Niklas 1992).
The torsional rigidity is calculated using an agales formula,R,, =GJ, whereG is the

shear modulus of the material, ah a torsional constant, equaliger“for a circle of radius

r (Niklas 1992). In MAppleT, these formulas are niiedi to take into account the reaction
wood, as described below.

The bending of branches due to the combinationra@fity and tropism, initially of elastic
nature, leads to a permanent change of branch gsiespiing from the memory effect of
secondary growth, as discussed by Fourgiel. (1991a and 1991b) and Jirasek et al. (2000)

The rotationQ, at nodei is thus a linear combination of two terms: rotat@Q; due to the

current torque acting on this node, and rotatizhdue to the shape memory.

In MAppleT, we also assumed that some amount aftiawood is produced each year
in an angular section of the outer wood layer (@filsand Archer 1977, Fig. 6a). The
proportion of reaction wood in this layer is calteld using an empirical relation that was
estimated in Alméras’s studies (Alméras 2001)R=0.164-0.178A8, where P, is the

proportion of reaction wood in the outermost carnlager andAé is the change in shoot

inclination in radians (i.e. the change Hh at each time step, which is negative when the
branch bends). The way this formula is used in NEEppelies on the assumption that the
reaction wood does not play a major role in shaglation in fruit trees, as previously
demonstrated by Alméras et al. (2004) on diffespricot cultivars. Here, the reaction wood
is assumed to only prevent large bending moveneends contrary to observations on several
forest tree species, does not have any activeghping function. Moreover, according to
these previous observations on apricot tree, theuatrof reaction wood also depends on the
shoot orientation with respect to gravity, sinceugnight shoot develops less reaction wood

than a leaning shoot (Alméras 2001). In MAppleTpefficient was thus introduced in order
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to make the amount of reaction vary with shoot raagon. The relationship used is:
R=0.164(1-cosH, §))-0.178\8, where § is a unit vector in the direction opposite to

gravity. To keep the calculations simple, when tieacwood is present, it was assumed that
the second moment of area of the initial crossiseat area is augmented with an additional
contribution for each annular radial section ofctea wood (Fig. 6b). The contribution of the

radial section of reaction wood to the sectiondityiwas assumed proportional to moment of

area calculated as foIIowsts=%(r'4—r4)(y+sin» wherey is the angular section of reaction

wood = 2t P, in radians) in the cambial layer,andr’ are the inner and outer radius

respectively(Fig. 6b). The total second moment of area of &rimode was thus expressed as

n : _
I=lg+a 2 1oy wherel. is the moment of area for the whole cross-segtiquis the annular
k=

radial section of cambial lay&randa is a coefficient that controls the reaction woéféa.

The biomechanical model was implemented in termafofmation flow through the plant
structure (Jirasekt al, 2000, Taylor-Hell 2005, Prusinkiewiez al.2007). The simulation is
carried out be iterating two computational phasesst, bending and twisting moments are

calculated in a backward scan of the L-system gt(information is passed basipetally). In
this phase, the torqueg that apply to all internodeisare computed iteratively from the

distal to the proximal end of the branch, givencitssrent configuration. Second, the shape of

the branch is updated in a forward (acropetal) e¢dhe string, taking bending moments and
the resulting angles between the internodes intowatt. The consecutive node positidns
are then calculated using the formulaq=I;+liH; . This procedure is iterated until the

position of the branch nodes converges towardtdestmlution.

Simulation Outputs
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Due to the stochastic nature of Markov models edéiit seeds used to initialize MappleT’s
random number generator result in different topi@egf simulated trees. These differences
propagate to the level of tree geometries, whicty even if the parameter values of the
biomechanical model are the same (Fig. 7). FurtbeemMappleT generates not only the
structure and form of trees at a particular develeptal stage, but entire developmental
sequences. Each sequence can be visualized dssaafamages representing different stages
of tree development (Fig. 8) or as an animatiorde¥elopment. We observed that trees
generated by MappleT had a visually similar chamatd a Fuji tree that was digitized and
visualised with with PlantGL viewer (Pradat al, 2007), at the same development stage
(here six-year-old trees).

To compare simulated and observed trees quanétgtithe architecture of trees
generated with L-studio were represented, at tldeogreach year, as Multi-scale Tree Graph
(MTG; Godin and Caraglio 1998), containing both thgpological and geometrical
information of each plant entity. A number of dgsimrs was extracted, at different scales of
observation and then compared between simulatedligiced trees (two digitised Fuji trees
were available in the database, see Materials arthdds). For these comparisons, our
strategy was to use coarser scales than thoseielh Wie model was formulated originally.
We then analyzed whether the properties that wetepecified explicitly in the model would
emerge from the system integration.

Regarding tree topology, the main assumption in Kgaan models concerned local
dependencies between GUs with transition probasliaccording to their type and year of
growth, and between successive branching zoneseatmetamer scale. In contrast, no
assumption was made regarding the total numberoefty units of a given type at the entire
tree scale. The corresponding counts thus represqmbperty of the simulated trees that

emerged from the aggregation of the four-state eharghain and the HSMCs models for
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branching. These counts cannot be directly caledldtom the elementary models and were
rather extracted from both simulated and observesbst over six successive years.
Comparisons of GUs, made separately for terminal kateral positions, showed that
simulation results were most of the time closei¢tdfdata (Fig. 9). The main pattern related
to tree ontogeny, the decrease in the number g@f &Uds, first in lateral and one year later in
terminal positions, was correctly simulated. Simylathe transition from the majority of
floral GUs in lateral positions in the third andufth years of growth to the majority of floral
GUs in terminal positions in the subsequent years agequately simulated by the model.
This change in the floral GU position can be intetpd as a consequence of the decrease in
the number of long GUs and the considerable inereathe number of short GUs in the fifth
and sixth years.

Regarding geometry, the global shape of the siredlatrees emerged from the
combination of each particular simulated topologthwhe biomechanical model. This global
shape could not be predicted, as it results froenatipgregation of a large number variables,
and their integration throughout time. To quantfymparisons, a number of descriptors of
shoot geometry, such as the basal diameter, lengtlmation or curvature were calculated
for both simulated and observed trees. In ordgretdorm a preliminary sensitivity analysis,
these descriptors were obtained for different \@laeseven main parameters of the model
(see Table 2). Comparisons were made for brandhem2n length or more. Both length and
basal diameters were under-estimated at ordersl 2 afor all the values of the pipe model
exponent and the radius of the leaf petiole. Mameect values were obtained at higher orders
using the default valu® = 2.5 (data not shown and Fig. 10a). This suggtets other
variables such as internode lengths and distal etierm must be further investigated. In
particular, the model sensitivity to the variatioh apex radius at the beginning of each

growing season should be considered. Regardingchrgeometry, our analysis mainly
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focuses on the branch chord inclination (Fig. 168 kig. 11). The independent variation of
the seven parameters over 3 to 7 steps (see TabielZed a variation of branch chord
inclination that ranged from 2 to 30% with respiecthat obtained using default values of all
parameters (Fig. 11). The parameters that induoedargest variations in branch inclination
were the pipe model exponent, petiole radius anadnganodulus. In contrast, the parameters
related to fruits (fruit set probability and frabsolute growth rate) had the lowest impact on
branch chord inclination. Moreover, we examinedithpact of the pipe model expondhbn
branch chord inclination for different branch ol@fig. 10b). As was the case for the branch
basal diameter, the mean branch chord inclinatiaa wnder-estimated for branches of order
1 while it was quite correct for higher orders.obdiarser scales, convex hulls that included the
fruiting branches and the distal part of the treese calculated with PlantGL viewer (Fig.
12). The mean value of these hull surfaces complaetadeen simulated and observed trees
were in the same range than those obtained whedtefaelt value of the pipe model exponent

was used in the simulations (data not shown).

Discussion and conclusion
Mixing stochastic and mechanistic model componeM#ppleT is a useful tool for
simulating the development of apple trees as aftebly gravity. A distinctive characteristic
of MAppleT is the close connection between thedfiéata and simulations. This connection
made it possible to integrate previously existimgf, scattered data, and to estimate the model
parameters on the basis of observations.

To model tree topology, we used a two-scale stdithpsocess inspired by previous work
(Fine et al. 1998). Although only two trees were analysed dmlfirst year of growth were
insufficiently characterized, the large number di<Gand transitions between their types

allowed us to estimate the model parameters aatyrfabm the second third to the sixth year
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of growth, as demonstrated by the confidence ialsrin Table 1. Interestingly, a related
approach has been previously used to simulate @eoititectures for computer graphics
purposes, but did not take into account the bialmigbackground and field data on the
modelled plants (Wanet al. 2006).

In MAppleT, an efficient strategy was proposed &efx the overall Markovian model
parsimonious, based on the study carried out bydRest al. (2006). This strategy relies on
the analysis of similarities and discrepancies betw branching structures during tree
ontogeny. Some parameters (observation distribsitiovere found to be similar between
HSMCs for long and medium GUs while others (traositprobabilities and occupancy
distribution) depended on the GU type and yearrotvth. Since the succession of states is
almost deterministic in the case of apple tree.(Ejgthe underlying “left-right” semi-Markov

chain is degenerated: for each statdexcept the “end” state)q,,, = &nd g; = O for

j #i+1. Hence, there are very few independent transifpoobabilities. Moreover, the

branching zone modelled by state 2 in the HSMC shiowFig. 1 only occurs in the two first
years of growth (Rentoat al. 2006). Thus this state 2 is systematically skipmeaept for
long GUs in the first two years. This leads to aeotdecrease in the number of parameters.
Branching sequences generated by the HSMCs for éomgmedium GUs are filtered
(either accepted or rejected) according to a lengtarion. We are aware that this strategy is
not optimal and is likely to introduce a bias itib@ branching sequences. In future work, we
intend to improve this estimation strategy in ortbeobtain a family of HSMCs that realizes a
better compromise between the fit to the data &edparsimony of the overall family of
HSMCs. Sophisticated parameterizations could begsed, including (i) tied parameters
between HSMCs, (ii) covariates that influence djegbarameters (e.g. year of growth

influencing transition distributions).
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The model simulates the effect of gravity on thenplform, yielding simulated tree forms
that are visually similar to the observed trees.wkler, the effect of gravity on
morphogenesis (gravimorphism) is only partly introed. The median location of long and
medium lateral GUs along the parent GU that has beerpreted as a result from bending by
Rentonet al. (2006), is taken into account in MAppleT throughe tAISMC models for
branching. In further developments of the modek thurely stochastic description of
branching should be augmented by a causal feedbankeen shoot bending and lateral
development.

As mentioned above, the present study is closekell to a number of field observations.
In the case of tree 3D geometry, available databadlewed us to perform extensive
comparisons between simulated and observed trelesseT comparisons revealed some
discrepancies between observations and the modpelitsu For instance, branch inclination
for some orders is not simulated correctly (Fig. Bjis may be related to our use of a
constant value for the pipe model exponent, inddgenof the shoot type and branching
order. One approach to improve our results maydsed on a refinement of the pipe model,
as proposed by Deckmyat al. (2006) or on the introduction of a carbon allocatrmodel
such as that used in L-Peach (Lopeal.this issue).

Although a large number of field observations wasdiin the present study, more precise
estimated or direct measurements might be necefksasgme parameters, such as those used
for calculating the radial portion of the outermoatnbial layer that became reaction wood,
which presently come from Alméras’ study on apridote (Alméraset al. 2002).
Furthermore, the model is stochastic in nature wimakes it necessary to use a statistical
methodology for its validation. It is noticeableatha methodology to perform the model
validation on objective bases is currently missiog Functional-Structural Plant Model

(FSPM) validation. Despite these limitations, MA@plis one of the fist attempt to simulate a
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fruit tree that develop over years with a globamshreacting to gravity. With L-Peach (Allen
et al. 2005, Lopezt al this issue), MAppleT contributes to the foundatad innovative tools
for fruit tree simulation. Considering that trespenses to gravity, via the induced changes in
tree geometry, have an impact on light interceptmithin-tree micro-climate, and fruit
production and quality, MAppleT will allow furthenvestigations on horticultural practices,
as recently initiated by Lopez et al. (this issudpreover, the genetic variation of shoot
morphology that has been demonstrated in the dpe(Segura et al., 2007) could also be
simulated through virtual scenario. From a methogickhl point of view, the proposed
modelling approach, which aggregates stochasticna@chanistic models, and the proposed
first validation of the model outputs, that incluglee topology and global shape changes in

response to gravity, are likely to found application other plants as well.
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Table 1. Transition probabilities between succesgvwowth units (GUs), with associated
counts and 95% confidence intervals, dependinghenyear of growth for two apple trees,
cultivar ‘Fuji’. Four types of GU were considerddng GU (L), medium GU (M), short GU

(S) and floral GU (F). Successor GU after a fl@&l arose from sympodial branching.

Years, Parent- Successor
Successor CounParent L M S F Death
2-3 12 L 0.5 0.17 0 0.33 0
[0.22,0.78] [0, 0.38] [0.07, 0.6]
1 M 0 0 0 1 0
9 S 0.45 0 0 0.44 0.11
[0.12, 0.77] [0.12,0.77] [0, 0.32]
6 F 0.33 0 0.5 X 0.17
[0, 0.71] [0.1, 0.9] [0, 0.46]
Total 28
34 65 L 0.25 0.18 0 0.57 0
[0.14, 0.35][0.09, 0.28] [0.45, 0.69]
64 M 0.02 0.23 0.03 0.7 0.02
[0, 0.05] [0.13,0.34] [0,0.07] [0.59,0.82] [0, 0.05]
60 S 0.07 0.07 0.31 0.55 0
[0, 0.13] [0,0.13] [0.2,0.43] [0.42,0.68]
9% F 0.20 0.16 0.27 X 0.37
[0.12, 0.28][0.08, 0.23][0.18, 0.36] [0.28, 0.47]
Total 285
4-5 98 L 0.34 0.1 0.01 0.51 0.04
[0.24, 0.43][0.04, 0.16] [0, 0.03] [0.41, 0.61] [0, 0.08]
139 M 0.11 0.14 0.06 0.62 0.07
[0.06, 0.17][0.08, 0.19] [0.02, 0.1] [0.54, 0.7] [0.03, 0.11]
526 S 0.01 0.08 0.4 0.39 0.12
[0, 0.02] [0.06, 0.11][0.36, 0.44] [0.34, 0.43] [0.1, 0.15]
532 F 0.11 0.15 0.33 X 0.41
[0.08, 0.13][0.12, 0.18] [0.3, 0.38] [0.37, 0.45]
Total 1295
5-6 61 L 0.21 0.08 0 0.71 0
[0.11, 0.32][0.01, 0.15] [0.59, 0.82]
324 M 0.02 0.04 0.02 0.85 0.07
[0.01, 0.04][0.02, 0.07] [0, 0.03] [0.81,0.89][0.04, 0.1]
1234 S 0 0.02 0.15 0.58 0.25
[0.01, 0.03][0.13, 0.17] [0.55, 0.61] [0.22, 0.27]
615 F 0 0.27 0.39 X 0.34
[0.24, 0.31][0.35, 0.42] [0.3, 0.38]
Total 2234
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Table 2. List of parameters used in MAppleT, witloge used in the sensitivity analysis
indicated in italics. Default values are indicafed each parameter. The range of variation

and the number of steps tested in the sensitivigtysis is indicated only for the parameters

used. This table does not include Markovian modehmeters.

Name Symbol |Default value |Min-Max |Nb
steps
Vegetative development
Shoot Plastochrone 3d - -
Internode elongation 10d - -
Internode length 0.5-3.0cm - -
Spur death probability] 0.3 - -
Leaf Min final area 10 cm? - -
Max final area 30 cm? - -
Development. duratiot 12d - -
Mass per area 220 g/m?2 - -
Floral development - -
Flower Duration 10d - -
Fruit Maximum absolute |Cm 1.8 g/d 1.0-2.0 5
growth rate
Maximum relative 0.167g/gd |- -
growth rate
Probability of fruit set | Fr, 0.3 0.1-0.3 2
Lost time 28d - -
Max age 147d - -
Diameter growth
Pipe model exponent| P 2.49 2.0-3.0 4
Radius of leaf petiole | |r 0.6 0.5-1.5 3
Min. radius of apical |Ra min 0.75 - -
meristem
Max radius of apical |Raq max |6.0 - -
meristem
Geometry
Branching angle -45 (deg.) - -
Phyllotactic angle -144 (deg.) - -
Tropism T (0,0.2,0)N | 0.1-1.0 5
Young modulus E 1.1 GPa 1.0-7.0 6
Coef. reaction wood | g 0.1 0.01-2.0 5
Reaction wood rate 0.5
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Figure Captions

Fig 1. Hierarchical stochastic model representieg topology. Successions and branching
between entities are represented by ‘<’ and ‘+peesively. At the growth unit (GU) scale,
the succession of GUs along an axis is modellea #ystate Markov chain. The four “macro-
states” are long (L), medium (M), short (S) andmMoing (F) GU. The long and medium
macro-states activate HSMCs with between-scalaitians (doted arrows). The figure shows
only the activation from a long GU macro-state. H¥vimodel the GU branching structure at
the metamer scale, as a succession of zones wettifispcomposition of axillary GUs (for
instance a mixture of long, medium and short axillaUs is observed in state 2). The HSMC
ends with an atrtificial final state which gives tmh back to the pending macro-state.
Likewise, for each axillary position, between-scaknsitions give the control back to the
macro-state model corresponding to the type oflaaxilGU generated by the HSMC (the

figure illustrates only these transitions from HS{@te 2).

Fig 2. Relationship between GU type and limits useAppleT to partition the sequence
lengths (i.e. number of internodes per GU) intesés. Based on the distributions of number
of internodes for medium and long GU (Fig. 1b,bg timit between medium and long GU
was fixed at 15 internodes (indicated with an ajrdased on the distributions of number of
internodes per year for long GU (Fig. 1c), the maxin possible length decreased with the

year of growth.

Fig 3. Calendar of simulated events over a yeaMifippleT. In this calendar, new metamers
develop with a plastochrone of 3 days and eachnofge. leaves, internodes, flowers, and

fruits) has its own chronology for development.
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Fig 4. Increase in the mean base diameter (left @axd continuous line) and length (right axis
and doted line) of one-year-old GU over a growie@gs®n, in apple tree cultivar ‘Golden

delicious’ (data from Benzing, 1999). The arrowiaades the primary growth cessation.

Fig 5. Calculation of the torque due to gravity { gcting on an internode. (a) Torque acting
on the proximal end of an internodwith length | and loaded with a mass at its distal end.
(b) Recursive generalization of the previous formnulhere M is the cumulative mass of
nodes located on the distal part of the shoot afternodei and 7.%is the torque acting on

node i; (c) Generalization of the torque calculatad a branching node.

Fig 6. (a) Presence of reaction wood in the ceestion of a two-year old apricot tree shoot,
as revealed after Astra-Safranine staining ands¢bpmatic representation of a stem cross-
section of initial diameter, r, subjected to a deéden increaseQr = r'-r, with a sector of
tension wood in its upper part characterized byaitgular extensiory (from Alméraset al.

2004)

Fig. 7. Examples of different apple trees simulatétth MAppleT. Differences between these

trees reflect the stochastic nature of the topcldgiomponent of the model
Fig 8. Year to year changes of a typical ‘Fuji’ Bppree simulated using default values of

model parameters. The tree is visualised eachfy@arthe second to fifth year of growth,

just before harvest time.
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Fig 9. Comparison of number of GUs per type betwsiemulated and observed Fuji apple

trees. GUs in lateral (lat) and terminal (term)iposs were distinguished.

Fig 10. Examples of geometrical descriptors of apgpe branches (axes that were more than
20cm) with respect to their branching order. Brabelsal diameter (on the left) and branch
inclination (on the right) were extracted from MTdb apple trees simulated with different

values of the pipe model exponerl) (and compared with the equivalent mean values

extracted from MTG of two digitized fuji trees (avged).

Fig. 11. Percentage of variation induced on braochd inclination by the independent
variation of seven parameters. For each parameter B steps were explored, the other

parameters being fixed to their default value (Baiale?2).

Fig 12. Envelopes calculated on fruiting branches @p part of the trunk of a tree simulated

with three different values of the pipe exponer(P = 2 , 2,5 and 3 from the left to the right

respectively)and compared with a digitized Fujet(east tree on the right) .
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Fig. 7
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