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Highlights: Tree development is often characterised by complex dependencies beauggrergrowth

units (GUs) deriving from a given mother GU, thecaded sister GUsThese dependencies directly affect
the reproductive and vegetative phenological patténasare at the origin of asynchronisms between
adjacent GUs, eventually leading to wittanopy patchiness. These phenomena are rather common on
tropical fruit-trees.We introduce new parsimonioutasstical modelgo identify such dependencies. The
proposed approach is illustrated on mango tree, a tropical species withcalgdyticomplex timing of
development. We focus especially differences o fates and date of burstbetweenthe daughteiGUs
issued from a same mother GU

Keywords: growth asynchronism; growth unNjangifera indica patchinessspatictemporal datanalysis.
INTRODUCTION

As other tropicakrees, mango tree is characteddy strong phenological asynchronisms between and
within treesentailing patchines@Chacko, 1986)Patchiness is characterized by clumps of either vegetative
or reproductive development within the canopy: while some portions of the tree ce@igp vegetive
GUs (i.e. portions ofeafy axes developed during an uninterrupted period of grpwather portions may
remain in rest or produce inflorescenae¢she same timéhese asynchronisnudten correspond to more or
less large branching systene.g. saffolds (Ramirez andavenport, 2010). They entail various agronomical
problems, such as the repeated use of pesticides to pretectentsusceptible phenological stages from
pestsor a too extended period of fruit maturity, which may lead to diffiesitd organize fruit harvesting

If all terminal GUs produced bothiegetativeandreproductive daughter GUs in the same proportions and
synchronously, i.e. dhe saméurst dates, all branching systems would grow synchronously and aed
the same disibution of fates Patchiness results from mutual exclusions, at the local scale of daudgbger G
of agivenmother GU, between some of thkirrst flushes (early, intermediate,late)and / or some of their
fates (vegetativeor reproductive if it produes terminal or lateral inflorescenye¥hese exclusions are
observed, for example, whewo kinds of daughter G&Jcannote produced by the same moti@d. Our
final objectivewas toidentify and characterise such exclusions and to open new perspectexgentually
connect them to patchiness at the canopy scale. Previous studies shoviied thetand burst dateof a
daughter GU arstrongly affectd bythose ofsomeancestoiGU (Dambrevilleet al, 2013). This approach,
based on regression modetsly made it possible to identify the effects of several factors (e.g. timing of
development or fate of the mother GU, fruit load) on a single responsdleacalled GU featurde.g.
either the timing of development or the fate of a single daughterTsis$)approach suffedfrom two main
limitations: (i) multiple features of &U cannot be predicted togethiaran obvious manner; (ig feature
cannot be globally predictddr all daughter GUs if interactions exist between sister GUs, additionally to
those with the mother GU.

The analysis of such interactions appesserthelesgssential to identify in which architecturahd
phenologicalcontexs vegetative growth or flowering patchean occur. We present rrew statistical
methodology to reveal and aebe these interactions using Markov tree and probabilistic graphazig|m
(PGMs) Markov tree models allow the analysis of dependencies between a mathendGts daughter
GUs Theywere introducedby Durand et al. (2005) to model plant architectassunng that sister GUs
were independent given the moth&U. Here the Markov tree modelis generalised by introducing
dependencies between sister Glosaddition to their dependencies with their mother Ghke PMGs are
used to unravel the dependendiesween sister GUs, which expréssexample competition between tiee
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MATERIALS AND METHODS

The experimental orchard was located at the CIRAD (French AgriculturataRbs Centre for
International Developmentlesearchstation in SainPierre, Réuniorisland. Five treesof the Cogshall
mango cultivargrowing in the same plotere describedt the GU scaléDambrevilleet al, 2013). We
defined the growing cycle as the period composed of the succession of a vegEatiepmentperiod
(appearance ofaw GUs) and a reproductivievelopmenperiod (flowering and possibly fruiting). Starting
from the growing cycle of 2003, our experiment was carried out during the two follgwaagng cyclesn
2004 and 2005. We exhaustively described the developméatgfal in case of reproductive fateymber
of terminal andateral inflorescenceand burst date @he month scale) of all GUs appeared from sequential
growth, i.e. located at the periphery of the canopy. Information on GUs bu@3nw&s limited tahe fate
without distinction between terminahdlateralinflorescences for GUs that flowerethe 0.7% ofGUs that
burst aftera twoyear delayor morewith respect to their mother GU were not considered in the study, and
neither were their descendants

The Markov tree models rely on three main assumptions: (i) the statistep GUg(e.g. their fatesare
independent fromthe states oftheir nordesendant GUs given the mothdbU state (Markovian
assumption); (ii) the joint distributions of the statd# sister GUs are invariant under any permutation of the
sisters (norordered sisters); (iii) these distributions do not depend on the position of the @Batheithin
the tree(homogeneity assumptian)et K denote the number of states a§®d K —1} the state spacéetu

be some non-terminal vertex agdits state variable. As a consequence of the three assumptiokgritey
tree model is entirely specified by the joint distributions of the numdirs. Nk.1) of daughters with state
0,...K-1 respectively, given the parent st8tek (referred to ageneration distributions

Since thecombinatorics induced by the variable number of sisters and the number ofsstgfesally
huge, the probability of occurrence cannot be reliasliyrated by frequencies, and parsimonious parametric
models must be used. In our approach, parsimony resultsrid@pendence properties betweenKheount
variablesNy,...Nk.1, given§=k, sumnarised bya PGM; see Koller and Friedm#&2009). ThePGM vertices
are the random variabledN§ and their connections correspond to conditional independence properties
between the variables. Parametric models were obtained by combining did@tibutions and
correspondingegressiommodels(Fig. 1). Discretedistributions(chosen among Poisson, binomiagative
binomial and mixturey were used to represent sources (vertices without pam@misfhe corresponding
regressiommodelswere used to represent nsource vertices. To identify the PGM from dada, iterative
algorithm was usetb select edgedased on edit operatiofdeletion/insertion of edge, edge reversahe
PGM with maximunBayesian information criterion (BlGjlue was selected.

RESULTS AND DISCUSSION

To characterize dependenci@spartiailar, exclusions) between daughter Ghk®ugh their architectural
and phenological context, is necessary thdhe notion of GU state combines: (i) the period of growth of
daughter GU, with respect to its mother GU burst date, i.e. immediat @duing the same growing cycle)
or oneyeardelayed (D); (ii) the flush, i.e. early (E), émtmediate (1) or late (L); (iii) the fate, i.e. vegetative
(V), reproductive with terminal flowering (T) or reproductive with tatdlowering (L). For GUs of 2003,
the flush (U) and the position of flowering (F) were undefinBirteen states were definefbr GUs as
follows: U-V, IE-V, IL-V, DE-V, DI-V, DL-V, U-F, II-T, IL-T, DI-T, DL-T, ll-L and DIL.

Thus, B PGMs were identified, each one associated with one moBig state.Since flushes we
ordered(early, intermediate, late)and flowering mainly occurreéor the last two flushes, stategere
partially ordered. As a consequence, the generation distributions sohfiif states occurring late in the
generatiorprocess, with respect to states occurring early.

We focus on the graph in Fig. 1 associated wittsthatell-L of the nother GU.
¢ No transition from thenother GUstate ItL to thedaughter Glstates WV, U-F, II-V, II-T, IL-V, IL-T,

DE-V, nor II-L occured. The states and UF (GUsproducedn 2003) always precededl the states

The otherdaughter GUstates could theoretically follow-U but this was not observed. This is translated

in Fig.1 by isolated vertices with associated (q)i@&generate distributions for these eight states.
¢ The edges originating from source verticesYland DL-T and pointing towareon-sourcevertex DF/

with associated negative regression parameters expressed mutual exclusion betwWesm thé one

hand,and DLV and DL-T on the other hand’he same mutual exclusion behaviour occurred between
states DLV and DLL. This suggests thatnmediate intermediat&Us with lateral inflorescencdstate

II-L) could nothave daughter GUs, the year after, successively at intermediate and then at late flushes.
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Hence,motherGU in statell-L was a local contexfavourable tasynchronismThis wasconsistent with
the matrix of correlations betweerN} depicted in Fig. 2.However, despite a negative regression
parameter associated withe edge pointing from vertex 81 toward vertex DIV, strict exclusion
between both types of vertices did not strictly exist, since the coorelagitween the numbers of sister
GUs in both states was noegative(Fig. 2).

e The correlation matrix in Fig2 showedhat the numbers of sister GUs in states\Dand DIL were
guasi-urcorrelated and that both are negatively correlated with the number of sister GUs in ktate D
This was consistent with the selected PM@ich did not contain an edge betwé&drV and DI-L.

e The numbers of sister GUs in states-Dland DL-V were positively correlatedut it could be deduced
from the PMG that this correlation was indirect, and was [mgba consequence of their negative
correlation with the number of sister 6Un state DV. This showed that daughter GUs with both
vegetative(DL-V) and flowering(DL-T) fates may be produced synchronously, at flusind with one

year delayby mother GUs in the statelll
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Fig. 1. PGM associated withihe statell-L of the mother GL Fig. 2. Correlation matrix of the numbey, of
Vertices of thePGM correspond to the random numbers daughter GUs in each state, given the mother GU
daughter GUs in each stat&rey vertices correspond statell-L (immediateintermediate flush with lateral
degenerate distributionsVhite vertices (source) and parame flowering). Intensity of the correlation betwedh
correspond to univariate distributio8: Poisson : binomial and N, at location jk) is indicated using a
B : negative binomial, and a mixture afand ® with weights colourmap. Blue tones correspond to negat
0.5 for vertex DLT). Red vertices(nonsource)correspondio correlations and red tones to positive ongeme
univariate regressions. The parameter associated to the e variablesN, with degenerate distributions are not
variablei in the regression dhe variable associated with avgir represented.

vertexis denoted bys'.

These results show the ability of the Markov tree models to identiffnich contexts a given mother GU
can have or cannot have daughter GUs at different flushes or with diffetesitwhiclcan be interpreted as
the originof asynchronism. This local point of view on asynchronism can be turned into dantegmted
view by predicting, using our model, the total number of descendant GUs at each flush and eaithifiate
branching system, e.g. a scaffold, contributing to bring knowledge on theeatstat determinants of
patchiness. As a perspective, includsglanatory variablesto the generation distributions will allote
determinethe effect of cultivargrowth conditions (climate) or horticultural practices (e.g. pruning or fruit
thinning) onpatchiness at different scales, and particulartiedvhole-canopy leve
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