




A ma grand-mère





The formulation of a problem is often more essential than its solution, which may be
merely a matter of mathematical or experimental skill. To raise new questions, new
possibilities, to regard old problems from a new angle requires creative imagination and
marks real advances in science.

Albert Einstein
Evolution of Physics (1938)
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toutes les personnes qui y ont contribué et sans qui ce travail n’aurait pu être réalisé.
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thèse. Merci aux informatiens qui m’ont beaucoup aidé durant cette thèse: Sébastien Griffon, François de
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Abstract

The development of new breeding strategies to find more sustainable and productive systems is a major
challenge to cope with ceaseless increasing demands for vegetable oils, notably palm oil. Optimizing plant
architecture to increase radiation interception efficiency could be an option for enhancing potential oil palm
production. Indeed, studies in cereals showed great improvement of yields by altering plant architecture,
in combination with agronomic practices. By analogy, we proposed to investigate the influence of oil palm
architecture on the capacity of the plant to intercept light, by using 3D reconstructions and model-assisted
evaluation of radiation-use efficiency. The first objective of this study was to analyse and model oil palm
architecture and light interception taking into account genetic variability. A second objective was to
explore the potential improvement in light capture and carbon assimilation by manipulating oil palm leaf
traits and propose architectural ideotypes.
Data were collected in Sumatra, Indonesia, on five progenies (total of 60 palms), in order to describe

the aerial architecture from leaflet to crown scales. Allometric relationships were applied to model
these traits according to ontogenetic gradients and leaf position within the crown. The methodology
allowed reconstructing virtual oil palms at different stages over plant development. Additionally, the
allometric-based approach was coupled to mixed-effect models in order to integrate inter and intra progeny
variability through progeny-specific parameters. The model thus allowed simulating the specificity of plant
architecture for a given progeny while including observed inter-individual variability. The architectural
model, once parameterized for the different progenies, was then implemented in AMAPstudio to generate
3D mock-ups and estimate light interception efficiency, from individual to stand scales.

Model validations were performed at different scales. Firstly at organ scale, the geometry of the stem,
the leaves and the leaflets were compared between virtual mock-ups and actual plants measured in the
field. Secondly, at plant scale with indicators derived from terrestrial laser scanning (TLS) to assess crown
dimensions and porosity. These indicators integrated topological and geometrical information related to
the amount of light intercepted by an individual. Finally, validations were performed at plot scale using
hemispherical photographs (HP) to assess the variability of canopy openness for the five studied progenies.
Significant differences in leaf geometry (petiole length, density of leaflets and rachis curvature) and

leaflets morphology (gradients of leaflets length and width) were detected between and within progenies,
and were accurately simulated by the modelling approach. The comparison of plant area obtained from
TLS and virtual TLS highlighted the capacity of the model to generate realistic 3D mock-ups. The
architectural variabilities observed at plot scale between and within progenies were also satisfactory
simulated. Finally, light interception estimated from the validated 3D mock-ups showed significant
variations among the five progenies.

Sensitivity analyses (Morris method and metamodelling approach) were then performed on a subset of
architectural parameters in order to identify the architectural traits impacting light interception efficiency
and potential carbon assimilation over plant development. Daily carbon assimilation was estimated with a
photosynthesis model coupled to the radiative balance model, which enabled to integrate the temporal
and spatial variations of photosynthetic organ irradiances.
The most sensitive parameters over plant development were those related to leaf area (rachis length,

number of leaflets, leaflets morphology), although fine attribute related to leaf geometry showed increasing
influence when canopy got closed. In adult stand, optimized carbon assimilation was estimated on plants
presenting a leaf area index (LAI) between 3.2 and 5.5 m2.m−2, with erect leaves, short rachis and petiole
and high number of leaflet on rachis. Four ideotypes were identified with respect to carbon assimilation,
exhibiting specific geometrical features that optimize light distribution within plant crown and reduce
mutual shading among plants.
In conclusion, this study highlighted how a functional-structural plant model (FSPM) can be used

to virtually explore plant biology. In our case, the 3D model of oil palm, in its conception and its
application, enabled the detection of the architectural traits genetically determined and influencing light
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interception. The limited number of traits revealed in the sensitivity analysis and the combination of traits
proposed through ideotypes could guide future breeding programs. Forthcoming work will be dedicated
to integrate in the modeling approach other physiological processes such as stomatal conductance and
carbon partitioning. The improved FSPM could then be used to test different scenarios, for instance in
climate change context with low radiations or frequent drought events. Similarly, the model could be
used to investigate different planting patterns and intercropping systems and propose new multi-criteria
ideotypes of oil palm.

Keywords: carbon assimilation, FSPM, hemispherical photographs, ideotype, light interception
efficiency, mixed-effect model, plant architecture, progeny, terrestrial LiDAR, three-dimensional
reconstruction, sensitivity analysis
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Résumé

Le développement de nouvelles voies d’amélioration génétique vers des systèmes plus productifs et
respectueux de l’environnement est un défi majeur pour répondre à la demande croissante en huiles
végétales, notamment en huile de palme. L’une des options pour améliorer la performance de ces systèmes
agricoles serait d’optimiser l’architecture des plantes pour augmenter l’efficacité de l’interception du
rayonnement. En effet, des études menées sur les céréales ont permis d’améliorer les rendements en
utilisant des architectures spécifiques de plantes en association avec des techniques culturales. Suivant une
stratégie similaire, cette étude propose d’analyser l’influence de l’architecture du palmier à huile sur sa
capacité à intercepter la lumière, en se basant sur des reconstructions 3D de palmiers et en établissant un
bilan radiatif sur ses structures végétales reconstruites in silico. Le premier objectif de l’étude était de
caractériser et modéliser la variabilité génétique de l’architecture du palmier à huile et de son interception
lumineuse. Dans un deuxième objectif l’amélioration potentielle de l’interception de la lumière et de
l’assimilation carbonée a été évaluée en modifiant les traits morphologiques et géométriques des feuilles et
des idéotypes architecturaux de palmiers à huile ont été proposés.
Les données ont été recueillies à Sumatra (Indonésie) pour décrire l’architecture aérienne à différentes

échelles (des folioles jusqu’à la couronne foliaire) sur cinq descendances de palmiers, ou progénies (60
individus). Des relations allométriques ont été utilisées pour modéliser les traits architecturaux en
fonction de gradients ontogénétique et de topologie des feuilles dans la couronne. La méthode permet de
reconstruire des palmiers à huile virtuels à différents âges au cours du développement. De plus, l’approche
allométrique a été couplée à des modèles à effets mixtes pour intégrer au travers de paramètres la variabilité
entre et au sein des cinq progénies. Le modèle permet ainsi de simuler les spécificités architecturales des
cinq progenies en incluant les variabilités entre individus observés. Le modèle architectural, paramétré
pour les différentes progénies, a ensuite été implémenté dans AMAPstudio pour générer des maquettes 3D
de palmiers et ainsi estimer leur interception lumineuse, de l’individu à la parcelle entière.
La validation du modèle a été réalisée à différentes échelles. Dans un premier temps, à l’échelle des

organes, les géométries du stipe, des feuilles et des folioles ont été comparées entre les plantes virtuelles
et les plantes observées sur le site d’étude. Dans un deuxième temps, à l’échelle de la plante à partir
d’indicateurs liés aux dimensions et aux porosités des couronnes, établis à partir de mesures de LiDAR
terrestre (TLS). Ces indicateurs ont permis d’intégrer les informations topologiques et géométriques
liées à la quantité de lumière interceptée par individu. Enfin, à l’échelle du couvert, des photographies
hémisphériques (HP) ont été collectées pour évaluer la variabilité de la fermeture des canopées des cinq
progénies étudiées, puis comparées à des estimations de fractions de trouées calculées sur les maquette
reconstruites.

Les résultats de ces analyses ont révélé des différences significatives entre et au sein des progenies, dans
la géométrie des feuilles (longueur du pétiole, densité de folioles sur le rachis, et courbure du rachis) et
dans la morphologie des folioles (gradients de longueurs et largeurs le long du rachis). La comparaison des
indicateurs estimés par TLS et TLS virtuels réalisés in silico souligne la capacité du modèle à générer
correctement la surface d’interception de la couronne. Les comparaisons ces caractéristiques entre plantes
virtuelles et plantes observées montrent que les maquettes 3D sont comparables aux observations menées
sur le site d’étude. Les variabilités architecturales observées en champ entre et au sein des progénies
sont aussi correctement simulées. Enfin, les différentes progénies montrent des efficacités distinctes de
l’interception lumineuse.
Des analyses de sensibilité (méthode de Morris et approche de méta-modélisation) ont ensuite été

réalisées pour identifier les traits architecturaux influençant l’interception lumineuse et l’assimilation
potentielle à différents âges de la plante. L’assimilation journalière de carbone a été estimée à l’aide d’un
modèle de photosynthèse couplé au modèle de bilan radiatif, et a ainsi permis d’intégrer à l’échelle de la
plante entière les variations temporelles et spatiales de l’éclairement des organes photosynthétiques.

Les paramètres les plus sensibles au cours du développement furent ceux reliés à la surface totale foliaire
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(longueur des rachis, nombre de folioles, morphologie des folioles), mais les attributs géométriques plus
fins de la feuille ont montré un effet croissant avec la fermeture de la canopée. Sur un couvert adulte,
l’optimum en assimilation carbonée est atteint pour des indices de surfaces foliaires (LAI) entre 3,2 et 5,5
m2.m−2, avec des feuilles érigées, de courts pétioles et rachis et un nombre important de folioles sur le
rachis. Quatre idéotypes architecturaux pour l’assimilation carbonée ont été proposés et présentent des
combinaisons spécifiques de traits géométriques, limitant l’ombrage mutuel des plantes et optimisant la
distribution de la lumière dans la couronne.
En conclusion, cette étude met en évidence comment un modèle structure-fonction de plante (FSPM)

peut être utilisé pour explorer virtuellement la biologie des plantes. Dans notre cas d’étude, le modèle 3D
de palmiers à huile, dans sa conception et son application, a permis de détecter les traits architecturaux
génétiquement déterminés et influençant l’interception lumineuse. Ainsi, le nombre limité de traits dégagés
par l’analyse de sensibilité ainsi que les combinaisons de traits révélées au travers des idéotypes pourraient
être pris en compte dans de futurs programmes de sélection. En perspective, des travaux dédiés à intégrer
dans ce modèle d’autres processus physiologiques, tels que la régulation de la conductance stomatique et
le partitionnement du carbone dans la plante, sont à envisager. Ce nouvel FSPM pourrait alors être
utilisé pour tester différents scénarii, comme par exemple dans un contexte de changement climatique avec
de faibles radiations et des périodes de sécheresse fréquentes. De même, ce modèle pourrait être utilisé
pour étudier différentes configurations de plantation et des systèmes de cultures intercalaires, et ainsi
proposer de nouveaux idéotypes multicritères.

Mots clés : assimilation carbonée, FSPM, photos hémisphériques, idéotype, efficience d’interception de
la lumière, modèles à effets mixtes, architecture végétale, progénie, LiDAR terrestre, reconstruction 3D,
analyse de sensibilité
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Chapter I

Introduction

1 Oil palm: state of the art

1.1 Botanical description

The African oil palm (Elaeis guineensis Jacq.) be-
longs to the monocotyledonous family of Arecaceae,
together with the coconut palm (Cocos nucifera)
and the date palm (Phoenix dactylifera), and it
was first described by Nicholas Joseph Jacquin in
1763. It is one of the two species composing the
genus Elaeis, the other being the American oil palm,
E. oleifera. Oil palm is a perennial plant which
architecture follows the Corner model [Hallé and
Oldeman, 1970], which is characterized by a mono-
axial shoot (the stem) that produces phytomers in
regular succession (Fig. I.1). The phytomer con-
sists of a node to which a leaf and an inflorescence
(male or female, when abortion does not occur) are
attached [Henry, 1958]. The number of phytomers
produced annually varies from 30 to 40 for young
palms and 20 to 25 for mature palms. The crown
is made of 60 expanded leaves for young palms
and 30 to 45 for adult oil palms. More than 50
hidden leaves are developing underneath a unique
apical meristem (Fig. I.2 A). Leaves are disposed
according to a radial symmetry with a phyllotaxis
varying from 135.7 to 137.5 degrees. Due to this
regular phyllotaxis, it is possible to distinguish spi-
rals of leaves (parastichies) and determine the order
(rank) with which leaves were emitted. The order
8 parastichy is the reference to identify leaf rank
(Fig. I.2 B). Leaf rank 1 is the youngest leaf fully
open (unfolded) leaf at the top of the stem (leaves
below rank one are called spears). As a result, the
topological position of a leaf within the crown can
be used to estimate its age.

L1

L9

L33

L17

L25

L0 (spear)

Stem

Fruit bunch

Male inflorescence

S

h

Leaf rank

S

Leaf initiation Leaf emergence

L-60 L1 L30

Inflorescence

initiation
Anthesis

Harvest

Spikelet

initiation

Leaf rank

Unopened leaves Open leaves

A

B

Figure I.1: A) Representation of oil palm architecture

following the Corner model. B) Development stages of oil

palm leaves and inflorescences at mature stage. (credits R.

Perez and J. Dauzat)

One month after germination, two cataphylls are
produced before the first green leaf appears. Dur-
ing the following five months, seedlings emit about
one leaf with a unique lamina per month. Pro-
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Figure I.2: A) Longitudinal section of apical dome of

the stem where leaves and inflorescences are initiated by

the apical meristem. B) Cross section of apical dome of

the stem. Leaves are organized with a radial phyllotaxy as

represented on the right scheme. Numbers represent ranks of

the expended leaves. C) Oil palm leaf with detailed evolution

of cross-sections along petiole and rachis (top) and zoom

on leaf at reference points (bottom). ad: adaxial face, ab:

abaxial face. (credits H. Rey and R. Perez)

gressively, leaf shape changes to become pinnate.
Mature oil palm leaves are compound leaves with
an even-pinnate arrangement. The leaf is composed
by a petiole and a rachis that bears leaflets, also
called pinnae (Fig. I.2C). Both sides of the leaves
have almost a similar number of leaflets but their
disposition along the rachis is irregular. Pinnae are
clustered along the rachis and spreading in different
planes. Leaflets belonging to a same cluster can be
either pendulous, horizontal or erect [Henderson,

2002]. [Lecoustre and Jeager, 1989] observed that
leaflets can be alone or gathered by groups of 2 to
4. At adult stage, leaf length can reach 10 meters
and bears approximately 250 to 350 leaflets [Cor-
ley and Tinker, 2016]. Four years separate leaf
initiation from scenescence, with two years during
which the leaf is emerged and can photosynthetize
(Fig. I.1B).

The root system of oil palm is fasciculate, i.e
thousands of adventitious roots are spreading from
a bole at stem basis. Initially, oil palm seedling
presents an orthotropic tap root, or radicle, which
will progressively disappear to establish structured
and hierarchized roots [Jourdan and Rey, 1997a].
Four levels of root differentiation were described
(RI to RIV), the two firsts order playing a role
of anchorage and lateral spreading while the finer
roots (RIII and RIV) exploit soil resources.

The oil palm is monoecious, i.e. male and fe-
male inflorescences occur separately in the same
plant. Reproduction is thus allogamous with cross-
pollination. First inflorescences produced by young
palms are mainly male before female inflorescence
production occurs in smaller proportions than male
inflorescences (female inflorescences representing
around 30% to 50% of total inflorescences on adult
plants [Corley and Tinker, 2016]) . For both sexes,
the development of oil palm inflorescences lasts
around 2 to 3 years from initiation to maturity
[Adam et al., 2011]. Each inflorescence is composed
of spikelets spirally disposed around a flowerstalk
and enclosed in two fibrous spathes before anthesis
(Fig. I.3). The number of spikelets increases with
plant age from 60 at 3-year-old up to 150 at 10-
year-old, and high variation exists between palms.
A male spikelet may bear up to 785 flowers while a
female spikelet bears less than 30 flowers. A female
inflorescence requires 4.5 to 6 months after anthesis
to reach maturity, i.e. a fruit bunch. Fruit-set is
generally low (30% to 60% of the flowers developed
into fruit) and well-set bunches carry on average
1500 to 2000 fruits [Corley and Tinker, 2016].

A fruit bunch (fresh fruit bunch: FFB) weighs
around 12 kg and approximately 10 bunches can
be produced for a mature palm per year in optimal
conditions. Fruits represent 60% to 70% of the
FFB and are sessile drupes with a mesocarp and a
kernel from which two kinds of oils are extracted.
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Figure I.3: A) Male inflorescence before anthesis (left)

and after anthesis (right). B) Female inflorescence before

anthesis (left) and fruit bunch at harvest (right). C) Spikelet

of female inflorescence. D) Oil palm fruit. (credits H. Rey

and R. Perez)

The oil content in the mesocarp represents 40% to
60% and constitutes the main source of oil palm
designated as crude palm oil (CPO). The kernel
contains around 50 % of oil, called palm kernel oil
(PKO), which presents a different composition than
the CPO and is comparable to coconut oil in fatty
acid composition.

1.2 Geographical distribution and
global production

E. guineensis is a tropical plant originated from
the Gulf of Guinea and is naturally abundant in
African rainforest. Due to its high productivity,
oil palm is now largely exploited in all the regions
that offer suitable conditions for its cultivation. Oil

palm plantations are geographically distributed in
tropical lowlands in Africa, South-East Asia and
South and Central America (Fig.I.4). E. guineensis
is exploited in Africa and South East Asia while
E. oleifera is exploited in Latin America as it has
demonstrated resistance to local diseases (such as
bud rot). Optimal growing conditions of oil palm
correspond to 2000-2500 mm of annual rainfall with
no or limited dry seasons; mean annual temperature
between 26-29C and 16-17 MJ.m−2 of daily solar
radiation [Corley and Tinker, 2016].

Plantations of oil palm are usually established fol-
lowing an equilateral design at a density of 130-150
trees per hectare, and are maintained for 25-30 years
on average. Seedlings are grown in nursery for 12 to
18 months before field planting. In industrial plan-
tation, legume cover (mainly Pueraria phaseoloides
and Mucuna pruriens) is established before plant-
ing to avoid soil erosion, fix nitrogen in soils and
protect young palms from harmful weeds. Cover
plants remain in young plantation until the avail-
able light under the canopy is insufficient for their
growth. During the six first months of production,
bunches removal is often recommended to enhance
vegetative growth and allow larger bunches yield
starting from three years-old plants [Corley and
Tinker, 2016]. The main producing countries are
Indonesia, Malaysia, Thailand, Nigeria and Colom-
bia, which produce for their own consumption as
for the main consumer countries (Fig. 4B). In
2013, the production reached 54 million tonnes of
oil, Indonesia and Malaysia representing 85% of
this production. At global scale, almost half of
palm oil production comes from smallholders; some
countries producing almost exclusively from small-
holding (90% in Ghana), while others countries
are dominated by industrial production (60% in
Indonesia) [Rival and Levang, 2014]. The main
consumers are India, Indonesia, China and Europe,
which represented 65% of the global consumption
in 2013.

1.3 Ecophysiology

As for the majority of crops, the main factors lim-
iting oil palm growth are light, water and nutrients.
Oil palm is a perennial crop and, as a result, varia-
tion in microclimatic events, resources availability
and occurrences of abiotic and biotic stresses during
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Figure I.4: A) Geographical distribution of oil palm production in the world (FAOSTAT 2014). B) Distribution of the

main producing and consuming countries of palm oil in the world. (FAOSTAT 2013).

a given period may induce fluctuation of produc-
tion afterwards [Legros et al., 2009a,Legros et al.,
2009b,Legros et al., 2009c]. Oil palm is sensitive
to insufficient water supply or dry periods, mainly
when the vapour pressure deficit (VPD) rises above
1.8 kPa, which leads to stomata closure, and subse-
quently reduces carbon assimilation [Dufrêne and
Saugier, 1993]. Oil palm limits transpiration during
water stress period by decreasing new leaves appear-
ance and inducing quick stomatal closure [Dufrêne
et al., 1992]. The mobilisation of non-structural
carbohydrate (NSC) reserves [Legros et al., 2009c]

also allows oil palm to control seasonal source-sink
imbalances. As a result, oil palm can be culti-
vated in suboptimal regions, but the physiological
adjustments involved in buffering environmental
constraints cause limitation in oil palm productiv-
ity. Indeed, several studies pointed out variations
in sex ratio (number females inflorescences to to-
tal inflorescences) and inflorescence abortion rate
in relation with water stress and assimilates avail-
ability [Durand-Gasselin et al., 1999,Pallas et al.,
2013b], resulting in a lower number of bunches pro-
duced annually.
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1.4 Selection and breeding

Genetic origins of the cultivated Elaeis guineensis
Jacq are very narrow. Three main morphotypes
have been identified thanks to the distinct morphol-
ogy of their fruit: dura, pisifera and tenera, the
latter being a dura x pisifera intraspecific hybrid
(Fig. I.5).

Figure I.5: dura, pisifera and tenera fruit forms with the

corresponding allele of the Shell gene (credit: Singh et al.,

2013).

The dura type bears fruits with a thick endo-
carp while pisifera has no endocarp resulting in
important pulp to fruit ratio and infertility. Dura
types were historically selected and improved from
four palms introduced in South-East Asia (called
Deli dura) while the African pisifera were origi-
nated from only two palms and improved in Africa.
The discovery of the inheritance of shell thickness
gene [Beirnaert and Vanderweyen, 1941,Singh et al.,
2013a] lead to the exploitation of the tenera cross as
it presents 30% more oil content than duras. Since
then breeding programs have been mainly based
on reciprocal recurrent selection (RRS) between
Deli and African material [Cochard et al., 2009]
(Fig. I.6). Such strategy implies keeping and im-
proving dura and pisifera populations separately
and requires testing populations of full sib family. A
full sib family, also called progeny, is obtained from
a unique bunch pollinated by the same male inflo-
rescence. Biparental crosses between heterozygous
parents conduct breeders to deal with progenies
presenting large intra-genotypic variability. Devel-
opment of clones could reduce the time needed

in breeding schemes but still face some difficul-
ties for large-scale propagation [Corley and Tinker,
2016]. Indeed, during plant tissue culture, changes
in DNA methylation cause developmental abnor-
malities. This epigenetic phenomenon produces
clones with phenotypes which differ from the single
donor genotype (also called ortet), characterized
by abnormal feminization of male flowers leading
to partial or complete flower sterility. This abnor-
mality, called the ’mantled’ phenotype, represents
in oil palm around 5% of somatic embryo-derived
clones [Jaligot and Rival, 2015].
Selection is mainly based on integrative traits

related to yield components so far, such as weight
and number of bunches, and tolerance to biotic and
abiotic stresses (diseases, drought, nutrients). E.
oleifera x E. guineensis interspecific hybrids are
likely to enlarge agronomic potential of oil palm
cultivation [Barcelos et al., 2015], and the rapid
evolution of genomic technics together with the
recent oil palm genome sequencing [Singh et al.,
2013b] would probably pave the way to develop
new breeding criteria.
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Figure I.6: Schema of the reciprocal recurrent selection ap-

plied on oil palm (source: [Corley and Tinker, 2016] redrawn

from [Baudouin et al., 1997])
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1.5 Palm oil among vegetable oils

Oil palm (E. guineensis) has the highest pro-
ductivity among cultivated oil crops, with a global
average oil yield of 3.8 tonnes.ha−1 compared to less
than 1 tonne.ha−1 for the others leading oilseeds
crops (Rival and Levang, 2014). As a result, al-
though it occupies less than 7% (19 Mha) of agri-
cultural land dedicated to vegetable oil, oil palm
is the first source of vegetable oils in the world,
representing more than a third of global produc-
tion (Fig. I.7). Oil palm has the lowest cost of
production among vegetable oils even if it requires
relatively intensive labour (labour costs being low
in South East Asia). The low cost of its production
also remains in the limited amount of pesticide ap-
plied in comparison to other crops such as soybean.
Palm oil composition is balanced between saturated
(mainly palmitic acid) and unsaturated fatty acids,
making it solid at ambient temperature. This prop-
erty has raised interest in agri-food industries to
limit the harmful effect of partial hydrogenation
of vegetable oils. The chemical properties of palm
oil (together with palm kernel oil) also raised in-
terest for oleochemical industries. Contrarily to
other vegetable oils, the part of palm oil used in
biodiesel remains lower than 10%, although it is
growing fast [Corley and Tinker, 2016].

1.6 Future demand

Vegetable oil production has continuously in-
creased thanks to cropland development, agronom-
ical practices and genetic improvement. Even so,
future global demand, estimated to reach 240 mil-
lion tonnes by 2050 [Barcelos et al., 2015], needs to
be fulfilled. Developing countries have known rapid
expansion of their crops to satisfy not only their
own consumption but also to supply global demand
(Fig. I.8). The crops mainly cultivated in such devel-
oping countries were soybean in South America and
oil palm in South East Asia. Malaysia first devel-
oped oil palm at large scale in the 60’s, followed by
Indonesia which became the first palm oil producer,
reaching nowadays half of the global production.
To cope with steadily increasing consumer demand,
Indonesia and Malaysia have thus implemented a
rapid expansion of oil palm plantations, often to
the detriment of vulnerable forestry system and/or
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the two world leaders is projected to grow by 1.9%
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2. Scientific context

per year on average, which is a slower rate com-
pared to the last 30 years, as a result of land restric-
tions, environmental constraints and labour costs
becoming more constraining [OECD/FAO, 2014].
In addition, recent but recurrent manifestations of
extreme climate phenomena in South East Asia,
like drought, result in high variation in oil palm
production over years [Corley and Tinker, 2016]. As
a matter of fact, Indonesian and Malaysian author-
ities now face the challenge of developing strategies
which allow oil production growth while limiting
environmental damages.

2 Scientific context

2.1 Plant breeding and quantitative
genetics

Quantitative genetics is the study of the genetic
control of quantitative characters, i.e. complex
characters that, conversely to qualitatives charac-
ters, present a continuous range of values (yield for
instance). Quantitative characters are controlled
by several genes with relatively low effect on the
phenotype when analyzed separately [Hill, 2010].
Whatever the effect of a gene on the phenotype,
the segregation of its alleles must follow Mendel
laws. The effect of the variation of a unique gene
is hardly perceptible on the phenotype. However,
when considering the segregation of all the genes
controlling a quantitative character within a pop-
ulation, it is possible, using statistical methods,
to explain the part of phenotypic variation due to
genotypic variation. For an individual i, the value
of a quantitative character, or phenotype (Pi), re-
sults from its genotype (Gi), its environment (Ei)
and the interaction between them (Gi x Ei):

Pi = µ+Gi + Ei +Gi × Ei (I.1)

with µ being the expected phenotypic value of the
population. Gi corresponds to the genotypic value
of the individual i. The value of Gi depends on the
studied population and is the sum of the additive
(Ai), the dominant (Di) and epistasic effects (Ii) of
the individual:

Gi = Ai +Di + Ii (I.2)

Ai is also called the breeding value, and represents
the mean effect of an individual on its descendants
(progeny). Di is the interaction effect between the
alleles of a same gene and Ii is the interaction effect
between alleles of two different genes. Based on
this general genetic model, it is possible to estimate
the genetic value of a genotype considering both
additive and dominant effects. Under hypotheses of
independency between A, D and E, the phenotypic
variance equals σ2

p = σ
2
g + σ

2
e with σ

2
g = σ

2
a + σ

2
d.

Hence, by characterizing both phenotype and geno-
type of all the individuals of a population, it is thus
possible to estimate the broad-sense heritability of
a character (H2), which is defined as the fraction
of the genotypic variance to phenotypic variance,
and narrow-sense heritability (h2) when considering
only the additive part of the genetic variance :

H2 =
σ
2
g

σ
2
p

(I.3)

h2 =
σ
2
a

σ
2
p

(I.4)

Heritabilities can be estimated by statistical analy-
ses, by analysis of variance (ANOVA), but mixed-
effect models with restricted maximum likelihood
(REML) method are usually applied when dealing
with complex pedigree (see [Cros, 2015] for a re-
view).

Quantative genetics thus offers the possibility to
investigate the influence of genotype on phenotype,
and to identify the plants that present interesting
breeding values to integrate them in breeding pro-
grams. However, such strategy relies on the possibil-
ity of clearly characterizing both genotype and phe-
notype. Biotechnological tools now enable a rapid
and complete description of genotypes, but char-
acterizing phenotypes (phenotyping) is presently
a bottleneck, due to the complexity of measuring
some phenotypic traits.

2.2 The ideotype concept

The notion of ideotype was first proposed by Don-
ald [Donald, 1968] as an alternative to empirical
selection relying on yield. An ideotype is thus a
conceptual plant characterized by sets of traits that
confer interests in a given agronomical context. An
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ideotype must be designed for a targeted environ-
ment as the morphological and physiological traits
composing the ideotype are specific to particular
environmental conditions and management prac-
tices [Martre et al., 2014]. According to ideotype
breeding, breeders select phenotypes close to the
ideotype rather than for yield. This approach was
initially developed in cereals [Khush, 2001, Peng
et al., 2008] and was later applied on perennial
plants [Lauri and Costes, 2005,Cilas et al., 2006].
In any case, the capacity to finely quantify pheno-
typic traits is a critical point in the conception of
ideotype.

2.3 Plant architecture: description
and modelling

Describing plant architecture

Plant architecture results from a equilibrium be-
tween endogenous growth process and environmen-
tal constraints [Barthélémy, 1991].The study of
plant architecture at a given time relies on the
description of the topology and the geometry of
plant organs [Godin et al., 1999]. Topology refers
to the physical connections between plant com-
ponents while geometry includes the shape, size,
orientation and spatial location of the components.
A plant can be decomposed as a sum of elemen-
tary structures that are repeated during growth
and specifically organized into different levels of
organization [Barthélémy, 1991]. Hallé et al. [Hallé
and Oldeman, 1970,Hallé et al., 1978] proposed the
notion of architectural model to describe the differ-
ent types of plant architecture and their growing
strategies. This concept of architectural model was
essentially based on the recognition of successive
patterns of branching over plant development. The
definition of these growth strategies is however too
large to classify species according to their architec-
ture [Barthélémy, 1991]. Hence other architectural
studies [Edelin, 1977,Barthélémy, 1991,Barthélémy
and Caraglio, 2007] were set up in order to establish
a conceptual framework of plant architecture based
on four concepts: the category of axis, the archi-
tectural unit, the reiteration and the ontogenetic
stages of a plant.

A plant is made of axes that can be categorized ac-
cording to their morphological, anatomical or func-

tional distinctive features (trunk, branch, shoot).
For each species the number of categories of axes is
finite and relatively low [Barthélémy and Caraglio,
2007]. The notion of architectural unit was intro-
duced by Edelin [Edelin, 1977] to qualitatively de-
scribe the hierarchy and spatial arrangement of
these categories of axes. The spatial arrangement
of axes refers to the notion of branching order,
which is the topological description of axes accord-
ing to their relative establishment in space. The
architectural unit constitutes the level of organiza-
tion that enables to specifically describe species,
and it is characterized by traits related to growth
and branching processes, morphological differenti-
ation of axes and position of reproductive struc-
tures [Barthélémy and Caraglio, 2007]. Branching
process includes the orientation of branches (e.g
orthotropic or plagiotropic), the type of branch-
ing (monopodial or sympodial), the persistence of
branches (indefinite, long or short), the organiza-
tion of lateral development around mother branch
(acrotony, mesotony and basitony), the type of
meristematic activity (rhythmic or continous) and
leaf arrangement (phyllotaxis). Conversely to mono-
caulous plants like oil palm that conserve a single
architectural unit over time, other plants can repeat
their architectural unit during their lifespan. This
morphogenetic process through which the organism
duplicates its own elementary architecture is called
reiteration [Barthélémy and Caraglio, 2007]. Fi-
nally, the notion of plant ontogeny accounts for the
dynamics of plant architecture and refers to partic-
ular developmental stages of the plant. Ontogenetic
gradients can be identified through changes in the
morphology of shoots or leaves (or morphogenetic
gradients), the apparition of new category of axes,
and finally the apparition and degree of repetition
of reiteration process.

3D representation of plants

Plant architectural models can be developed by
many different ways that mainly depends on the pur-
pose underlying their practical applications. Such
models can thus be static, describing plant form at
a given time, or developmental, including the evo-
lution of the form with time [Prusinkiewicz, 2004].
Developmental models can be either descriptive
(representing acquired data relative to plant archi-
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tecture and called virtual reconstruction) or mech-
anistic (integrating physiological mechanisms). In
both models, plants are considered as an association
of discrete components (modules) specifically ar-
ranged in space according to plant topology. These
modules can represent different components of the
plant with various scales (branch, metamers, intern-
odes, leaves, flowers, buds) and can be functionally
interconnected when using mechanistic developmen-
tal models.
Architectural models were developed using dif-

ferent formalims. Lindenmayer developed the L-
system formalism for simulating the development
of multicellular organisms [Lindenmayer, 1968] that
was later applied in plants and enabled to account
for change in plant topology and geometry over
time [Prusinkiewicz and Lindenmayer, 1990]. Fur-
ther extension of L-systems were designed in order
to couple developmental rules to functional pro-
cesses [Kurth and Sloboda, 1997]. Other formalisms
more dedicated to plant simulation were developped
for specifically simulating forest trees [Perttunen
et al., 1996] or any plant on the basis of elementary
processes involved in building plant architecture
such as bud break, bud growth and mortality with
views on the plant organization [Prusinkiewicz and
Lindenmayer, 1990,Perttunen et al., 1996,De Reffye
et al., 1997,Barczi et al., 2008].

The 3D representation of plants required quanti-
tative data that enable to retrieve plant topology
and geometry of organs. First descriptions of plant
topology were obtained by considering plants as
strings of characters [Prusinkiewicz and Linden-
mayer, 1990]. Later, graphs have been proposed
to account for the different level of organization
within a plant (organ, growth unit, shoot, branch),
like the multi scale tree graph (MTG) [Godin and
Caraglio, 1998]. Different methods have been devel-
oped to measure the spatial orientation and shape
of plant organs, either measured with simple equip-
ment such as rulers and protractors [Takenaka et al.,
1998,Casella and Sinoquet, 2003,Rey et al., 2008] or
obtained from digitizers that record directly the 3D
points of interest (e.g position of internode, inser-
tion of leaves) [Sinoquet et al., 1997,Louarn et al.,
2008,Yang et al., 2016]. This latter method can
be time consuming and is hardly practicable on
large plants. A more recent method consists in
using terrestrial LiDAR scans (TLS) which have

the advantage of quickly collecting a very large
amount of 3D data related to plant topology and
organ geometry [Côté et al., 2009,Raumonen et al.,
2013,Hackenberg et al., 2014]. This method is par-
ticularly adequate for the reconstruction of tree
skeleton but self-occlusion problems limit its poten-
tial to fully describe plant architecture.
All these methods enable in silico generation of

static or dynamic 3D representation of a given plant
(called mock-up), that can be used as a support to
study the relationships between plant structure and
function. The use of 3D representation to assess
physiological processes raises the question about
the capacity of virtual plants to accurately repro-
duce observed plant architecture. Indeed, the main
difficulty relies on modeling the interaction between
plant architecture and the environment. Modelling
studies now aim at introducing feedbacks between
physiological processes driven by the environment
and the morphogenesis processes building plant
architecture [Fourcaud et al., 2008]. When these
interactions are not completely decoded, 3D model
usually invokes statistical approach to simulate ar-
chitectural variations.

To our knowledge validation processes on virtual
plants mostly relies on the quantitative compari-
son between mean observed and simulated values
for geometrical and topological descriptors [Sono-
hat et al., 2006, Costes et al., 2008]. Validations
are also based on the comparison of more integra-
tive variables related to ecophysiological processes,
typically light interception [Casella and Sinoquet,
2003,Louarn et al., 2008].

Previous studies carried out in the AMAP
(Botany and modelling of plant architecture and
vegetation) joint research unit [Lecoustre and Jea-
ger, 1989,Dauzat, 1990,Julia, 2007] were aimed at
characterizing and representing oil palm architec-
ture. Results of these studies and the expertise
developed in AMAP (H. Rey, personal communica-
tion) were used to support the present study.
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2.4 Using plant modelling to eval-
uate and predict plant perfor-
mances

Conceptual framework

Different approaches can be involved to address
limitations of crop production, such as improving
plant yield by the development of new varieties
or/and the implementation of innovative crop man-
agement technics. One hypothesis underlying oil
palm yield variation is that plants do not fully ex-
press their production potential when resources are
limited. Testing such hypothesis is not straight-
forward and requires a detailed comprehension of
plant physiology. Understanding how plants use
and transform resources is crucial to enhance their
performance. The three main resources of interest
are water, soil nutrients and light. Plant perfor-
mance can thus be conceptualized as the succession
of critical physiological processes from light resource
captured to yield of the harvested product. [Mon-
teith, 1977] suggested that the total dry biomass
produced is closely correlated to accumulated solar
radiation following the equation:

Y = PAR× ǫi × ǫc
︸ ︷︷ ︸

Total biomass

×ǫp (I.5)

where:

Y: yield (g.m−2 or tonnes.ha−1)

PAR: photosynthetically active radiation (MJ.m−2

or MJ.ha−1)

ǫi: light interception efficiency

ǫc: photosynthetic conversion efficiency (g.MJ−1

or tonnes.MJ−1)

ǫp: partitioning efficiency

Light interception efficiency (ǫi) reflects the ca-
pacity of the canopy to capture light and is often
defined as the fraction of incident PAR intercepted
by the foliage. The photosynthetic conversion co-
efficient or radiation use efficiency (ǫc), represents
dry matter produced per unit of radiation absorbed
and is usually defined as the slope of the linear
relationship between plant biomass production and
the accumulated intercepted PAR. Studying carbon

assimilation implies a detailed analysis of complex
physiological mechanisms and trade-off between
photosynthetic capacity and stomatal conductance.
Partitioning efficiency (ǫp) or harvest index rep-
resents the fraction of total dry matter allocated
to the harvested product, i.e. for oil palm, the
fruit dry matter or, more precisely, the quantity of
extractable oil. The study of ǫp relies on the com-
prehension of the mechanisms involved in the flux
of carbon assimilates in the different compartments
of the plant (vegetative organs or reproductive or-
gans).
Following Monteith’ concept, three potential

ways of improving plant yield can be investigated
which act either on ǫi, ǫc or ǫp, PAR being in-
evitably imposed by climatic conditions. An inter-
esting question is to what extent increasing light
interception by modifying morphological traits may
improve plant yield.

Process-based models and Functional-

structural plant models

Different methods for modelling plants exist and
the choice of using one or another depends on the
addressed scientific issue. A first approach, called
Process-based models (PBM), is classically used in
agriculture and aims at simulating plant function-
ing at the crop scale, without taking into account
the individual structure of the plant, but rather
considering the amount of crop per unit of surface
area. Conversely, functional-structural plant mod-
els (FSPM) are based on the explicit description of
plant topology and organ geometry [Vos et al., 2010].
FSPMs explore the relationship between plant struc-
ture and the processes that underlie growth and
development [DeJong et al., 2011], i.e how plants re-
act to the environment by adapting their functions
(photosynthesis, transpiration, biomass allocation)
and their structure. The advantage of FSPM over
PBM relies on its capacity to model functioning
processes at organ scale (e.g. photosynthesis) and
then to explicitly integrate them at plant scale,
but generally implies additional computational cost.
Conversely, PBM propose an integrative vision of
plant functioning that can lead to the identification
of the main processes involved in the comprehension
of a particular problems. Modelling plant structure
and physiological processes is also a practical tool to
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test hypotheses and set up virtual experiments con-
cerning processes that could otherwise take years
in field conditions [Fourcaud et al., 2008], especially
for perennial crops like oil palm. FSPM allows test-
ing the influence of structural traits (separately or
in combination) on processes such as light intercep-
tion [Sarlikioti et al., 2011,Da Silva et al., 2014]
and carbon assimilation [Song et al., 2013, Chen
et al., 2014]. As a result FSPM can be an efficient
tool to design ideotypes.

Modelling light interception

Several methods can be used to evaluate light
interception, and their practicability depends on
the scale of evaluation (stand, plant or organ scale).
Indirect methods such as Plant Canopy Analyzer
(PCA) or hemispherical photographs (HP) have
been commonly used to describe the radiation dis-
tribution in the canopy [Frazer et al., 2001, Jon-
ckheere et al., 2004]. Those methods are based
on estimations of gap fraction, i.e. gaps through
the canopy, from which light interception efficiency
can be derived. Methods based on canopy re-
flectance measurements (Ratio Vegetation Index
(RVI)) can also be applied to estimate interception
efficiency [Jørgensen et al., 2003]. PCA, HP and
reflectance methods allow the calculation of light
interception efficiency at plot scale, commonly de-
fined as the fraction of incident PAR intercepted
(fPAR).

Direct light measurements are precise and may
be used to quantify light interception efficiency at
organ scale. However, direct measurements require
handling very large numbers of light sensors [Xue
et al., 2015] and may modify plant architecture
when disposed on organs [Sonohat et al., 2002].
Apart from being fastidious, the application of such
radiometric measurements is poorly reproducible
and highly depends on field radiative conditions.
Alternatively, simulations of light interception on
plant representations can be easily reproduced for
various radiative conditions. Simulations can also
provide very detailed and comprehensive data that
would require a huge number of sensors for direct
measurements. As a result modelling approaches
on virtual plants have been proposed to estimate
the capacity of plants to intercept light, whatever
the scale of study.

In FSPM, light interception is simulated using
radiative transfer models combined with three-
dimensional representations of plants [Dauzat and
Eroy, 1997,Chelle and Andrieu, 1998,Sinoquet et al.,
2001]. One approach to model light is to consider
foliage as a turbid medium [Sinoquet et al., 2001].
Under such assumption one can apply the Beer-
Lambert’s law (Equation I.6) like in PBMs, assum-
ing that light interception through a homogeneous
vegetation layer is an exponential function of leaf
area index (LAI) [Monsi and Saeki, 2005]:

Ic = I−k×LAIc (I.6)

where:

Ic: Radiation measured within the canopy at a
given depth

I: Incident radiation above canopy

k: extinction coefficient which is generally cali-
brated through measurements

LAIc: Cumulated LAI in the layer of vegetation

For trees, canopy space is divided into volume
elements (voxels), each one being characterized by
mean properties as leaf area density and leaf incli-
nation distribution [Sinoquet et al., 2001]. Alterna-
tively, the canopy is represented by a detailed col-
lection of geometric primitives (polygons) of which
spatial coordinates are known. Two main meth-
ods are commonly used for estimating the radiative
balance of each element of the canopy (voxel or
geometric primitives): the radiosity method and
ray tracing. The radiosity method is based on mu-
tual light exchanges factors between all the canopy
components [Chelle and Andrieu, 1998]. Ray trac-
ing models, commonly referred as Monte Carlo
models (or quasi Monte Carlo models), stochasti-
cally simulate light rays coming from light sources
(e.g sun) and the rays that are scattered within
the canopy [Buck-Sorlin et al., 2011, Song et al.,
2013]. Alternatively, rapid simulations can be
performed through the calculation of multiple Z-
buffer images that applied on both volume and
surface canopy representations [Dauzat and Eroy,
1997,Rey et al., 2008]. A similar approach is used in
the discrete anisotropic radiative transfer (DART)
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model [Gastellu-Etchegorry et al., 1996] with appli-
cation in remote sensing studies. The principle of
this method is the discretization of the incident ra-
diation into directional fluxes accounting for direct
and diffuse radiation, estimated via clearness index
(Kt), which is defined as the ratio of the measured
global irradiance to the corresponding irradiance
above the atmosphere [Bristow and Campbell, 1984].
Then, for each direction, plant components are pro-
jected on an image plane with a Z-Buffer. Counting
the visible pixels on resulting images finally allows
assessing the quantity of light intercepted by each
plant component from each direction.

Influence of plant architecture on light inter-

ception

The way plant intercepts light is strongly related
to the degree of canopy closure and plant leaf area,
often expressed per unit of ground area and defined
as leaf area index (LAI; [Bréda, 2003]. At stand
scale, light interception is thus conditioned by the
distance between plants (planting density) and the
vertical and lateral extension of individual crowns.
At plant scale, a fine description of canopy structure
is essential to quantify and understand the variation
of light interception. Several studies investigated
how different combinations of these morphological
traits (mostly traits related to foliage) can explain
variation in light capture, and aimed at identifying
the main traits involved in light interception effi-
ciency [Chazdon, 1985,Takenaka, 1994,Valladares
et al., 2002,Pearcy et al., 2005,Da Silva et al., 2014].

Two key components control the quantity of light
intercepted at plant scale: leaf dispersion and leaf
area density [Duursma et al., 2012]. Leaf disper-
sion characterizes the spatial distribution of leaves
within the crown, i.e. if leaves tend to be clumped
or regularly arranged. Leaf dispersion partly de-
pends on the structure of shoots and/or petioles
that support leaves. Shoot number and internode
length [Pearcy et al., 2005,Dauzat et al., 2008] as
well as petiole length [Takenaka et al., 2001, Ni-
inemets et al., 2004a,Chenu et al., 2005] can modu-
late leaf aggregation and consequently light inter-
ception. Phyllotaxis significantly influences light
capture efficiency but inefficient phyllotactic pat-
terns (e.g decussate) can be compensated by leaf
morphological plasticity [Niklas, 1988,Valladares

and Brites, 2004]. Shoots and petiole with eleva-
tion angle that confer horizontal and flat position
of leaves can optimize leaf irradiance [Niinemets
et al., 2004b]. The disposition and angles of leaves
on shoots have consequences on plant self-shading
and therefore can also alter light interception ef-
ficiency [Falster and Westoby, 2003,Pearcy et al.,
2005,Parveaud et al., 2008]

Leaf area density determines the quantity of leaf
area contained in crown volume. Leaf area density
is a function of number, shape, size and individual
area of leaves. All these traits have been shown to
greatly influence light interception efficiency [Chaz-
don, 1985,Pearcy et al., 2004,Da Silva et al., 2014].
Optimal leaf geometry also depends on the light
environment of plant habitat. Under strong light
intensity, high number of small and narrow leaves
with steep elevation angle can be favourable to
reduce exposure to excessive light intensity [Tak-
enaka, 1994,Falster and Westoby, 2003] and limit
transpiration losses. The strategy of shade tolerant
plants is different; few broad leaves with horizontal
positioning confer high level of light interception
efficiency by limiting self-shading [Pearcy et al.,
2004].

Enhancing plant performance by optimising

light interception efficiency

Crop improvement in the last century was partly
a consequence of the augmentation of light cap-
ture by plants in combination with agronomic prac-
tices [Khush, 2001]. For instance great improve-
ments in cereals yield were obtained with smaller
and more erect leaves, allowing planting at higher
density [Murchie et al., 2009,Kumar et al., 2017].
Evidence of genetic variation in light interception
efficiency was established for different species such
as miscanthus [Jørgensen et al., 2003] and soy-
bean [Koester et al., 2014]. These studies high-
lighted that the improvement of yield provided by
a given genotype was closely linked to higher values
of ǫi. Given the close relationship between plant
structure and light capture, the augmentation of ǫi
with genetic improvement requires the heritability
of some of the architectural traits described in the
previous section. Hence, other studies investigated
more deeply the relationships between genetic and
ǫi by quantifying architectural differences between
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genotypes. Genetic control of tillering and con-
sequences on light interception was demonstrated
in cereals [Sakamoto and Matsuoka, 2004, Yang
and Hwa, 2008,Moeller et al., 2014]. Heritability
of branching pattern [Wu and Stettler, 1998, Se-
gura et al., 2008a] and plant height [Plomion et al.,
1996, Barcelos et al., 2015] were also established
on perennial species. At leaf scale, genetic anal-
ysis pointed the possibility to guide breeding to-
wards leaf morphology [Serrano-Cartagena et al.,
1999, Frary et al., 2004] and leaf orientation and
angles [Li et al., 2015,Truong et al., 2015].

The close relationship between light interception
and yield can be empirically demonstrated. [Koester
et al., 2014] found significant correlation between
ǫi and yield examining several cultivars of soybean.
For oil palm, a linear relationship between indi-
vidual light interception and fruit yields has been
established with experiments based on high plant-
ing density and leaf pruning treatments [Corley and
Tinker, 2016]. High planting density is beneficial
at the young stage to maximize light interception
by the canopy, but it lowers the yield of mature
palm. Such results indicate that yield per plant
drops when inter-palm competition increases, and
highlights the importance of light accessibility.

Beyond maximizing light capture, it is important
to consider the intensity of light reaching leaves
since excessive irradiance can lead to photoinhibi-
tion. Photosynthesis is positively correlated to leaf
irradiance, but above a certain limit (estimated
at 1100 µmolPFD m−2 s−1 for oil palm [Dufrêne
and Saugier, 1993]), excessive irradiance saturates
carbon assimilation. This non-linear relationship
between light interception and carbon assimilation
can vary among plants and is defined as the pho-
tosynthetic conversion coefficient (ǫc) in Monteith’
formalism. Finally, the partitioning coefficient (ǫp)
may also limit direct correlation between light inter-
ception and yield. Considering a linear relationship
between carbon assimilates and fruit yield would re-
sults in some oversimplification. Complex processes
between sources and sinks of carbon are likely to
occur [Pallas et al., 2013a], especially in perennial
plants capable to store carbon reserves in order to
buffer trophic imbalances.

Modelling carbon assimilation

Estimating the potential of carbon assimilation
versus leaf irradiance and micrometeorological fac-
tors requires modelling physiological process of pho-
tosynthesis. [Farquhar et al., 1980] developed the
reference model to estimate carbon net assimilation
(An) as a function of photon flux density (PFD)
and CO2 concentration in the mesophyll. Fur-
ther works were undertaken in order to couple this
model with a stomatal conductance model [Baldoc-
chi, 1994,Leuning, 1995]. Methods were proposed
to calibrate the parameters of Farquhar model re-
lated to maximum catalytic rate of the enzyme
Rubisco (Vcmax) and the maximum electron trans-
port rate (Jmax) [Bernacchi et al., 2001,Leuning,
2002]. These methods were applied on response
curves to variables such as PFD, partial pressure
of intracellular CO2 (Ci) and temperature.

In parallel, a simplified model was also proposed
using a non-rectangular hyperbola function to pre-
dicted photosynthesis response to irradiance with
four biologically meaningful parameters [Marshall
and Biscoe, 1980] and was later updated to ac-
count for CO2 concentration and nitrogen depen-
dencies [Thornley, 1998].

2.5 Retrospect of oil palm models
and their applications

Originally oil palm models were developed with
the objective to forecast yield. The first modelling
approaches were based on the relationship between
total dry matter produced and yield, i.e. the
partitioning efficiency (ǫp). Corley [Corley et al.,
1971] suggested, from experimental figures, that
vegetative growth might take priority when
assimilate supplies are limiting. Other models were
later developed focussing essentially on physio-
logical processes like photosynthesis, respiration
and assimilate partitioning among plant organs.
Dufrêne et al. [Dufrêne et al., 1990,Dufrêne et al.,
1992, Dufrêne and Saugier, 1993] calibrated a
carbon model on oil palm and linked productivity
to climatic factors with special attention to water
stress.Van Kraalingen et al. [Van Kraalingen
et al., 1989] developed a canopy assimilation
model (OPSIM) by estimating photosynthesis
and assimilates partitioning. Outputs from this
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model suggested that improvement of yield could
be reached by enhancing crop photosynthesis.
Jones [Jones, 1997] proposed a model that enables
the prediction of seasonal variations in the number
of bunches in relation with the trophic status of
the palm trees (through experiments with bunch
ablation and fruit pruning treatments). These
studies predicted short-term yield based on the
number of bunches to harvest.

Combres et al. [Combres et al., 2013] developed a
model (ECOPALM) with the objective of obtaining
a reliable prediction of oil palm production and
its variations over seasons in order to better
organize production and transformation chains.
Calibrated against studies on the seasonal rhythm
of bunch production in relation to drought period,
photoperiod and carbon sink-source imbalances
on palm oil [Legros, 2008], this model was able
to operate at large plot level and simulated
the monthly number of harvested bunches for
a mature palm plantation (13 to 20 years old).
ECOPALM reproduced production cycle observed
at population scale for a given progeny but stressed
the need to develop an individual-based approach
to deal with inter-tree production variability. In
complement to ECOPALM, another modelling
approach (X-palm) was developed to model the
behavior of the plantation as a sum of individual
trees [Pallas et al., 2013c]. This functional model
aims at representing the topology of the tree as well
as organs growth dynamic, and integrates biological
processes to simulate plant production. X-palm
relies on the concept of competition between
sinks that drives carbon partitioning between
the different organs of the plant [Luquet et al.,
2006,Pallas et al., 2013a]. A competition index (Ic)
is established through a carbon demand/supply
ratio at the plant level. Estimation of organ
assimilate demand is based on organ potential
growth according to its physiological age and on
its biomass composition. Assimilate supply is
estimated using the Monteith formalism [Monteith,
1977] and the Beer-Lambert law [Monsi and Saeki,
2005].

Other models were developed with the purpose
to better assess the sustainability of oil palm
production. Hoffmann et al. [Hoffmann et al., 2014]
proposed an integrative approach (PALMSIM) to

predict oil palm potential yield, on a monthly basis,
for several sites across Indonesia and Malaysia.
The model provided a map of potential yield
which, combined with existing maps of land use,
could identify degraded lands suitable for oil palm
cultivation. A comparable approach was developed
to predict oil palm growth and yield over various
sites in Papua New Guinea, integrating fertiliser
managements (nitrogen treatments) [Huth et al.,
2014]. The model accurately predicted vegetative
growth and bunch production over the sites in
relation to nitrogen supply and highlighted the
possibility of using a modelling framework to
test sustainable production system. The authors
nevertheless stressed the need to enlarge the range
of environments and plant ages investigated before
using the model as a decision-making tool. Fan
et al. [Fan et al., 2015] developed a sub-canopy
model for oil palm (CLM-Palm), in order to
allow the comparison of carbon, water and energy
cycles between natural ecosystems and oil palm
plantation. The model allows simulating plant
growth and yields at the phytomer scale, and shows
the difficulty to predict inter-site variabilities.
All these models developed on oil palm offer

the possibility to predict oil palm yield according
to environmental conditions, but none of them
were designed to address the influence of genetic
variability (except for the X-palm model). Sensi-
tivity analyses of these models can bring valuable
information. For instance in CLM-Palm, the most
sensitive parameters related to cumulative yields
were the ones related to the allocation of nitrogen
and carbon toward leaves, acting, respectively, on
photosynthetic capacity and leaf biomass. The
analysis of PALMSIM sensitivity highlighted
that parameters linked to light use efficiency
had the strongest impact on bunch yield. In an
ideotype design context, those results highlight the
functioning processes that should be optimized.
However, although both Xpalm and CLM-Palm
models integrate plant topology, none of these
models explicitly represent the structure of oil
palm. Given the close relationships between plant
architecture, light interception and physiological
processes, an FSPM dedicated to oil palm appears
to be a powerful approach for the identification
of the key morphological traits of interest for
breeding.
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3 Objectives and approaches
of the thesis

Oil palm production has continuously increased
over the past 50 years thanks to breeding programs
based on fruit yield (bunch production and oil
extraction rate) [Corley and Tinker, 2016], but
a yield ceiling tends to be reached under actual
agronomic practices, even in regions were condi-
tions are optimal for its cultivation like Indonesia
(http://faostat3.fao.org, Fig. I.9 ).
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Figure I.9: Production, harvested area and average fresh

fruit bunch (FFB) and oil yields of oil palm in Indonesia

since 1966 (source: FAOSTAT 2014).

In this thesis we propose to explore an alternative
way for improving oil palm performances based on
3D reconstructions and model assisted evaluation
of radiation-use efficiency. The main assumption
underlying this thesis is the possibility to improve
oil palm potential yield via plant breeding, selecting
phenotypic traits that optimize light interception
efficiency (ǫi). This hypothesis raises the following
questions:

• To what extent does oil palm architecture vary
and is it genetically determined?

• How does light interception efficiency vary
among progenies?

• Which architectural traits do impact light in-
terception the most?

So far, there is no research paying attention to the
architectural traits involved in the light capture
and subsequent carbon assimilation in oil palm.
Such an issue remains hardly achievable directly
through field experiments and we thus proposed
to follow a modelling approach. The existing oil
palm models (section 2.5) do not explicitly repre-
sent plant architecture, thus hampering their use
for tackling the questions addressed in this study.
Hence we proposed to develop a FSPM of oil palm
which could be able to quantify and analyse the
impact of architectural traits on light interception
and potential carbon assimilation. In this study,
abiotic constraints linked to water and soil nutrients
will not be considered so plant performance will be
only evaluated according to the acquisition and use
of the light resource. In this context, the mains
objectives of the thesis are:

• To characterize the architectural variability of
oil palm and reconstruct 3D mock-ups accord-
ingly

• To evaluate light interception efficiency of 3D
mock-ups simulated for different oil palm pro-
genies

• To propose architectural ideotypes optimising
light interception and carbon assimilation

These three objectives will be addressed separately
in three chapters presented in a scientific paper
format (see thesis framework Fig. I.10). First a new
modelling approach able to simulate oil palm archi-
tecture is presented in chapter II. Beyond model
formalism, this chapter presents a comparison of
the architectural traits between progenies and the
estimations of heritabilities associated to the archi-
tectural traits investigated. In the third chapter
we propose to evaluate the accuracy of the archi-
tectural model through comparisons of model sim-
ulations with field data obtained by hemispherical
photographs and terrestrial LiDAR. Then we inves-
tigate the efficiency of studied progenies to capture
light, by applying a light interception model on
simulated mock-ups. In chapter IV, a sensitivity
analysis is performed to detect the main architec-
tural traits affecting light interception and carbon
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Figure I.10: Thesis conceptual and methodological framework

acquisition. Architectural ideotypes are suggested
from these results. Finally, in a last chapter we
discuss the overall approach followed in the present
study and consider the perspectives offered by the

work initiated during this thesis.
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4 Experimental site and plant
material

4.1 Experimental site

Data were collected from an experimental planta-
tion of the SMART Research Institute (SMAR-
TRI, Smart Tbk.) located in South Sumatra,
near Palembang (Fig. I.11 A). The trial has been
set up under the framework of a breeding pro-
gram aiming at studying environment and geno-
type interaction on 25 progenies (Compréhension
des Intéractions Génotype Environnement or CIGE
project). Seedlings were planted in 2010, approxi-
mately 18 months after germination. The experi-
mental design is a Fisher block design of five blocks.
Each block is subdivided in 25 elementary parcels,
where 25 trees of the same progeny compose each
parcel. The planting density is 136 plants ha−1, in
a 9.2 m equilateral triangular pattern.
The experimental site is under sub-optimal cli-

matic conditions for oil palm growth, with temper-
ature varying from 23 to 29 C, relative humidity
between 60 to 98% and daily global radiation be-
tween 12 and 17 MJ.m−2 (Fig. I.11 B). However
the region is not optimal in terms of rainfall since a
dry season usually occurs from July to September.
Annual rainfall varied between 2000 and 2800 mm
except in years 2014 and 2015 for which annual
rainfall drops under 1800 mm.

4.2 Plant material

The plants used in the experimental site were
tenera hybrids (dura x pisifera cross). The genetic
origin of the planting material was from Africa or
from Asia. African materials were from three ori-
gins: Deli x La Mé (DL), Deli x (La Mé x Sibiti)
(DS) and Deli x Yangambi (DY). One progeny, iden-
tified as Deli x Unknown (DU) refers to an undeter-
mined origin, either Yangambi or La Mé, and was
added to the trial because of its putative tolerance
to drought. Deli names make reference to the origin
of efficient material used before the appearance of
tenera hybrids and which are now used as female
in crossings (deli dura). African origins refer to
the regions where the material was selected from
(Yangambi and Sibiti in the Democratic Republic
of the Congo and La Mé in Côte d’Ivoire). Asian
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Figure I.11: A) Location of the experimental site in South

Sumatra. B) Monthly climatic data in the experimental

site from January 2011 to November 2015 (T: daily mean

temperature; GR: daily mean global radiation; RH: daily

mean relative humidity)

material are Deli x Avros (DA), AVROS (Algemene
Vereniging van Rubber planters ter Oostukut van
Sumatra) referring to the name of the company that
selected plant material in trials set up in Sumatra.
A total of 25 progenies were studied in this trial,
16 selected in Africa by the PalmElit company ac-
cording to several criteria such as: fresh fruit bunch
(FFB) production, oil yield, stem growth, precoc-
ity of production and parents origin (female origin
dura and male origin pisifera). Those progenies
were chosen to maximize the diversity of genetic
backgrounds as well as variations in yield compo-
nents characteristics. The eight other progenies
were Deli x AVROS material originated from PT
Smart breeding programs. The genetic material
under study is interesting as it presents resources
independently selected in different world regions
and form different breeding programs.
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Figure I.12: A) Principal component analysis based on vegetative measurements on the studied site. B) Principal

component analysis based on vegetative measurements and production data from mature plants of the same progenies. NbL:

number of green leaves on the crown; NbLft: number of leaflets on leaf rank 17; Lrac: rachis length of leaf rank 17; LAr:

relative leaf area; Ds: stem basis diameter; BW: average bunch weight; BWy: total bunches weight per plant per year. NbB:

annual bunches number; Yoil: Oil yield per year.

Selection of progenies for the study

For the development of this project, long periods
dedicated to measurements of plant architecture
were needed, consequently architectural description
could not be performed on the 25 progenies and
only some contrasted progenies had to be consid-
ered. The strategy adopted to select the progenies
was thus established from four criteria based on
data available before the beginning of the thesis:
genetic origins, coarse architectural differences, the

production of similar progenies at mature stage and
the availability of seeds for further trials if needed
(e.g. observations in nursery).

Coarse architectural traits (number of leaves,
rachis length, number of leaflets on rachis, stem
basis diameter and relative leaf area) were collected
three years after planting (2013) on the 25 progenies
cultivated in the experimental site and were used
to perform a principal component analysis (PCA)
(Fig. I.12 A). The correlation circle points out high
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DA1
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Figure I.13: Pictures of the studied progenies three years after planting (November 2013).

contribution of leaves dimensions to the first compo-
nents while the second principal component is more
linked to stem diameter and number of leaves. The
first component explains 67% of total variance and
allows discerning progenies depending on the vigor
of their vegetative part. The projection of proge-
nies on the two first components revealed differences
between genetic origins, mainly for DA progenies
which bear more vigorous crown compared to other
progenies. The DA1, DL7 and DU progenies proved
to be the most interesting according to the distribu-
tion of the associated projections on the principal
axis. However, many progenies are gathered near
axes origin, which indicates that the information
given by those data presents some limits to dis-
criminate progenies (mainly DY). A second PCA
was then initiated after integrating production data
of mature plants available from a previous breed-
ing trial (genetic material from which the CIGE
progenies were selected) (Fig. I.12 B). Individual
production variables (average bunch weight, total
bunch weight per year, annual bunch number and
oil yield per year) enabled to better decipher proge-
nies characteristics. The first principal component

opposes vegetative growth performances to yield
performances while the second component is based
on the opposition between production types (high
number of light bunches versus small number of
heavy bunches). The DY1, DY4, DS, DL3, DL10,
DL6 and DL7 progenies showed the most contrasted
production. Finally, the selection was performed by
combining genetic origins, the projections of pro-
genies on the two PCAs and the availability of the
material for further studies. Eventually, DA1, DL7,
DS, DU and DY4 were the five progenies chosen
to carry out field measurements and explore the
variability of oil palm architecture (Fig. I.13).
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Chapter II

The Architectural Model
Integrating mixed-effect models into an architectural plant model
to simulate inter and intra-progeny variability: a case study on
oil palm (Elaeis guineensis Jacq.)

Raphaël P.A. Perez, Benôıt Pallas, Gilles Le Moguédec, Hervé Rey, Sébastien Griffon, Jean-Pierre
Caliman, Evelyne Costes and Jean Dauzat.
Published in Journal of Experimental Botany (2016) doi:10.1093/jxb/erw203

Abstract

Background and Aims: Three-dimensional (3D) reconstruction of plants is time-consuming and involves
considerable levels of data acquisition. This is possibly one reason why the integration of genetic variability
into 3D architectural models has so far been largely overlooked.
Methods : In this study, an allometry-based approach was developed to account for architectural variability
in 3D architectural models of oil palm (Elaeis guineensis Jacq.) as a case study. Allometric relationships
were used to model architectural traits from individual leaflets to the entire crown while accounting for
ontogenetic and morphogenetic gradients. Inter and intra-progeny variabilities were evaluated for each
trait and mixed-effect models were used to estimate the mean and variance parameters required for
complete 3D virtual plants.
Key results: Significant differences in leaf geometry (petiole length, density of leaflets, and rachis
curvature) and leaflet morphology (gradients of leaflet length and width) were detected between and
within progenies and were modelled in order to generate populations of plants that were consistent with
the observed populations.
Conclusions : The application of mixed-effect models on allometric relationships highlighted an interesting
trade-off between model accuracy and ease of defining parameters for the 3D reconstruction of plants while
at the same time integrating their observed variability. Future research will be dedicated to sensitivity
analyses coupling the structural model presented here with a radiative balance model in order to identify
the key architectural traits involved in light interception efficiency.

Key words: Allometric relationship, Elaeis guineensis, genetic variability, mixed-model, plant archi-
tecture, three-dimensional reconstruction.
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Chapter II. The architectural model

1 Introduction

Understanding how plants intercept and use solar
radiation is a necessary step for enhancing their per-
formance. Plant architecture, defined as the combi-
nation of plant topology and organ geometry [Godin
et al., 1999], plays a key role in collecting light.
Many aerial architectural traits have been shown
to influence light interception, such as internode
and petiole length [Takenaka, 1994,Sarlikioti et al.,
2011], and leaf area density and spatial distribution
of leaves [Falster and Westoby, 2003,Willaume et al.,
2004,Parveaud et al., 2008]. Plant architecture also
affects microclimatic conditions (organ tempera-
ture, hygrometry, and light environment), which
are known to influence biological and physiological
processes such as photosynthesis and leaf transpira-
tion [Niinemets, 2007,Vos et al., 2010]. Moreover,
since plant architecture changes over time, the rel-
evant developmental stages along with temporally
variable aspects of morphology and topology must
be taken into account when describing plant archi-
tecture [Barthélémy and Caraglio, 2007].

Biophysical models (e.g. light interception mod-
els, energy balance models) can be applied to three-
dimensional (3D) plant representations to evaluate
the influence of architectural traits on plant per-
formance. These models can be built from explicit
descriptions of plant topology and organ geome-
try [Vos et al., 2010]. One strategy is to record 3D
points of interests using digitizing methods [Sino-
quet et al., 1997,Godin et al., 1999,Sonohat et al.,
2006,Louarn et al., 2008]; however, digitizing whole-
plant architecture is time-consuming and is not
adapted to fully describe large plants [Parveaud
et al., 2008] or many individuals. Alternatively,
allometric relationships combined with sampling
strategies can be used to reconstruct plant architec-
ture from the scale of the single organ to the entire
plant stand [Casella and Sinoquet, 2003,Rey et al.,
2008]. Such allometric relationships reflect the mor-
phological relationships between plant components
at different scales of organization. Recent methods
based on image processing or 3D LiDAR scanning
are likely to improve data collection efficiency in the
future [Phattaralerphong and Sinoquet, 2005,Côté
et al., 2009,Hackenberg et al., 2014].
Reducing the time needed for data acquisition

is crucial for quantitative genetic studies or plant

breeding programmes aiming to study architec-
tural traits [Sakamoto and Matsuoka, 2004, Se-
gura et al., 2006]. Studies on different species
have demonstrated large genotypic variability in
architectural traits and revealed genetic polymor-
phism associated with this variability [Bradshaw
and Stettler, 1995, Plomion et al., 1996,Wu and
Stettler, 1998,Wang and Li, 2005, Segura et al.,
2008b,Ben Sadok et al., 2013,Li et al., 2015]. Inter
and intra-genotypic variability can be estimated by
quantitative genetic models. These models allow
the estimation of (co)variance components, that is,
partitioning of the total observed variance into its
causal components, in particular variance due to ge-
netic and environmental effects [Gallais, 1990,Smith
et al., 2005]. These analyses are mainly based on
mixed-effect models and allow the estimation of
genotypic values, trait heritability, and genetic cor-
relations between variables [Segura et al., 2008a].
Currently, several crop models integrate genotype-
dependent parameters related to plant phenology,
light interception, light conversion efficiency, or
responses to abiotic conditions [Hammer et al.,
2010,Casadebaig et al., 2011]. In such approaches,
genotypes are represented by a set of parameters
estimated directly through dedicated experiments
and, for the most part, independently of each
other [Tardieu, 2003,Lecoeur et al., 2011]. Other
studies also include genetic parameters, combining
allelic effects from quantitative trait loci (QTL)
with model parameters [Chenu et al., 2009,Letort
et al., 2008]. Pioneering studies were dedicated
to simple plant functions, such as leaf expansion
rate [Reymond et al., 2003] or specific leaf area [Yin
et al., 1999]. More recently, marker-based crop mod-
els, estimating values of ecophysiological parameters
from genetic markers, were used to explore poten-
tial yield improvement and support breeding strate-
gies [Gu et al., 2014]. Regarding 3D representations
of plants, few models have been calibrated for dif-
ferent genotypes [Casella and Sinoquet, 2003,Rey
et al., 2008]; so far, none of them have dealt with
the genetic control of architectural variability.
Usually, models integrate genotypic differences

by quantifying genetic parameters via phenotypic
mean values, thus neglecting inter-individual vari-
ability [Louarn et al., 2008]. Such an approach can
be applied when plants are genetically fixed, as in
the case of many annual crops or some tree clones
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2. Material and methods

(e.g. rubber trees, Eucalyptus), but this might
lead to oversimplification when progenies have been
subjected to large genetic segregation and grown
directly in field conditions [e.g. oil palm (Elaeis
guineensis), maize (Zea mays) or Coffea)]. In such
case, the use of mixed-effect models is particularly
interesting because they take account of both inter
and intra-progeny variability.
The principal goal of this study was to account

for the architectural variability among individuals
and among progenies in a 3D modelling approach.
Oil palm (Elaeis guineensis Jacq.) is a convenient
model for such a study because it exhibits a simple
architectural topology following the Corner model,
characterized by a mono-axial shoot producing phy-
tomers in regular succession [Hallé and Oldeman,
1970]. An adult oil palm bears 3050 opened leaves
disposed in a radial symmetry [Rees, 1964]. Its
structural complexity results from its leaf geometry:
each leaf is pinnate, being divided into a petiole and
a rachis bearing leaflets. The junction of the peti-
ole and rachis (called point C) is recognizable from
the presence of small leaflets with vestigial laminae.
The rachis cross section is wide and asymmetrical
at point C (with a flat adaxial side and a convex
abaxial side) and becomes gradually circular from
so-called point B (mid-rachis) and point A (rachis
extremity). In optimal growing conditions, the num-
ber of leaves produced per year varies from 30 to
40 in plants of 24 years of age and then declines to
20-25 leaves per year from 8 years old onwards [Cor-
ley and Tinker, 2003]. Leaf size increases up to
the adult stage (8 years) with the result that, for
a given individual, leaf size is observed to increase
distally along the stem.
The long duration between consecutive genera-

tions of oil palm together with the difficulty of pro-
ducing clonal plants prevents the generation of fixed
lines and thus obliges breeders to adopt complex
breeding schemes based on biparental crosses be-
tween heterozygous parents. Hence, most oil palms
cultivated in the world are dura x pisifera crosses,
displaying large intra-genotypic variability. Genetic
analyses of oil palm have been mainly carried out
on yield components or on traits involved in oil and
fruit quality [Billotte et al., 2010]. High heritabili-
ties have been found for quantitative traits related
to bunch components and many QTL associated
with these traits have been detected [Rance et al.,

2001]. Moreover, several characters controlled by a
single gene have been reported, such as shell thick-
ness, leaflet lamina development [Corley and Tinker,
2003], and, more recently, oil deterioration [Mor-
cillo et al., 2013]. Nevertheless, except for coarsely
defined traits related to characteristics such as leaf
area, rachis length, or stem height [Rance et al.,
2001,Corley and Tinker, 2003], no detailed analysis
combining genotypic variability and architectural
traits of oil palm has been performed up to now.
The modelling approach presented here couples
mixed-effect models with a 3D architectural model
based on oil palm. The major architectural traits
that are likely to govern light interception (leaf
and leaflet geometries) were studied and analysed
in terms of their variability between and within
progenies. Observations were performed on 60 in-
dividuals among five progenies of different genetic
origins. Linear and nonlinear allometric relation-
ships were designed for modelling the selected traits
and combined with mixed-effect models to explore
the significance of intra- and inter-progeny effects.
The trait variabilities estimated by these models
were finally used to parameterize the reconstruction
of 3D mock-ups representative of the variability ob-
served in the field between individuals and between
progenies.

2 Material and methods

2.1 Architectural description

The description of the geometry of plant compo-
nents and their topological arrangement was carried
out at two scales of organization: plant scale and
leaf scale (Table II.1). At the plant scale, attributes
related to stem (height H and basal diameter D)
and crown (number of leaves and phyllotaxis φ)
were defined. At the leaf scale, petiole, rachis,
and leaflet geometry was characterized as well as
the spatial organization of leaflets along the rachis.
Leaves were topologically positioned along the stem
depending on their insertion rank, where leaf rank
1 corresponded to the youngest leaf displaying fully
unfolded leaflets [Corley and Tinker, 2003]. Three
types of attributes were considered to account for
leaf geometry: i) dimensional attributes (rachis
length Lrac and petiole length Lp); ii) structural

39



Chapter II. The architectural model

A 

C 

 

 

z0 

x0 

y0 

n’ 

yn 

xn 
xn’ 

yn’ 

n 

yn 

zn 

xn 

B 

C 

 

H 

D 

Lrac 

Lp 

L W

CA

A 

n 

zn zn’ 

B

HC 

HA 

φ

A 

Figure II.1: Geometric variables for assessing and generating 3D oil palm architecture. (A) Variables at the plant and
leaf scale. Elevation angles (δ) are measured from the vertical reference zC . Rachis azimuth (∆) is measured through the
projected points along the rachis on (xC , yC) plane. Phyllotaxis (φ) is measured as the azimuth angle from one leaf insertion
relatively to the following one. Rachis twist (θ) is measured as the rotation angle of the rachis local plane from a vertical
plane. (B) Detailed top view of a leaf in horizontal plane. Leaflet lengths (L) and widths (W ) are measured in a sample
of 10 leaflets per leaf. Axial insertion (azimuth angles αn) is measured with reference to local rachis planes (xn, yn). (C)
Detailed front view of a leaf in a transverse plane to the rachis axis. Radial insertion (elevation angle ρn) is measured with
reference to local rachis planes (zn, yn). Definitions and symbols are given in Table II.1.

attributes (number of leaflets NbLft); and (iii) at-
tributes related to leaf orientation and angle along
the rachis. Leaf curvature, deviation, and twist
were described respectively by functions of the el-
evation angle (δ), azimuth angle (∆), and twist
angle (θ) along consecutive segments of rachis (see
Fig. II.1A). Leaflets were characterized by their di-
mensions (length L and width w) and their insertion
angles on rachis (α and ρ; see Fig. II.1B).

2.2 Model description

In this experiment, plants had not yet reached the
mature stage so leaf size was still increasing along
the stem with plant age. The methodology used to
describe organ geometry and their changes within
the plant topology was based on positional informa-

tion [Prusinkiewicz et al., 2001]. We assumed that,
over the considered developmental stage (3-4 years
after planting), the allometric relationships govern-
ing the shape of the leaf and leaflets were invariant
and that only their dimensions evolved with plant
age. Conversely, the ratio of petiole length to rachis
length (ratioL), the relative position of point B on
the rachis (PosBrel), and the gradients of leaflet
geometry (shape and angles) along the rachis were
assumed to be identical for all the leaves of a given
individual, at least for the studied plant ages.

Modelling morphogenetic gradients Linear,
logistic, and polynomial functions were used to
model geometric gradients of plant components ac-
cording to temporal or spatial variables (Tables II.2
and II.3).
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Table II.1: Symbols and abbreviations

Field observations

Plant scale
Σleaves Plant age expressed as the number of leaves emitted since planting date
HC

∗ Height of rachis point C from the ground (cm)
HA

∗ Height of rachis point A from the ground (cm)
H Stem height (cm)
D Stem basal diameter (cm)
φ Phyllotaxis (degrees)

Leaf scale
Rk Leaf rank: spatial position of the leaf on stem (leaf rank 1 at stem top)
Lrac Rachis length (cm)
Lp Petiole length (cm)
NbLft Number of leaflets per leaf
Pos Metric position on rachis
δC Declination at point C: angle from the vertical axis to rachis axis at petiole tip (degrees)
δA Declination at point A: angle from the vertical axis to rachis axis at rachis tip (degrees)
δ Rachis curvature: evolution of declination along rachis (degrees)
∆ Rachis deviation: projection angle of rachis in an horizontal plane (degrees)
θ Rachis twist: rotation angle of rachis from the horizontal plane (degrees)
Area∗ Leaf area (m2)

RkLft Leaflet rank: rank of leaflet along the rachis (leaflet rank 1 at point C)
LB Leaflet length at point B (cm)
WB Leaflet maximum width at point B (cm)
L Leaflet length (cm)
W Leaflet maximum width (cm)
w Leaflet width (cm)
α Leaflet axial insertion: azimuth angle of leaflet midrib projected on the local rachis plan

(degrees)
ρ Leaflet radial insertion: elevation angle of leaflet midrib projected on the local rachis plan

(degrees)
AreaLft

∗ Leaflet area (cm2)

Calculated variables

ratioL Ratio of petiole length to rachis length
FreqLft Ratio of leaflets number to rachis length
Posrel Relative metric position on rachis
PosBrel Relative metric position of point B on rachis
PosLftrel Relative metric position on leaflet midrib
RankLftrel Relative leaflet rank
Lrel Relative leaflet length (relative to all leaflets on rachis)
Wrel Relative leaflet maximum width (relative to all leaflets on rachis)
wrel Relative leaflet width (relative to all positions along leaflet midrib)

∗variables used to assess model reconstruction
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Table II.2: Allometric relationships (functions f1 to f10 refer to the functions presented in Table II.3). See Table II.1 for
variable meanings

Predicted Explanative Equation Parameters

variables variables meaning

Stem scale

H (cm) Σleaves (eq1) H = f3(Σleaves) h0: stem height at planting date
hg : growth rate factor

D (cm) Lrac (cm) (eq2) D = f2(Lrac) Dmax: maximum basis diameter
Dslp: slope factor at inflexion point
LDinfl: rachis length at inflexion point

Leaf scale

Lrac (cm) Σleaves (eq3) Lrac = f1(Σleaves) Lracint
: intercept

Lracslp
: slope

Lp (cm) Lrac (cm) (eq4) Lp = ratioL · Lrac ratioL: ratio of petiole length to rachis length

NbLft Lrac (cm) (eq5) NbLft = f2(Lrac) Nbmax: maximum number of leaflets per leaf
Nbslp: slope factor at inflexion point
LNbinfl: rachis length at inflexion point

δC (̊ ) Rk (eq6) δC = f1(Rk) δCint: intercept
δCslp: slope

δA (̊ ) δC (̊ ) (eq7) δA = f2(δC) δAmax: maximum declination at point A
δAslp: slope factor at inflexion point
δinfl: δC angle at inflexion point

δ (̊ ) Posrel (eq8) δ = δC + f4(Posrel)(δA − δC) δsf : evolution of curvature along the rachis

∆ (̊ ) Posrel (eq9) ∆ = ∆a · f4(Posrel) ∆a: Deviation angle at point A
∆sf : evolution of deviation along the rachis

θ (̊ ) Posrel (eq10) θ = f5(Posrel) θa: Twist angle at point A
θs: evolution of twist along the rachis

PosLftrel RankLftrel (eq11) PosLftrel = f4(RankLftrel) dLft: evolution of inter-leaflets distance along the rachis

LB (cm) Lrac (cm) (eq12) LB = f1(Lrac) LBint
: intercept

LBslp
: slope

WB (cm) Lrac (cm) (eq13) WB = f1(Lrac) WBint
: intercept

WBslp
: slope

Lrel Posrel (eq14) Lrel = f6(Posrel) lc: Lrel at point C
pL: position of the longest leaflet on rachis
la: Lrel at A point

Wrel Posrel (eq15) Wrel = f7(Posrel) wc: Wrel at point C
pW : position of the largest leaflet on rachis
wa: Wrel at point A

L (cm) Posrel (eq16) L = Lrel
LB

f6(PosBrel)

W (cm) Posrel (eq17) W = Wrel
WB

f7(PosBrel)
PosBrel: Relative metric position of point B on rachis

wrel Posrel, PosLftrel (eq18)wrel = f8(Posrel, PosLftrel) pw: relative position of maximum width on leaflet
sl: leaflet shape factor

α (̊ ) Posrel (eq19) α = f9(Posrel) αc: leaflet axial insertion angle at point C
αs: decreasing-factor of axial angle along rachis
αa: leaflet axial insertion angle at A point

ρ (̊ ) Posrel (eq20) ρ = f10(Posrel) ρc: leaflet radial insertion angle at point C
ρ0.5: radial insertion angle on middle rachis length
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Table II.3: Functions used in the allometric relationships

f1(x) = int+ x · slp (II.1)

f2(x) =
max

1 + e
4slp

(

xinfl−x
) (II.2)

f3(x) = h0 · e
hg·x

(II.3)

f4(x) =
(1 + sf) x2

1 + sf · x2
(II.4)

f5(x) = θa · x
3θs (II.5)

f6(x) =







lc + 2 1−lc
pL

x+ lc−1

pL
2 x

2, if x ≤ pL

1 + la−1

(1−pL)2
(x− pL)2 , if x > pL

and pL ∈]0, 1[ (II.6)

f7(x) =

{

wc + 1−wc
pW

x, if x ≤ pW
1−wa·pW +(wa−1)x

1−pW
, if x > pW

and pW ∈]0, 1[ (II.7)

f8(u, v) =
vp−1(1−v)q−1

pw

where:
p and q are function of pW and sl
pw = f1(u)
sl = f1(u)

(II.8)

f9(x) =
√

αc
2 + 2αc · αs · x+ (αa

2 − αc
2 + 2αc · αs) x3 (II.9)

f10(x) =

{

ρc + 4x (ρ0.5 − ρc) (1− x), if x ≤ 0.5
4b · x(x− 1), if x > 0.5

(II.10)

As far as possible, functions were designed par-
simoniously (low number of parameters), with pa-
rameters related to the observable geometrical prop-
erties and minimizing mean square error and bias
between observed and simulated values. At the
plant scale, two variables were introduced to ac-
count for morphogenetic gradients of leaves in the
crown: the number of leaves emitted from planting
date (Σleaves) and the leaf rank (Rk) (Table II.1
and Fig. II.2). The evolution of rachis length (Lrac)
over time was estimated as a linear function of
Σleaves (eq3 in Table II.2 and Table II.3). Rk
was used to model the evolution of rachis decli-
nation at point C along the stem [δC (eq6)]. At
the leaf scale, the relative metric position on the
rachis (Posrel = Pos/Lrac) was used to describe
the evolution of the rachis segment angles [elevation
δ (eq6, eq7, and eq8); azimuth ∆ (eq9); and twist

θ (eq10)]. Similarly, geometrical attributes [length
(eq14), width (eq15), and insertion angle (eq19 and
eq20)] of leaflets were determined according to their
relative position along the rachis (Posrel). Finally,
the relative metric position of the leaflet midrib
[PosLftrel (eq11)] was introduced for modelling
leaflet shape [evolution of width (eq18)].

Modelling organ dimensions Once organ ge-
ometry was modelled by allometric functions de-
scribing relative proportions (variables with sub-
script ’rel’), ’scaling’ functions were applied to esti-
mate their absolute value (variables expressed as a
function of Σleaves or Lrac; Table II.2). The num-
ber of leaflets borne by the rachis was predicted by
a logistic function of rachis length (eq5; Table II.2).
Leaflet dimensions were estimated from linear

relationships between rachis length and leaflet di-
mension at point B (eq12 and eq13). Absolute
dimensions of leaflets (L, W ) along the rachis were
estimated using their relative values (Lrel, Wrel),
that is, relative to the longest (largest) leaflets on
the rachis, and rescaling them using the absolute
values LB and WB (eq14 and eq15).

2.3 Model calibration

Plant material and growing conditions

Measurements were performed at an experimen-
tal plantation of the SMART Research Institute
(SMARTRI, Smart Tbk.) located in South Sumatra
province, Indonesia (2 59’ 27.99” S, 104 45’ 24.24”
E). The trial was set up in 2010, 18 months after
seedling germination. The genetic material studied
was composed of 25 progenies of tenera hybrids
selected by the PalmElit Company and SMAR-
TRI using several criteria: production of fresh fruit
bunches, oil yield, stem growth, precocity of produc-
tion, and parent origins. The experimental design
was a Fisher block design of five blocks subdivided
into 25 elementary parcels, each parcel including
25 trees of the same progeny (see Supplementary
Fig. II.7 page 57). The planting density was 136
plants ha−1 in a 9.5 m equilateral triangular pattern
whatever the progeny. For this study, we selected
five progenies (hereafter referred to as DA1, DL7,
DS, DU, and DY4) in view of their different mor-
phologies, diversity of origins (Asian and African
origins), and their architecture. All progenies were
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Figure II.2: Variables used to model morphogenetic gradients at leaf and leaflet scale.

known to have a good production performance (see
Supplementary Table II.7 page 57). The site is char-
acterized by a tropical humid climate, considered
as optimal conditions for oil palm cultivation.

Data collection Architectural measurements
were performed on plants located in the same exper-
imental block in order to reduce sources of hetero-
geneity (see Supplementary Fig. II.7 page 57 and
protocol appendix A page 129). Every 6 months
from December 2010 to November 2014, coarse-scale
measurements (rachis length, stem basal diameter,
and number of leaflets) were made for each indi-
vidual (5 progenies x 25 plants x 6 dates). The
number of observations per progeny was dependent
on the type of measurements (see Supplementary
Table II.8). Numerous detailed measurements were
subsequently collected 39 months after planting
(MAP; April 2014) and used to define the allomet-
ric relationships. A second set of data was collected
47MAP (November 2014) for a larger number of
individuals (between 6 and 12 plants per progeny)

for a more detailed assessment of trait variability
among progenies. For allometric relationships re-
lated to ontogenetic gradients, that is, dependent
on plant age, model calibration was performed on
data collected from 6 to 47 MAP.

Estimated variables Analyses of data collected
at 39 MAP showed that sampling 10 leaflets was
sufficient to simulate accurately the leaf area and
the leaf shape (see Supplementary Fig. II.7 page 57).
Similarly, the marked leaf symmetry observed
meant that we could limit measurements to only
one side of the leaf (see Supplementary Figs II.8 and
II.9 page 58-59). Each leaf was labelled as soon as it
was fully open, thus enabling us to count the leaves
emitted per plant since planting date (Σleaves).
Leaf area (Area) was estimated by dividing the
leaf into 10 equal sections along the rachis. On
each section, the number of leaflets was counted
on both sides and a median leaflet was chosen for
which length and width of segments (in five regular
intervals along the leaflet midrib) were measured to
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estimate the entire individual leaflet area (AreaLft).
This approach considered the leaflet as a sum of
trapezes. For each rachis section, total leaflet area
was approximated by multiplying the individual
leaflet area by the number of leaflets on the corre-
sponding section. Leaf area was finally obtained as
the combined sum area of the 10 sections [Talliez
and Koffi, 1992].
Leaf curvature and deviation along the rachis

were estimated by measuring distances between
control points along the rachis and their projec-
tions on a horizontal plane (10 points per leaf).
Projection distances were used afterwards to esti-
mate deviation and elevation angles of leaves along
the stem.

Analyses of inter-individual variability and

differences among progenies A first analy-
sis was aimed at assessing architectural variabil-
ity between and within progenies at 47 MAP
(Fig. II.1). For the variables not related to rachis
length (Σleaves, φ, H, and δC), oneway ANOVA
were performed with progeny effect. Conversely,
when variables were correlated with rachis length,
analyses of covariance (ANCOVA) were performed
without interaction but considering a genotype and
a rachis length effect. For all the variables, Tukeys
tests were used for post hoc comparisons. The ho-
moscedasticity of variables and normality of model
residuals were verified using Levene’s and Shapiro-
Wilks’tests respectively.

For evaluating the variability of a trait within a
progeny and comparing it to the variability between
progenies, we defined an interfamily broad-sense
heritability (h2) as the ratio of progeny variance to
total variance (h2 = σ2

progeny/σ
2
total) [Gallais, 1990].

This index was calculated for each phenotypic trait
at 47 MAP, using the restricted maximum likeli-
hood method [Corbeil and Searle, 1976] to estimate
progeny and residual variances (the total variance
being given by the sum of both progeny and residual
variances). In a second step, the study focused on
variables affected by ontogenetic and morphogenetic
gradients. Because these variables change over time
and space, statistical analyses were performed di-
rectly on the allometric relationships to test for
differences among and within progenies. Allomet-
ric relationships were adjusted on different data
sets: all data gathered (null model), data sorted

per progeny (progeny model), and data sorted per
plant (individual model). A likelihood ratio test was
then carried out using a Chi-squared test (χ2) to
compare models (null, progeny, and individual) and
to assess inter-progeny and intra-progeny effects.
Likelihoods of progeny models were calculated in
reference to the total variance, whereas likelihoods
of individual models were calculated in reference to
the intra-progeny variance for each progeny.
The number of estimated parameters varied de-

pending on the considered function and the sig-
nificance of progeny and individual effects. If
both progeny and individual effects were signifi-
cant, model parameters were then estimated by
performing hierarchical mixed-effects models, con-
sidering the individual plant (intra-progeny) effect
as a random effect nested within a fixed progeny
effect, expressed as a matrix [Pinheiro and Bates,
2000] as:

yijk = f(xijk;φij) + ǫijk, ǫijk →֒ N (0,σ2)

φij = Aijβi +Bijbij , bij →֒ N(0,Ψi))

where f represents one of the allometric relation-
ships presented (Table II.2), yijk labels the kth

observation of the jth individual of the ith progeny,
xijk is the covariate vector related to this observa-
tion, and ǫijk represents model residuals (assumed
to be independent and identically distributed). The
vector φij represents the model parameters asso-
ciated with the jth individual of the ith progeny,
βi is the vector of fixed effects related to the ith

progeny, and bij is the random effect vector as-
sociated with the jth individual of progeny i. In
other words, bij represents the deviation of the φij
from the mean parameter βi due to the jth individ-
ual. Aij and Bij are incidence matrices and Ψi is
the variance-covariance matrix associated with the
progeny i. Consequently, for each function used to
predict trait values, the progeny effect is related to
the mean parameter (βi) of the model whereas the
individual effect defines variance parameters (Ψi)
of the model. In cases where only the inter-progeny
effect was significant, only mean parameters and
model residuals were estimated for each progeny.
The inter-progeny coefficient of variation (CV) was
calculated by dividing the SD of the mean values
of each progeny by the overall mean. The intra-
progeny CV was calculated for each progeny as
the SD of individual parameters estimated by the
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mixed-effect model (
√

Ψi) divided by the corre-
sponding mean value.

2.4 Model simulation and valida-
tions

Simulations of palm mock-up A dedicated oil
palm simulation model (VPalm) was developed
using the basis of a former simulator of coconut
palms [Dauzat and Eroy, 1997]. VPalm was writ-
ten using object-oriented programming in Java lan-
guage as an application of the AMAPstudio soft-
ware suite [Griffon and de Coligny, 2014]. The
VPalm simulator enabled us to rebuild the topolog-
ical structure of the palm through decomposition
into elementary components organized along a mul-
tiscale tree graph [Godin and Caraglio, 1998]. The
simulator was designed for integrating the allomet-
ric relationships (Table II.2) needed to render the
plant topology and its 3D geometry. Each indi-
vidual palm was reconstructed from an input file
generated to account for the progeny parameteriza-
tion as well as individual variability. The random
sampling procedure of R [R Core Team, 2015] was
used to generate random individual parameters by
combining estimated mean parameters associated
with progeny effect (βi) with variance-covariance
matrices associated with individual effect (Ψi) when
significant. Even if significant, individual effects
were not considered if the explanatory variables
of the allometric relationship were estimated using
individual effects (like NbLft for instance) to avoid
any over-parameterization. In other words, we as-
sumed that the variance component linked to the
explanatory variable (e.g. rachis length) was suffi-
ciently spread into the response and consequently
did not require the estimation of individual variance
components. Twenty five random VPalm param-
eters files were created in this way to generate 25
virtual individuals for each progeny that were sub-
sequently laid out to reproduce the experimental
parcels at 47 MAP.

Assessing model reconstruction Different
variables were extracted from the 3D simulated
mock-ups with the Xplo software of AMAPstudio
to compare their value with field observations in
terms of root mean square error (RMSE), normal-

ized RMSE (NRMSE), and bias, defined as follows:

RMSE =

√

∑n
i=1(si −mi)

2

n

NRMSE =
RMSE
∑n

i=1(mi)

n

Bias =

∑n
i=1(si −mi)

n

with si and mi the ith simulated and measured
values and n the number of observations.

The accuracy of model prediction was evaluated
for variables related to leaf and leaflet geometry
(rachis and petiole lengths, leaflet length and width,
leaf and leaflet angles). Inspecting the potential
errors resulting from the successive assembly of
allometric relationships was crucial. As an exam-
ple, the area of leaflets along the rachis (AreaLft)
combined several allometric relationships (eq3, eq5,
and eq11-18 in Table II.2) needed to reproduce
accurately morphogenetic gradients. Similarly, the
height of the rachis tip (HA; Fig. II.1) depended
on many intermediate variables (stem height, leaf
length, and leaf curvature) and we therefore checked
the simulated values against measurements for dif-
ferent leaf ranks. Finally, the simulated variances
computed after running 25 random simulations were
compared to the observed variances using Fishers
test. All statistical analyses presented above were
performed with R software and the parameters of
mixed-effect models were estimated using the nlme
package of R.

3 Results

3.1 Progeny effect at 47 months af-
ter planting

At the plant scale, progeny effect was highly sig-
nificant (P < 0.001) for the number of leaves emit-
ted since planting date (Σleaves) and stem basal
diameter (D). However, no effect was found for
phyllotaxis nor stem height (P > 0.05; Table II.4).
Stem diameter was significantly smaller for the
progeny DU, which also emitted a lower number of
leaves from planting date. Important and significant
variability was observed in the number of emitted
leaves between progenies (103-121 leaves between
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Table II.4: Mean and standard deviation (in parentheses) observed per progeny and estimated heritability (broad sense)
for the variables (data collected 47 MAP). Leaf rank refers to the ranks on which observations were done. Significance levels
of progeny effects correspond to the P-value of ANOVA and ANCOVA

Progeny

Variables Leaf rank DA1 DL7 DS DU DY4 Heritability
Plant scale

Σleaves - 116 (3) a 111 (2) b 115 (2) a 108 (4) c 109 (3) bc 0.58 ***

φ (̊ ) - 136.7 (0.5) 137.1 (1) 136.9 (1) 137.0 (0.7) 136.6 (0.4) < 0.01 n.s

H (cm) - 90 (9) 84 (13) 86 (9) 78 (13) 84 (20) 0.02 n.s

D (cm) - 75 (6) a 78 (7) a 74 (6) a 63 (4) b 80 (7) a 0.53 ***†

Leaf scale

Lrac (cm) 32 ± 6 340 (28) b 326 (18) b 340 (20) c 343 (23) ab 352 (34) a 0.21 ***

ratioL 32 ± 6 0.32 (0.03) a 0.25 (0.02) b 0.23 (0.02) c 0.27 (0.02) b 0.25(0.03) b 0.63 ***†

Lp (cm) 32 ± 6 96 (18) a 73 (16) b 71 (15) c 76 (21) bc 87 (13) ab 0.29 ***†

NbLft 34 ± 6 247 (7) bc 243 (10) c 263 (16) a 244 (16) c 255 (8) ab 0.26 ***†

FreqLft 34 ± 6 0.72 (0.03) c 0.76 (0.05) ab 0.79 (0.07) a 0.73 (0.05) b 0.73 (0.06) b 0.28 ***†

δC (̊ ) 17 ± 2 34 (5) a 38 (4) a 35 (7) a 39 (5) a 37 (5) a 0.12 *

LB (cm) 31 ± 6 79 (6) a 69 (4) c 77 (5) ab 75 (3) b 76 (5) b 0.41 ***†

WB (cm) 31 ± 6 4.3 (0.4) bc 4.1 (0.3) c 4.4 (0.3) b 5.0 (0.3) a 4.4 (0.4) b 0.44 ***†

Area (m2) 30 ± 4 3.7 (0.2) a 2.7 (0.2) b 3.3 (0.4) a 3.5 (0.1) a 3.6 (0.3) a 0.65 ***†

†Progeny with different letters are significantly different (Tukeys test P < 0.05). For variable abbreviations see Table II.1.
†Variable on which an ANCOVA is performed with progeny factor and rachis length as covariable. n.s., non-significant;
∗P < 0.05; ∗ ∗ P < 0.01; ∗ ∗ ∗P < 0.001

plants), with DA1 and DS developing significantly
more leaves than other progenies. At the leaf
scale, differences between progenies were significant
(P < 0.05) for all variables. Leaf area and the ratio
of petiole length to rachis length showed the most
important variability between progenies and the
highest inter-family heritabilities (0.63 for the ratio
and 0.65 for leaf area, Table II.4). DA1 developed
leaves with a petiole accounting for a third of the
total leaf length (ratioL = 0.32) whereas DS dis-
played the smallest petioles (ratioL = 0.23). The
highest density of leaflets (FreqLft) was observed
for progeny DS (0.79 leaflet cm−1) and progeny DL7
displayed the lowest leaf area. Finally, δC displayed
large intra-progeny variability (CV = 0.15), leading
to a weak inter-family heritability estimated for this
trait (h2 = 0.12).
For leaflet dimensions (LB and WB), progenies

exhibited significant differences and high heritabil-
ities were observed (h2 > 0.4). Progeny DU had

the largest leaflets whereas the longest ones were
observed for progeny DA1.

3.2 Progeny and individual effects
on allometry

Likelihood ratio tests between nested models (null
model, progeny model, individual model) high-
lighted the significance (P < 0.001) of progeny
effects for all the studied variables. For instance,
at the plant scale, the growth rate parameter hg
was significantly different between progenies (hg =
0.021 for DA1 and hg = 0.025 for the other proge-
nies). At the leaf scale, the tendency to increase
leaf length during plant development (Lracslp) dis-
played low variability between progenies (Fig. II.3A;
CV = 0.06). The variability in the declination of
the leaf at point C (δC) with leaf rank indicated
that trends in leaf bending along the stem varied
by progeny (Fig. II.3B). The progeny DU presented
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Figure II.3: Comparison of fitted curve per progeny (solid lines) for the rachis length (Lrac) (A), the declination at
point C (δC) (B), the relative leaflet length (Lrel) (C), and the relative leaflets width (Wrel) (D). Limits represent the
distribution of individual effects (95% confidence intervals estimated from 100 simulations for each progeny). Mean values
of parameters are presented at the lower right of each graphic. See Table II.1 for variable abbreviations, Table II.2 for
parameter abbreviations, and Table II.3 for the equation used for fittings.

a steep increase in δC with leaf rank (δCslp
= 1.67̊

rank−1) whereas DS displayed a slower increase
in δC (δCslp

= 1.33 ˚ rank−1). For leaflet shape,
the relative position of the longest leaflet (pL) and
the relative position of the largest leaflet (pw) pre-

sented low variabilities between progenies compared
to leaflet length and width at rachis extremities (lc,
la, wc, and wa) (Fig. II.3C, D). Parameter values
per progeny for all the allometric relationships are
summed up in Supplementary Table II.9.
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Table II.5: Coefficient of variation per progeny and within progenies of variables and parameters associated with allometric
relationships. Significance levels of progeny correspond to the P-value of the likelihood ratio tests between null and progeny
models. Significance levels of individual effect correspond to the P-value of the likelihood ratio tests between progeny and
individual models

Individuals effect
Variables Parameters Progeny effect DA1 DL7 DS DU DY4

Plant scale

H *** * * n.s * n.s
h0

a - - - - - -
hg 0.07 0.07 0.05 0.03 0.05 0.08

D *** n.s n.s n.s n.s n.s
Dmax 0.05 0.06 0.10 0.06 0.19 0.11
Dslp 0.18 0.17 0.50 0.34 0.21 0.31
LDinfl 0.04 0.07 0.07 0.07 0.13 0.13

Leaf scale

Lrac *** *** *** *** *** ***
Lracint 0.15 0.78 0.65 0.72 0.39 0.52
Lracslp 0.06 0.20 0.25 0.26 0.15 0.24

NbLfl *** ** n.s n.s n.s n.s
Nbmax 0.04 0.16 0.07 0.13 0.18 0.08
Nbslp 0.21 0.42 0.30 0.34 0.25 0.23
LNbinfl 0.01 0.15 0.05 0.13 0.18 0.07

δC *** *** *** *** *** ***
δCint 0.13 0.42 0.29 0.41 0.45 0.25
δCslp 0.09 0.09 0.08 0.15 0.09 0.10

LB *** *** * ** n.s **
LBint

0.16 0.48 0.36 0.31 0.58 0.20
LBslp

0.11 0.21 0.25 0.28 0.17 0.33

WB *** n.s * n.s n.s *
WBint

0.18 0.16 0.33 0.18 0.40 0.16
WBslp

0.31 0.23 0.34 0.64 0.34 0.68

Lrel *** *** *** *** *** ***
lc 0.84 0.21 0.67 0.92 0.92 0.51
pl 0.05 0.16 0.11 0.07 0.04 0.13
la 0.13 0.14 0.12 0.13 0.14 0.13

Wrel *** *** *** ** *** ***
wc 0.18 0.09 0.13 0.17 0.13 0.22
pW 0.02 0.05 0.06 0.03 0.03 0.07
wa 0.09 0.15 0.16 0.08 0.12 0.14

a Stem height at planting date (h0) was fixed at 5 cm for all progenies. n.s., non-significant; ∗P < 0.05;∗ ∗ P < 0.01;
∗ ∗ ∗P < 0.001). See Table II.1 for variable abbreviations and Table II.2 for parameter abbreviations.
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Likelihood ratio tests revealed significant individ-
ual effects for all variables except for stem basal
diameter (Table II.5). Some variables (Lrac, δC ,
Lrel, and Wrel) showed a highly significant individ-
ual effect for all progenies, contrary to other vari-
ables (NbLft, LB, WB) for which intra-progeny
differences were only significant for some progenies.
The highest intra-progeny variability was detected
for the leaflet relative length at point C (lc), which
exhibited a CV varying from 0.21 to 0.92 within
progenies.

3.3 Assessment of model reconstruc-
tion

Assessment of mean prediction per progeny

As expected, when data were used directly to cali-
brate the model (Fig. II.4A), the predictions were
close to observations with a NRMSE < 0.08 and
a low bias. Simulated petiole length (Lp) was
slightly overestimated (bias = 5.79 cm), proba-
bly because the ratio of petiole to rachis length
was calibrated using older leaves that were more
accessible for measurements than those used for
model validation. Regarding the variables simu-
lated from a combination of various allometric re-
lationships (Fig. II.4B), greater discrepancies were
noted, with greater NRMSE values ranging from
0.09 to 0.19. The most important differences be-
tween observations and simulations were observed
for rachis heights at points A and C. Leaf area at
rank 17 was overestimated on average (bias = 0.23
m2), mainly due to progeny DU showing important
dissimilarities with observations (NRMSE = 0.16
for this progeny).

Simulation of morphogenetic gradients

within the canopy The average predictions of
leaflet area along the rachis were in accordance with
observations, with an RMSE varying from 19 to 27
cm2 and with a bias <16 cm2 (Fig. II.5A).
Predictions of leaf areas according to their po-

sition on the stem were accurate (NRMSE 0.16)
and with low bias except for progeny DU, which
displayed, on average, a larger simulated leaf area
than observed (bias = 0.57; Fig. II.5B).
Regarding the development of rachis height at

point C (HC) and point A (HA) with leaf rank,
HA was slightly underestimated on average (bias =

-13.52 cm) with an NRMSE< 0.2 (Fig. II.4B). Sim-
ilarly, the decrease in HC (Fig. II.5D) was correctly
simulated, particularly for progenies DA1 and DY4,
but more errors were detected for progeny DL7 and
DS (bias > 10 cm).

Assessment of variance prediction per

progeny 3D mockups of each studied progeny
(Fig. II.6) revealed the capacity of the modelling ap-
proach to simulate the architectural genotypic char-
acteristics described above. The quality of variance
prediction was assessed for each trait by analysing
the ratio of simulated SD from 25 mock-ups to the
observed SD (Table II.6). No significant difference
was reported between observed and simulated SD
for rachis length and the declination at point C.
Likewise, no difference was noticed for HA and HC
(ratio varying from 0.83 to 1.85). Slight differences
were observed for the number of leaflets for which
the predicted SD was higher than that observed for
progenies DA1 and DY4 (ratio = 1.63). Conversely,
simulated variances were lower than observed for
petiole length and leaflet width (Fig. II.4A); how-
ever, these differences were nonsignificant for all
progenies.
Finally, the simulated leaf area SD was higher

than that observed for all progenies except for
progeny DS. This difference was only significant
for progeny DU, in which the simulated SD was
more than three times higher than the observed
SD.

4 Discussion

4.1 Genetic control of plant architec-
ture

The present study highlighted significant progeny
effect for all studied architectural traits of young
plants except for phyllotaxis and stem height (Ta-
ble II.4). These results are in accordance with a
study by [Billotte et al., 2010] on adult oil palms.
These authors did not detect a significant difference
in stem height among 15 crosses, whereas high ge-
netic variability was highlighted for leaf and leaflet
dimensions (rachis length, number of leaflets, leaflet
length, and leaflet width). In other species, high
heritabilities of plant height and diameter have been
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Figure II.4: Comparison between measured and simulated variables for each progeny 47 MAP (points represent mean
values, crossed bars represent the range of standard deviation around mean value). Simulated variables are extracted from
25 mock-ups generated by VPalm. Declination angle at point C are represented for leaves located at rank 17 ± 2. For the
other variables, the ranks of simulated leaves correspond to the ranks of observed leaves (30 ± 5 in average). Solid line
represents the 1:1 line.
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Figure II.5: Evaluation of model reconstruction for five progenies. Mean (continuous lines) and 95% confidence interval
(envelopes) of predictions are calculated from 25 plants simulated with VPalm for each progeny. Points represent observed
values.
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B. Leaf scale (Rk = 17)

A. Plant scale

DA1 DL7 DS DU DY4

1m

1m

Figure II.6: Three-dimensional mock-ups simulated with VPalm. (A) Representation of an average plant for each progeny
(generated from parameters mean values per progeny). (B) Top view of the 17th expanded leaf taken from the plant in panel
(A).

Table II.6: Comparison between observed and simulated variances 47 MAP. The table shows the ratio of simulated standard
deviation to observed standard deviation. Leaf rank refers to the ranks on which observations were done. Significance levels
correspond to the P-value of the Fisher test between observed and simulated variance

Progeny
Variables Leaf rank DA1 DL7 DS DU DY4
Lrac 32± 6 0.95 n.s 1.23 n.s 0.81 n.s 0.81 n.s 1.08 n.s

Lp 32± 6 0.70 n.s 0.57 * 0.44 ** 0.28 *** 0.88 n.s

NbLft 34± 6 1.63 * 1.01 n.s 0.81 n.s 0.90 n.s 1.62 *

δC 17± 2 1.32 n.s 1.06 n.s 0.76 n.s 1.34 n.s 1.07 n.s

LB 31± 6 1.20 n.s 1.18 n.s 0.63 *** 1.72 ** 1.08 n.s

WB 31± 6 0.71 ** 0.91 n.s 0.72 ** 0.95 n.s 0.54 ***

HC 24± 8 1.06 n.s 1.15 n.s 0.89 n.s 0.83 n.s 1.06 n.s

HA 24± 8 1.31 n.s 0.98 n.s 1.33 n.s 1.85 n.s 1.03 n.s

Area 30± 4 2.29 n.s 1.61 n.s 0.83 n.s 3.38 * 1.53 n.s
n.s., non-significant; ∗P < 0.05; ∗ ∗ P < 0.01;∗ ∗ ∗P < 0.001. For variable abbreviations see Table II.1
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previously observed in several dicotyledons, such
as Populus, Eucalyptus, and apple trees (Malus do-
mestica) [Bradshaw and Stettler, 1995,Byrne et al.,
1997,Wu and Stettler, 1998,Osorio et al., 2001,Se-
gura et al., 2006], and monocotyledons, such as rice
(Oryza sativa) and maize [Hung et al., 2012,Yang
and Hwa, 2008]. In these studies, heritability values
were computed as the ratio of genotypic variance
to phenotypic variance. In our study, the same
estimation of heritability was not possible because
progenies were grown without any replicate of each
genotype. An inter-family broad-sense heritability
(ratio of progeny variance to phenotypic variance)
was thus presented as an index to estimate the
stability of the architectural traits within families.
This inter-family broad-sense heritability estimated
at a given plant age was high for stem diameter
but close to zero for stem height. Stem height was,
however, significantly different between progenies
when taking into account the number of leaves pro-
duced since planting date (Table II.5), suggesting
potential differences in internode lengths.

At the leaf scale, the main difference among pro-
genies was the length of the petiole relative to leaf
length (ratioL), and this ratio was found to be
the most stable trait within progenies (h2 = 0.63)
together with leaf area (h2 = 0.65). Interestingly,
ratioL was much higher for the progeny DA1, which
was the only family selected from an Asian pedigree.
Such results indicate the importance of genetic con-
trol on leaf morphology, as has been observed in
other species for leaf length and width [Frary et al.,
2004,Hung et al., 2012] and leaf area [Byrne et al.,
1997,Wu and Stettler, 1998]. Conversely, the low
heritability found for the declination at point C con-
trasts with previous studies that showed high heri-
tability of leaf angle in a maize population [Hung
et al., 2012] and genetic control of leaf curvature
in Arabidopsis thaliana [Serrano-Cartagena et al.,
1999] and rice based on analyses of mutants [Yang
and Hwa, 2008].

In the present study, the significant intra-progeny
variability may be explained by genetic segregation
and/or by soil and resource heterogeneity within
the field [Welham et al., 2002]. Indeed, even if
all plants were grown in the same block, the en-
vironmental variability between parcels could be
confused with an inter-progeny genetic effect on the
architecture due to the experimental design. The

absence of a linked pedigree between the studied
families, and the lack of genetic information as well
as information on soil characteristics, meant that
we were not able to separate genetic effect from
environmental effect. In the future, the integration
of architectural phenotypic data in an experimental
design involving crosses with known pedigree or
clones could lead to a better depiction of the ge-
netic control (QTL analysis) of architectural traits
as previously performed for production variables in
oil palm [Tisné et al., 2015].

4.2 Using allometry to analyse geno-
typic variability

The use of distinct response curves has been pro-
posed as a way to account for the genetic variability
of responses to environmental conditions in plant
models [Tardieu, 2003]. Likewise allometric rela-
tionships have been used for modelling the architec-
ture of different genotypes [Casella and Sinoquet,
2003, Rey et al., 2008]. Our allometry-based ap-
proach was particularly appropriate for oil palm
because it displays a very simple branching pat-
tern. Indeed, the regular succession of phytomers
in a single axis allowed us to study and describe
the whole plant architecture solely with allometric
relationships based on leaf position on the stem or
leaflet position on the rachis. However, allometric
rules may not be sufficient to describe plants that
exhibit a complex branching pattern [Lopez et al.,
2008,Costes et al., 2008]. Nonetheless, the principle
of coupling mathematical functions describing the
relationships between plant variables (allometric
relationships or response curves to environmental
variables) with a mixed-effect model, as proposed
here, remains relevant to any modelling approach
that aims to describe genotypic behaviours.
Mixed-effect models have mainly been used in

descriptive modelling approaches that deal with
genotype-environment interactions [Smith et al.,
2005] or, more recently, to enhance the predictive ca-
pacity of agronomic and forest growth models [Hall
and Bailey, 2001,Nothdurft et al., 2006,Baey et al.,
2013,Le Bec et al., 2015]. Characterizing genetic
behaviour through mixed-effects models is never-
theless possible when data are available for a large
number of individuals. 3D plant reconstructions
based on allometric relationships were thus pre-

54



4. Discussion

ferred to digitizing because of the significant time
saving.

In this study, the allometric relationships selected
had the benefit of using model parameters linked
to geometrical and topological properties. Con-
sequently, parameters could be directly measured
in future studies (using these already defined al-
lometric relationships) to avoid having to make
exhaustive measurements to estimate parameters
from curve fitting. This trade-off between model
accuracy and sampling effort is fully justified in
cases of quantitative genetics and studies on plant
architecture that require a large number of individ-
uals to be phenotyped.
Another advantage of using an allometric ap-

proach is the possibility of characterizing contrast-
ing profiles of ontogenetic and morphogenetic gra-
dients between progenies (Table II.1 and Fig II.3).
Hence, not only could we compare plant architec-
ture at a given time, we could also examine the
temporal variability of architectural traits. This
allowed us to detect features such as differential
stem growth that were not identified at 47 MAP.
Progeny effects were, however, estimated trait

by trait, without considering correlations between
traits. Correlations between traits could be consid-
ered in further studies on the genetic determinism of
plant architecture as a whole. From this perspective,
methods discriminating classes of architecture from
similarity indices between structures [Segura et al.,
2008b, Kawamura et al., 2013] could be relevant.
However, the classes mainly reflect the variation in
the object sizes or number of components. In addi-
tion, in the absence of a genetic interaction between
architectural components, such an approach may
lead to a loss of important phenotypic information
for breeding. Alternatively, a system of equations
representing the trait dynamics or co-variations
of trajectories, as proposed by Wu et al. (2011)
could be used to study the genetic determinants of
developmental processes of plant architecture.

4.3 Model simulation and accuracy
of 3D reconstruction

In most modelling approaches, the general assess-
ment of plant reconstruction relies on quantitative
comparisons between means observed and simu-
lated values for geometrical [Sonohat et al., 2006]

or topological descriptors [Costes et al., 2008], or
for more integrative features related to ecophysio-
logical variables such as light interception [Casella
and Sinoquet, 2003, Louarn et al., 2008]. In the
current study, the quality of plant reconstruction
was evaluated both in terms of mean and variance.
The overall comparison showed the accuracy of
the model reconstruction because it reproduced
the main differences in architectural traits between
progenies (Fig. II.4 and Table II.6). Nevertheless,
model simulation accuracy tended to decrease when
considering integrative variables simulated by a set
of equations (e.g. leaf area for progeny DU).

Contrary to the variables simulated only through
direct allometric relationships (Lrac or L), assessing
the general quality of the 3D mock-ups generated
by VPalm was not straightforward. An initial vali-
dation of the quality of the simulated 3D mock-ups
was performed for the height of the rachis extremity
but further investigations need to be carried out for
the intra-canopy structure of plants, for instance,
by using hemispherical photographs [Louarn et al.,
2008] or terrestrial LiDAR [Côté et al., 2009].

4.4 Exploration of genotypic perfor-
mance using 3D reconstruction

The architectural dissimilarities reported here
between progenies, such as the number of leaflets
per leaf, leaf curvature, and leaf shape, confer dif-
ferent spatial arrangements of leaves that likely
influence light capture efficiency at the plant and
leaf scale [Takenaka, 1994,Takenaka et al., 2001,Fal-
ster and Westoby, 2003,Dauzat et al., 2008]. The
combination of the reconstruction model proposed
here with a radiative balance model would enable
us to address the influence of plant architecture
on light interception, considering not only inter-
progeny variability but also intra-progeny variabil-
ity. One originality of our approach was to integrate
differences in ontogenetic gradients among plants,
which increases the potential to generate plant ar-
chitecture at different stages over a plants lifetime.
However, the conservation of constant allometric
relationships related to plant components and mor-
phologies during development is questionable and
would need further investigation [Niklas, 1995].

The integration of inter-progeny and inter-
individual variability in plant architecture is a first
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step towards investigating the impact of the archi-
tecture of oil palms on their performance in the field.
Forthcoming work will be dedicated to sensitivity
analyses coupling our structural model with a radia-
tive balance model to identify the key architectural
traits involved in light interception efficiency. Fur-
ther research could also include a transition from
the static model proposed here to a dynamic model
with a trade-off between 3D architecture, light in-
terception, photosynthesis, and plant growth over
time [Vos et al., 2010]. Such prospects would involve
coupling this architectural model with a dedicated
plant growth simulator [Pallas et al., 2013a], allow-
ing the simulation of retroactions between plant
functioning, growth, and production.
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5 Supplementary material

Block I

Block II

Block III

Block IV

Block V

DU

DA1

DS

DL7 DY4

46 m palm tree230 m

Figure II.7: Experimental design with the location of the 5 elementary parcels of the studied progenies (in black).
Measurements were done on a single block to limit environmental variations.

Table II.7: Progenies description

Reference Progeny Origin Characteristics
DA1 Deli x Avros South East Asia Large vegetative apparatus

DL7 Deli x La Mé Africa Low vegetative apparatus
High yield

DS Deli x (La Mé x Sibiti) Africa Medium vegetative apparatus
Medium yield

DU Deli x Unknown Africa Medium vegetative apparatus
Drought tolerance

DY4 Deli x Yangambi Africa Medium vegetative apparatus
Medium yield
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Table II.8: Monitoring of data collection

Number of observations per progeny

Variables Every 6 months from planting 39 months after planting 47 months after planting

Leaf Number (Σleaves) 25 plants
Stem height (H) 9 plants 12 plants
Stem basis diameter (D) 25 plants 9 plants 12 plants

Declination C (δC) 5 leaves x 4 plants 10 leaves x 9 plants
Rachis angles (δ, ∆, θ) 5 leaves x 4 plants 3 leaves x 4 plants
Leaf length (Lrac) (rank17) 25 plants 6 plants
Leaf length (Lrac) (other ranks) 6 leaves x 4 plants 4 leaves x 12 plants
Number of leaflets (NbLft) 25 plants 6 plants 12 plants
Leaf area (Area) 1 leaf x 4 plants 1 leaf x 6 plants

Leaflets length (L) 4 leaflets x 1 leaf x 25 plants 10 leaflets x 1 leaf x 4 plants 10 leaflet x 1 leaf x 6 plants
Leaflets width (W ) 4 leaflets x 1 leaf x 25 plants 10 leaflets x 1 leaf x 4 plants 10 leaflet x 1 leaf x 6 plants
Leaflets angles (α, ρ) 10 leaflets x 1 leaf x 4 plants
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Figure II.8: Leaflet length adjustment (lines) with different sample size from observed data (circles). For each subsample
(black triangles), leaflets were selected at constant intervals along the rachis. (RMSE: root mean square error).
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Figure II.9: Comparison of the number of leaflets on each side of rachis. Data were collected in 93 leaves in three different
trials (KNDE: Deli x Avros, adult plants; PHLE: Deli x Avros, young plants; PLPE: Deli x Lam, young plants).

Figure II.10: Length of leaflets along the rachis measured on each side of leaf. P-value corresponds to the likelihood ratio
test performed on fitted parameters for the right and left sides of the leaf (leaf is considered symmetric when P-value > 0.05).
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Table II.9: Mean and standard deviation (in parentheses) of parameters used in allometric relationships for the 5 studied
progenies (covariance between parameters are not presented).

Progeny

Variables Parameters DA1 DL7 DS DU DY4
H h0 5 5 5 5 5

hg 0.021 0.025 0.025 0.025 0.026

D Dmax 77.5 76.0 76.9 70.5 81.7
Dslp 0.007 0.005 0.007 0.007 0.005
LDinfl 168.8 153.1 165.1 160.8 175.4

φ φ 136.9(0.73) 136.9(0.73) 136.9(0.73) 136.9(0.73) 136.9(0.73)
Lrac lracint 65.5 (20.2) 77.2 (33.0) 98.0 (18.61) 84.1 (12.872) 91.8 (21.113)

lracslp 3.39 (0.31) 3.16 (0.60) 2.91 (0.25) 3.33 (0.32) 3.32 (0.47)

Lp ratioL 0.32 (0.03) 0.26 (0.02) 0.23 (0.02) 0.27 (0.02) 0.26 (0.03)

NbLft Nbmax 134 124 138 132 130
Nbslp 0.003 0.005 0.004 0.004 0.005
LNbinfl 151.3 153.1 152.0 153.0 155.0

δC δCint 9.1 (2.0) 12.3 (3.0) 12.5 (3.4) 10.8 (3.4) 9.7 (0.8)
δCslp 1.49 (0.07) 1.45 (0.09) 1.33 (0.13) 1.67 (0.05) 1.54 (0.13)

δA δAmax 180 143 146 134 141
δAslp 0.007 0.018 0.017 0.012 0.016
δAinfl 40.2 24.6 19.7 12.3 15.1

δ δsf 1.739 (1.61) 1.343 (0.571) 3.855 (2.856) 2.566 (2.626) 2.012 (0.634)

∆ ∆a 8.4 (9.3) 5.0 (4.8) 4.8 (6.2) 3.4 (2.8) 5.5 (6.8)
∆sf 2 2 2 2 2

θ θa 19.6(10.8) 15.5 (12.8) 16.9 (12.2) 15.6 (12.1) 18.8 (10.4)
θs 3 3 3 3 3

PosLftrel dLft 2.21 2.32 2.31 2.36 2.41

LB LBint 17.75 (3.2) 25.45 (3.15) 28.84 (4.61) 23.49 (3.60) 28.78 (0.72)

LBslp 0.18 (0.02) 0.13 (0.01) 0.14 (0.01) 0.15 (0.01) 0.13 (0.01)
PosBrel 0.63 0.60 0.608 0.624 0.62

WB WBint 2.6 (0.1) 2.2 (0.1) 2.9 (0.1) 2.2 (0.2) 3.1 (0.0)
WBslp 0.005 (0.000) 0.006 (0.001) 0.005 (0.000) 0.008 (0.001) 0.004 (0.000)

Lrel lc 0.18 (0.02) 0.04 (0.01) 0.04 (0.04) 0.04 (0.05) 0.23 (0.09)
pL 0.47 (0.06) 0.43 (0.03) 0.49 (0.02) 0.46 (0.02) 0.49 (0.06)
la 0.57 (0.08) 0.62 (0.05) 0.48 (0.04) 0.61 (0.06) 0.47 (0.07)

Wrel wc 0.27 (0.02) 0.22 (0.00) 0.20 (0.02) 0.20 (0.02) 0.25 (0.03)
pW 0.63 (0.01) 0.62 (0.02) 0.61 (0.02) 0.61 (0.01) 0.57 (0.03)
wa 0.50 (0.04) 0.44 (0.03) 0.43 (0.03) 0.52 (0.05) 0.44 (0.06)

α αc 78.2 (0.1) 90.0 (2.8) 86.8 (3.4) 96.9 (2.8) 82.2 (1.7)
αa 10.4 (4.8) 25.9 (0.0) 23.6 (11.7) 21.9 (1.5) 15.9 (6.3)
αs -4.69 (0.85) -29.15 (2.43) -12.77 (0.89) -24.90 (4.18) -21.04 (2.77)

ρUp ρCUp 26.3 41.9 26.4 27.5 20.2
ρ0.5Up 60.5 51.3 52.5 61.5 46.3

ρMedUp ρCMedUp 16.7 10.5 42.9 -2.9 17.3
ρ0.5MedUp 9.1 15.2 16.0 32.5 15.5

ρMedDwn ρCMedDwn -7.9 -2.0 -14.0 2.2 -10.6
ρ0.5MedDwn -4.8 -3.7 -5.5 -11.8 -8.1

ρDwn ρCDwn -12.3 -25.5 -2.3 -28.6 -24.0
ρ0.5Dwn -34.3 -16.7 -22.9 -19.7 -15.7
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Chapter III

Model validation and light
interception efficiency among oil
palm progenies

3D plant model assessed by T-LiDAR and hemispherical pho-
tographs: a useful tool to compare light interception among oil
palm progenies

Raphaël P.A. Perez, Jean Dauzat, Frédéric Théveny, Sébastien Griffon, Jean-Pierre Caliman and Evelyne
Costes
Submitted to Agricultural and Forest Meteorology

Abstract

Background and Aims: The paradigm of functional-structural models (FSPM) assumes that entering
into detail of plant structure allows a better understanding of functional processes and in particular the
way plants capture light for performing photosynthesis. However, a deep attention must be paid to the
consistency between virtual plants and plants in the field in terms of size and geometry to accurately
evaluate light interception. This paper thus aimed at i) assessing the capacity of an architectural 3D
model for oil palm (Elaeis guineensis) to accurately represent plants structural characteristics at both
plant and plot scales and ii) using the validated 3D mock-ups to investigate how light interception
efficiency varies among progenies which exhibit contrasting architectures.
Methods: Innovative indicators related to plant geometry and topology, were derived from terrestrial
LiDAR scanners (TLS) and hemispherical photographs (HP) in order to assess a 3D plant model. Such
indicators were established from field measurements and were compared to equivalent indicators extracted
from virtual TLS (VTLS) and virtual HP (VHP) simulated on 3D mock-ups. Indicators were then
evaluated for their significance in terms of virtual light interception at plant and plot scales. Progeny
effect on light interception efficiency was finally evaluated on five different progenies.
Key results: The structural indicators estimated from VTLS and VHP were significantly correlated
with their equivalent estimated from TLS and HP, respectively and with simulation outputs related to
light interception. Light interception efficiencies estimated from the validated 3D mock-ups significantly
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differed among the five progenies under study, notably from a dynamic point of view.
Conclusions: Our results highlight the relevance of using TLS- and HP-derived indicators to
evaluate the consistency of virtual 3D reconstruction of plants in relation with light capture, at
both plant and plot scales. This study paves the way for further investigations aiming at unrav-
elling the relationships between oil palm architecture and the physiological processes driving its production.

Key words: 3D mock-up, Elaeis guineensis, genetic variability, hemispherical photographs, light
interception, terrestrial LiDAR, validation.
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1. Introduction

1 Introduction

Functional-structural plant models (FSPM) are
efficient tools for exploring plants performances [Vos
et al., 2010]. They are particularly suitable for in-
vestigating how plant architecture may alter light
interception efficiency or carbon assimilation, ei-
ther for perennial [Lamanda et al., 2008, Louarn
et al., 2008, Da Silva et al., 2013] or for annual
species [Rey et al., 2008,Song et al., 2013,Barillot
et al., 2014,Chen et al., 2014]. With the develop-
ment of structural models able to generate genetics-
dependent architecture [Kang et al., 2014,Xu et al.,
2011], there is an increasing interest in using FSPM
to compare genetic materials.

In this context, special care must be taken when
modelling plant geometry as it influences the light
captured by plants and the subsequent physiologi-
cal processes such as carbon assimilation and plant
transpiration. But assessing 3D architectural char-
acteristics on virtual plants in comparison with
plants observed in field still remains complex. Over-
coming the methodological difficulty to assess 3D
plant representations is thus a crucial point when
designing FSPM for the assessment of plant perfor-
mances.

FSPM validations with respect to light intercep-
tion can be performed at canopy scale by different
measurement methods which can provide spatial-
ized information on either the transmitted light or
leaf area distribution. Spatial information on the
light transmitted can be obtained from radiometric
measurements using light sensors positioned within
the plant itself [Sinoquet et al., 2001], under forest
canopy [Onoda et al., 2014] or field crops [Mad-
donni et al., 2001,Xue et al., 2015]. However such
measurements are quite tedious and only a small
number of locations can be sampled. Besides, the
installation of sensors on leaves may alter canopy
structure and thus the way light penetrates the
canopy [Sonohat et al., 2002]. In any case, vali-
dations are hampered by the fact that simulations
must be done under the same radiative conditions as
in the field, in terms of sun position as well as direct
and diffuse components of incident radiation. Al-
ternatively, measurements using the Plant Canopy
Analyzer (PCA) or hemispherical photographs (HP)
can provide information which is independent from
radiative conditions. HPs and PCA measurements

were mostly intended to estimate leaf area index
(LAI) at plot scale [Bréda, 2003,Jonckheere et al.,
2004,Roupsard et al., 2008]. Both PCA and HP
provide canopy “gap fractions”which are directly
related to light interception since they represent the
path for light rays to penetrate the canopy [Monsi
and Saeki, 2005]. PCA acquisitions require never-
theless a reference sensor, positioned either above
the canopy or far away from it, making it tedious
to operate in case of tall canopies. Terrestrial Li-
dar scanners (TLS) have been used at plot scale
as an indirect ground-based method to estimate
canopy gap fractions similarly to HPs [Danson
et al., 2007,Ramirez et al., 2013,Seidel et al., 2015].
LiDAR-based canopy gap fraction estimation re-
vealed some benefits compared to HPs due to its
insensitivity to sky illumination, although other
sources of errors have been reported [Vaccari et al.,
2013]. The major limitation of point-based gap
fraction is the difficulty to analyze partial-return
of laser beams at the edges of vegetation compo-
nents (e.g. leaves), leading to an underestimation of
gap fractions [Vaccari et al., 2013,Woodgate et al.,
2015].

Even if these methods are useful for getting valu-
able information at plot scale and can be used to
validate virtual scenes, the validation of 3D ge-
ometry at individual scale requires more detailed
information. In this perspective, TLS opens new
prospects for characterizing single plant structure,
as it allows quick and effective way of in situ col-
lection of 3D information at plant scale, in either
natural or planted stands. TLS-derived information
opens new prospects for breaking through the lack
of methods for characterizing single plant structure.
Several studies have shown the usefulness of TLS to
retrieve individual crown structure [Moorthy et al.,
2011] LAI [Moorthy et al., 2008, Lin and West,
2016] or leaf area density (LAD; [Hosoi and Omasa,
2007], or to rebuild accurately tree structure from
3D point clouds [Côté et al., 2009,Hackenberg et al.,
2014,Raumonen et al., 2013]. Also, Van der Zande
et al [Van der Zande et al., 2011] have proposed a
methodology to estimate light interception of het-
erogeneous forest canopy directly from TLS data
(Voxel-based Light Interception Model), revealing
the practical use of LiDAR for evaluating plants
radiative environment.

In a previous study, a structural model of oil palm
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Figure III.1: Procedure to assess the quality of the 3D modeling approach in relation with light interception. The indicators
and variables investigated are in red boxes (see Table III.1 page 68 for abbreviations; fPAR: fraction of incident PAR
intercepted; LI: Leaf irradiance).

(Vpalm) was developed to generate specific archi-
tecture of different progenies [Perez et al., 2016],
able to reconstruct static mock-ups of plants de-
rived from field measurements. The combination
of this model with the radiative balance model
MMR [Dauzat and Eroy, 1997,Dauzat et al., 2008]
allows comparing in silico progenies according to
their efficiency to intercept light. At plant scale,
a first assessment of the developed oil palm archi-
tectural model was achieved by comparing model
predictions with field observations for variables at
organ scale, related to leaf and leaflets geometry (e.g.
rachis and petiole length, leaflet length and shape,
leaf and leaflet angles or leaf area), both in terms of
progeny mean and inter-individual variance [Perez
et al., 2016]. The quality of 3D mock-ups was also
partially evaluated at plant scale considering the
height of rachis tips. Nonetheless, the assessment of
both the integrative structure and the intra-canopy
structure of 3D plants, notably with respect to light
interception remains to be carried out.

In the present study we propose an innovative
way of using TLS to validate individual oil palm
mock-ups that were independently reconstructed
with the structural model and from direct morpho-
metric measurements and allometric relationships.
Integrative indicators of single plant architecture,
derived from TLS, were compared to similar indi-
cators extracted from virtual TLS performed on
3D mock-ups. At plot scale, hemispherical pho-
tographs were used to assess the quality of virtual
plot representation, by comparing the variations
of gap fractions between and within plots of five
different progenies. The TLS and HP-derived indi-
cators were subsequently confronted with variables
related to light interception efficiency in order to
evaluate the relevance of the proposed indicators for
assessing the virtual 3D reconstruction of plants in
relation with light capture (Fig. III.1). In a second
step we use the validated mock-ups in combina-
tion with a light interception model [Dauzat and
Eroy, 1997,Dauzat et al., 2008] to investigate how
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light interception efficiency may vary between oil
palm progenies which exhibit contrasting architec-
ture. As the 3D model allowed simulating inter-
and intra- progeny architectural variability, vari-
ations of light interception among progenies were
evaluated both at individual and plot scales.

2 Material and Method

2.1 Experimental site and plant ma-
terial

Field measurements were performed in exper-
imental plots at the SMART Research Institute
(SMARTRI, Smart Tbk.) located in Palembang
(South Sumatra province, Indonesia). The trial was
set up in 2010, 18 months after seedlings germi-
nation and growth in nursery. In this study, we
focused on five elementary plots, planted with 25
plants belonging to the same progeny. Five proge-
nies (namely DA1, DL7, DS, DU, and DY4) were
selected to encompass a wide genetic background
(Asian and African origins) and architectures while
presenting good production performance. The
planting density was 136 plants.ha−1 in a 9.5 m equi-
lateral triangular pattern. TLS and hemispherical
photographs were both collected between Novem-
ber and December 2014, i.e. approximately 4 years
after planting date.

2.2 Data collection

T-LiDAR scans

A total of 11 oil palms (3 DL7, 3 DS, 3 DU and
2 DY4) were scanned with a RIEGL VZ400 ter-
restrial laser scanner (RIEGL Laser Measurement
Systems GmbH, Horn, Austria). Each scan was
centred on a single palm at a distance from its stem
comprised between 6m and 8m in order to obtain a
full view without occlusion from other palms in the
foreground. Scans were performed with an angular
resolution of 0.02 degrees in elevation and azimuth.

Recorded 3D point clouds were manually cleaned
using Riegl software (RiSCAN PRO v2.0.1) in order
to suppress the points belonging to weeds, soil or
other palms. Because scans were collected on im-
mature palms at a stage where the canopy was not
yet closed, the surrounding 3D points of selected

palms were easily cleaned out from a zenithal view-
point. A second filter was performed from lateral
viewpoints that enabled to delete points related to
weeds and soil, except around the base of the trees
where weeds and lower leaves were penetrating each
other.

Hemispherical photographs

Hemispherical photographs were recorded using a
Nikon Coolpix 4.5 mega pixel digital camera with
a Fish-eye lens (Nikon Tele Converter TC-E2 2X
62mm, Japan). Pictures were taken at dusk under
overcast sky conditions in order to get the best
conditions for images post-processing. Twenty-six
images (A-Z) were collected in the inter- and intra-
rows of each elementary parcel for each of the five
progenies leading to a total of 130 images (see exper-
imental design in supplementary material Fig. III.10
page 82).

2.3 Virtual palms modelling

The structural model that was developed to gen-
erate 3D mock-ups of oil palm [Perez et al., 2016]
was built from several campaigns of data collec-
tion undertaken on 60 oil palms (12 plants x 5
progenies), from 2012 to 2016. In order to assess
the evolution of plants architecture over time, al-
lometric relationships were designed to simulate
the morphogenetic gradients of architectural traits
within the crown at leaf and leaflet scales. Addi-
tionally, mixed-effect models were combined with
allometric relationships to account for inter- and
intra-progeny variability through progeny-specific
parameters. This methodology allowed the simula-
tion of plant architecture for a given progeny while
including inter-individual variability, and to gener-
ate 3D mock-ups of oil palms at different stages of
their development. Virtual stands could thus be set
up in silico composed by as many plants as desired,
using the random parameters of the mixed model
approach associated to inter-individual variability.
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2.4 Generating virtual TLS (VTLS)
and virtual hemispherical pho-
tographs (VHP)

Simulation of virtual palms and virtual plots

Vpalm model [Perez et al., 2016] was used to
generate two sets of virtual palms. In the first
set, we used individual field measurements (leaf di-
mensions and curvature, leaflets dimensions) to the
reconstruct 3D mock-ups of the 11 plants that were
scanned in the field, in order to assess the quality of
individual 3D reconstruction. The second set was
designed to evaluate the capacity of the model to
render intra-plot variability. For this, we simulated
a plot of 16 palms per progeny consistently with
the estimated variability of both topology and ge-
ometry among individuals and arranged them in a
quincunx planting pattern (supplementary material
Fig. III.10 page 82). For each progeny, three repli-
cates of plots composed of different virtual palms
were generated to account for inter-individual vari-
ability in further statistical comparisons with vir-
tual hemispherical photographs. Either individual
3D mock-ups or plots were simulated within 3D
scenes built in the AMAPstudio platform [Griffon
and de Coligny, 2014], which enabled to extract var-
ious data (e.g leaf area) according to the topology
and/or the typology of plant components. Each
plot was virtually duplicated limitless (leading to an
infinite canopy) in order to prevent border effects
in raytracing processes.

Raytracing simulation of VTLS and VHP

Individual 3D mocks were used to generate vir-
tual LiDAR scans (VTLS) (Fig. III.2Awhereas
plots of 16 simulated palms were used to gen-
erate virtual hemispherical photographs (VHP)
(Fig. III.2B). Both VTLS and VHP were gen-
erated according to the field positions recorded
for the associated TLS and HP (Fig. III.2). For
VTLS, the position of the scanner relatively to
the tree position was determined for each TLS
acquisition by manually retrieving the direction
and distance of the base of the trunk in the
point cloud. The raytracing software AMAPstudio-
lidART (http://amap.cirad.fr/fr/plateformes.php)
was used for generating VTLS from individual 3D
mock-up and VHP from virtual plots. First, the

scene was divided into voxels and the list of plants
components (e.g. leaflets or petiole/rachis seg-
ments) that were partially or totally included in
each voxel was built. Each plant component was
represented by 3D mesh decomposed in triangular
facets. The raytracing process was then run with
the following steps for each ray: (i) find the first
voxel crossed, (ii) check the intersection with trian-
gles of plant component mesh (iii) if no intersection,
record the position of the nearest hit or find the
next voxel, (iv) when the ray exit the voxel space,
generate the next ray in the case of VTLS or trans-
pose the ray in the virtual neighbour duplicated
plot in case of VHP. At the end of the process a
virtual 3D point cloud was generated, each point
corresponding to a hit of the virtual laser beam on
a component of a 3D mock-up. Raytracing simula-
tions were performed with a constant angular step
for rays elevation and azimuth, consistently with
Riegl VZ400 device but with lower resolution (0.1̊ )
for minimizing computation time.

Processing TLS and HP orthographic views

for comparing virtual vs. field acquisitions

In order to generate indicators related to areas
of plants that could intercept light from a given
viewpoint, 3D point clouds of VTLS and TLS were
represented in 2D using an orthographic projec-
tion mode generating circular images in which the
distance of pixels to the image centre was linearly
related to their elevation. We used orthographic
projection because it allowed analysing images inde-
pendently of their resolution by using solid angles.
Indeed, all pixels of the projected images subtended
a same solid angle which was given by:

Ωpix = 2π(1− cos(
δa

2
)) (III.1)

with Ωpix being the solid angle of one pixel in
steradians (sr) and δa the angular step of the Li-
DAR beam, either in elevation or in azimuth. VHP
were also displayed in orthographic projection for
comparison with HP. It is noteworthy that such pro-
jection would be comparable to images produced
by a perfect fisheye lens.
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Figure III.2: A) Comparison of field TLS with virtual LiDAR scans (VTLS) obtained with AMAPstudio lidART software.
B) Comparison of field hemispherical photographs (HP) and virtual hemispherical photographs (VHP) generated with
lidART.

2.5 Validation procedure using in-
dicators related to plant and
canopy structure

TLS-derived indicators for validations at

plant scale

Three-dimensional point clouds collected from
TLS and generated from VTLS were first used to
estimate coarse indicators such as the plant height
(H) and width (W ), the volume of points cloud
convex hull (Vhull) and the area of the convex hull
projection on the ground (Shull) (Table III.1). The
3D convex hulls and the associated volume and
projected area were estimated using the rLiDAR

package of R [R Core Team, 2015]. Additionally,
vertical crown profiles were plotted in order to vi-
sually compare TLS and VTLS lateral palm silhou-
ettes (supplementary material Fig. III.13 page 85).
Orthographic views from TLS and VTLS were

used for extracting other indicators related to the
apparent plant area from the scanner viewpoint
and characterizing crown structure. A first compar-
ison was performed on the solid angle of vegetation
(Ωveg), which characterizes the area of the plant
that would intercept light from a lateral viewpoint
(Fig. III.3C). However, orthographic view generated
from field TLS could be biased because additional
3D points could be detect on the edge of leaves
depending on laser beam diameter. The laser beam
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Table III.1: Indicators used to compare 3D mock-ups with field plants at individual scale (3D points clouds and TLS
orthographic views) and plot scale (Hemispherical photographs (HP))

Data Indicators Definition Units
3D points clouds H Plant height m

W Crown maximal width m
Shull Projected area on soil of the 3D convex hull m2

Vhull Volume of palm’s 3D crown m3

TLS views Ωhull Solid angle of palms 2D convex hull sr
Ωveg+ Solid angle of crown vegetation plus micro-gaps sr
Ωveg Solid angle of crown vegetation sr
fΩM Fraction of macro-gaps into 2D convex hull sr.sr−1

fΩµ Fraction of micro-gaps into crown vegetation sr.sr−1

HP GF Gap fraction: ratio of sky pixels to total pixels sr.sr−1

of the TLS apparatus used in our study has a di-
ameter of 0.7 cm at its origin and a divergence
of 0.35 mrad, leading to a diameter of 0.875 cm
at a distance of 5m and 1.05cm at a distance of
10m (http://www.riegl.com). In order to address
the possible bias induced by laser diameter, we
corrected images by adding borders around vege-
tation pixels to mimic the effect of beam diameter.
Given that up to 6 hits could be recorded for a
single laser pulse with the RIEGL VZ400 equip-
ment, we deduced that an occlusion of 1/6 of the
beam could be sufficient for generating a return.
Given the scanning configuration in field (with an
average distance to the tree of 7m), we estimated
additional returns when leaflet borders were distant
to around half the of beam radius. We therefore
corrected Ωveg for VTLS by applying a thin pixel
border around original views as represented in sup-
plementary material (Fig. III.11 page 83). The
magnitude of correction varied between 4.5% and
8.5%, depending on virtual plants. Only values of
corrected Ωveg are presented in the results.

We proposed to further characterize and compare
plant structure with two additional indicators re-
lated to crown porosity: the fraction of micro-gaps
(fΩµ), which represent gaps within the crown, and
the fraction of macro-gaps (fΩM ), which represent
the gaps outside the crown. fΩM and fΩµ were
given by the following equations:

fΩM =
Ωhull − Ωveg+

Ωhull
(III.2)

fΩµ =
Ωveg+ − Ωveg

Ωveg+
(III.3)

where:

Ωhull corresponds to the solid angle of the crown
envelope, defined as the lateral projection of
the convex hull (Fig. III.3A)

Ωveg+ corresponds to the solid angle of vege-
tation estimated from an orthographic view
generated considering a beam diameter large
enough (3cm) to completely fill the micro-gaps
(Fig. III.3B)

Ωveg corresponds to the solid angle of vegetation
(Fig. III.3C)

In order to more deeply assess the quality of the
3D structure of simulated palms, we complemented
the analyses by the comparison of two profiles: 1)
the relative number of pixels as a function of height
that is related to the vertical and lateral extension
of palm crowns and 2) the cumulated number of
hits (Nbhits) as a function of their distance to the
scanner position which is related to the foliage ar-
rangement in depth, and enabled to approximate
the profile of leaf area density within the crown
All these indicators (Table retableIndicators)

were evaluated in the same way on the 11 plants
that were scanned in the field (TLS) and their 11
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Figure III.3: Example of image processing from field TLS
and 3D mock-up-derived TLS (VTLS) with representation
of 2D convex hull (A), crown envelope (B) and vegetation
pixels (C).

virtual counterparts (VTLS). After having evalu-
ated the sensitivity of indicators to the azimuth
of the scans (supplementary material, Table III.5
page 82), a single point of view was considered
sufficient for tree to tree comparisons.

HP-derived gap fraction for validations at

plot scale

The optical centre and the projection function of
the Fish-eye lens were calibrated according to the
methodology proposed by Weiss and Baret [Weiss
and Baret, 2010]. Gap fractions (GF) were solely
analysed for elevations greater than 20̊ for pre-
cluding side effects of weeds and micro-topography
in the camera field of view. As sky conditions
may have changed between photographs, a specific
threshold for differentiating sky from canopy in
each image was estimated by an automated reclas-

sification approach (Fig. III.2B). The threshold was
estimated from the histogram of frequencies of pixel
values in the green colour, selecting the colour with
the lowest frequency between canopy and sky colour
peaks [Woodgate et al., 2015]. GF was then esti-
mated as the fraction of sky pixels to total pixels.
Subsets of pixels were selected depending on zenith
angles (10̊ to 80̊ ) to evaluate the evolution of GF
from image centre to image periphery.

2.6 Assessment of light interception
efficiency per progeny

Light interception model and radiative con-

ditions

Light interception was simulated on 3D mock-
ups through the MMR model [Dauzat and Eroy,
1997,Dauzat et al., 2008] as described by Rey (2008).
In this aim, the incident radiation was discretized
into directional fluxes accounting for both direct
and diffuse radiations. Then, for each direction,
the plant components were projected in 2D with a
Z-Buffer. The quantity of light intercepted by each
plant component from each direction was obtained
by counting the visible pixels. Finally, both the
irradiation and area were attributed to each plant
component in order to allow subsequent data extrac-
tions. Radiative conditions were simulated based on
the meteorological data collected since 2012 for the
studied site (Fig. III.4). A clearness index (Kt), de-
fined as the ratio of the measured global irradiance
to the corresponding irradiance above the atmo-
sphere [Bristow and Campbell, 1984], was used first
for splitting the incident radiation into its direct
and diffuse components and, then, to estimate the
flux density in the defined discrete directions. The
seasonality of radiative conditions was accounted
for by considering monthly averaged Kt values in
the calculation of light interception.Consistently,
the allometric-based approach allowed accounting
for plant age and subsequently updating individ-
ual palm architecture every month (supplementary
material, Fig. III.12 page 84).

Calculation of radiative variables

Light calculations were performed on virtual plots
including 20 stochastically generated mock-ups (i.e.
generated with 20 different random seeds) disposed
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Figure III.4: Evolution of radiation in the Palembang
region (latitude = −2.99 )̊. Left axe: extraterrestrial radia-
tion (ER) and global radiation (GR); right axe: clearness
index (Kt).

in the triangular pattern previously described. Ex-
tractions of the area and the amount of light in-
tercepted by the leaflets, the nervure (rachis and
petioles) and the stem were achieved using AMAP-
studio. At plant scale, the assessment the variabil-
ity of light interception efficiency within progenies
was studied through two different variables: the
fraction of incident PAR intercepted by individual
palms (fPARi) and the average leaf irradiance (LI).
fPARi was obtained as the ratio of the total light
intercepted by all components of a given plant on
the incident light simulated on this plant, whereas
LI was defined as the PAR intercepted by all its
leaflets divided by their total area (Aleaflets):

LI =
PARlealfets

Aleaflets
(III.4)

At plot scale we defined light interception as the
fraction of PAR intercepted by the whole canopy
composed by several virtual plants (fPARc). LAI
was also computed as the sum of areas of leaflets
lamina in the scene divided by the scene ground
area.

Correlation between VTLS and VHP-

derived indicators and light interception

Finally virtual plots were generated from every
reconstructed mock-up, and from 100 simulated

palms (20 plants x 5 progenies; generated with the
stochastic approach in Vpalm) to enlarge variations
in plant architecture. For each of the 111 virtual
plants, radiative variables previously defined and
related to light interception efficiency (fPARi and
LI) were estimated and compared with the VTLS-
derived indicators. Similarly, for each of the 15
virtual plots (5 progenies x 3 replicates) used to
simulate the VHP, the correlations between mean
GF and fPARcwere evaluated (Fig. III.1).

2.7 Statistical analyses

All statistical analyses were conducted on R soft-
ware and all image processing (TLS and VLS or-
thographic views, HP and VHP) performed us-
ing the raster package of R. Root mean square
errors (RMSE), normalized root mean square error
(NRMSE) and bias were calculated for the compari-
son of TLS derived indicators between 3D mock-ups
and simulated palms:

RMSE =

√

∑n
i=1(si −mi)

2

n

NRMSE =
RMSE
∑n

i=1(mi)

n

Bias =

∑n
i=1(si −mi)

n

where si and mi are respectively the values of indi-
cators estimated from 3D mock-up and field TLS,
and n represents the number of observations. Cor-
relation between indicators estimated from VTLS
and TLS and between VTLS or VHP indicators
and light interception outputs (fPARi, fPARc, and
LI) were evaluated with the Pearson coefficient r.
A t-test was performed to test if the coefficient was
significantly different from zero (cor.test procedure
under R software).
The effect of camera position on GF estimated

from HP (at zenith angle of 80̊ ) was studied to
test if leaves were spreading in particular azimuth
(North-South or East-West directions). Progeny
effect on GF was studied to investigate the genetic
influence on canopy closure. The significance of
the two factors (camera position and progeny) on
GF was tested by a two-way analysis of variances
with interaction (ANOVA). Then for each factor,
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a one-way ANOVA was applied to evaluate if GF
was significantly different between HP and VHP.
When ANOVA revealed significant difference, a
post-hoc Tukeys test was performed to determine
which modalities were significantly different.

The effect of progeny on light interception effi-
ciency (fPARi and LI) was estimated by covariance
analyses (ANCOVA) with clearness index, date and
LAI as covariables to decipher architectural differ-
ence independently of environmental conditions or
plant age. A post-hoc Tukey’s test was performed
to evaluate in detail which progenies were different
from each other in November 2014, when TLS and
HP data were collected.

3 Results

3.1 Validation of 3D reconstructions
at plant scale with TLS-derived
indicators

Indicators from 3D points clouds

Palm height (H) estimated from TLS was found
to vary from 4.7 m to 6.3 m whereas H from VTLS
varied from 5.3 m to 6.9 m (Fig. III.5). Compar-
isons showed a medium correlation value (r2=0.61;
NRMSE=0.11), with nevertheless an average bias
of 55 cm mainly due to an overestimation of H for
small plants. Observed crown width (W ) varied
from 7 to 8.6 m and had the same range of cor-
relation with W of 3D mock-ups (r2=0.60) as H,
with negligible errors and bias (RMSE= 35.68 cm,
bias = 16.36 cm). The comparison of crown volume
(Vhull), and projected area on ground level (Shull),
estimated from convex hull, had higher correlation
coefficients between 3D mock-ups and simulated
palms (r2=0.77 for Vhull and r2=0.65 for Shull).
However volumes were overestimated in 3D mock-
ups with an average error of 0.30 m3 and a bias of
0.53 m3 (Fig III.5).

Indicators derived from TLS and VTLS or-

thographic views

The comparison of solid angles of vegetation
(Ωhull, Ωveg+ and Ωveg) revealed little discrepancies
between TLS and VTLS (Fig. III.5). Estimated

Ωhull varied between 0.67 to 1.05 sr, with a cor-
relation of 0.65 and little error between field and
virtual views (NRMSE=0.13). Likewise, the Ωveg
and Ωveg+ indicators were correctly simulated, with
a NRMSE of 0.14 and 0.13 respectively. Since Ωveg
was unbiased, this indicator rendered the strong
observed inter-individual variability (0.40 to 0.77
sr in TLS compared to 0.43 to 0.73 sr in VTLS).

The fraction of macro-gaps (fΩM ) obtained from
field TLS exhibited little variations among individu-
als (0.20 ± 0.03). VTLS simulations also produced
stable fΩM values, but with significant higher val-
ues than TLS on average (0.23 ± 0.03). Similarly
micro-gap fractions (fΩµ) exhibited low variability
among plants.fΩµ was significantly overestimated
in virtual views (0.22 ± 0.04) in comparison with
field views (0.13 ± 0.02). An overestimation of fΩµ
was still observed in VTLS (0.17 ± 0.03), even if it
was markedly reduced by the correction process ap-
plied on Ωveg (supplementary material, Fig. III.11
page 83).

A visual analysis of the shape of crown profiles in
height (supplementary material Fig. III.13 page 85)
revealed that the largest discrepancies between TLS
and VTLS views were mostly located in the lowest
part of the tree crown. Remaining soil and weeds
points during the cleaning process of the TLS point
clouds is likely to explain the observed overestima-
tion of fΩM and fΩµ. TLS and VTLS profiles of
cumulated Nbhits with distance to scanner were
visualized for the 11 studied individuals (Fig. III.6).
Actual and virtual TLS exhibited close profiles for
all individuals, with a steep linear portion followed
by a portion where Nbhits rapidly decreased with
distance. The slope of the linear portion was visu-
ally similar between TLS and VTLS profiles but
a lag could be noticed between profiles for two in-
dividuals (DY4-106-29 and DL7-107-20), probably
due to the difficulty for positioning accurately the
stem centre within the TLS point clouds.
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Figure III.5: Comparison of indicators derived from field TLS and virtual TLS (VTLS). Dotted lines represent the 1:1 line.
See Table III.1 page 68 for abbreviations.
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Figure III.6: Relative cumulated number of hits (Nbhits)
depending on distance to scanner position for TLS and
VTLS for the 11 studied plants. Vertical lines represent the
estimated centre of palm stem base taken as reference for
simulations.

3.2 HP-derived indicators to eval-
uate and validate architectural
variabilities at plot scale

Influence of progeny and camera position on

GF estimated from HP

The two-way ANOVA performed on GF high-
lighted the absence of camera position effect on the
one hand and significant differences between proge-
nies on the other hand (Fig. III.7A and Table III.2).
Mean value of GF varied from 0.44 to 0.46 with
three different camera positions whereas GF from
0.39 to 0.50 among progenies. The progeny effect
explained 85% of the total variation. Progenies DA1
and DY4 presented lower GF (0.40 on average) than
the three other progenies (0.48 on average), indicat-
ing lower canopy openness for those two progenies.
The spatial variability of GF, estimated through
the different positions of the camera within the plot,

was also contrasted within progenies, with a coef-
ficient of variation varying from 7% (DS) to 16%
(DA1).

Comparison of GFs estimated from HP and

VHP

Regarding the effect of camera positioning, GF
of VHP were in accordance with GF of HP since no
significant difference could be detected between HP
and VHP whatever the virtual plot (Fig. III.7A).
Likewise, the overall variations among progenies
were satisfactorily simulated, with 13 out of 15
VHP exhibiting no significant difference with the
respective HP (Fig. III.7B). Progeny effect on VHP
was significant for the three virtual plots although
the ranking of progenies slightly differed from field
results. Actually, in virtual plots 1 and 2, mean GF
of progeny DA1 (0.39 and 0.33) were significantly
lower than GF of progeny DY4 (0.45 and 0.42),
whilst no difference was noted between these two
progenies for HP as for VHP in virtual plot 3.

The consistency of virtual plots was also analysed
trough the evolution of GF depending on the zenith
angle on HP and VHP (Fig. III.7C. Whatever the
progeny and virtual plot, RMSE, NRMSE and bias
were low: 0.049 to 0.076, 0.09 to 0.18 and -0.037
and 0.022, respectively. The trends of cumulated
errors and bias vs. zenith angle appeared similar
for all progenies, except for DA1 which presented
slight dissimilarities. RMSE sharply increased from
20 to 60̊ before reaching a steady value whereas the
absolute bias exhibited an increase followed by a
decrease for highest zenith angles. These evolutions
resulted from the images composition with mainly
sky or vegetation pixels in their centre (zenith angle
below 20̊ ) or periphery (from 20̊ to 60̊ ), respec-
tively. Observed trends between 20 and 60 revealed
an underestimation of GF in VHP, i.e. more vege-
tation visible in virtual plots whereas, in contrast,
less vegetation was present in the peripheral zone
of virtual views. Such difference was likely due to
visible weeds in HP.
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Figure III.7: Comparison of mean ± standard deviation of gap fraction (GF) estimated from hemispherical photographs
recorded in field (HP) and from virtual hemispherical photograph (VHP) with a zenith angle fixed at 80 .̊ (A) Comparison
for the three different camera positions in the plot. (B) Comparison for the 5 progenies. Different seeds were used to generate
the 3 virtual plots (plot 1: seed 1 to 16; plot 2: seeds 17 to 32; plot 3: seeds 33 to 48). Letters indicate significant differences
between HP and stars indicate VHP significantly different from the corresponding HP (Tukey’s test p < 0.05). (C) Evolution
of RMSE and bias of gap fraction depending on progenies and zenith angle (n= 26 pictures per progeny; outputs from plot
3).

Table III.2: ANOVA table of gap fraction (GF) estimated from field hemispherical photographs (zenith angle= 80̊ ). The
ANOVA model is a two way with interactions (camera position x progeny) model (n.s., non-significant; *, p < 0.05; **, p <

0.01; ***, p < 0.001). The last column (% MS) is the relative contribution of the effect to the mean square sum.

Factor Df SS MS Fvalue Pvalue %MS
Progeny 4 0.2058 0.05144 16.468 *** 85%
Position 2 0.0101 0.00505 1.618 n.s. 8%
Progeny x Position 8 0.0083 0.00104 0.333 n.s. 2%
Residuals 12 112 0.3498 0.00312 5%
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3.3 Correlation between simulated
light interception and VTLS-
and VHP-derived indicators

Light interception versus VTLS-derived in-

dicators

All VTLS indicators, except H, were positively
correlated with LAI, fPARi and LI (Table III.3).
Indicators related to crown dimensions (W , Shull,
Vhull, Ωhull, Ωveg+ and Ωveg) appeared highly corre-
lated with the interception of incident PAR (fPARi)
(r > 0.60) whereas porosity indicators (fΩM and
fΩµ) were correlated with LAI and LI (|r| > 0.8).
Ωveg presented the highest coefficient of correla-
tion with fPARi (0.97) and was correlated to the
LAI, denoting the possibility to approximate to-
tal leaf area from lateral view. Similar results
were obtained when testing those correlations with
simulated palms, highlighting consistent relation-
ships between TLS indicators and light intercep-
tion for all the studied progenies and subsequently
for an important range of architectural variability
(Fig. III.8).

Light interception versus VHP-derived indi-

cators

Regarding the relationships between GF and
light interception, fair correlations were observed
(|r| >0.6) (Table III.3). As expected, GFs obtained
from VHP analyses provided relevant information
about the light interception at canopy scale (r=0.87
for fPARc). The overall results supported the sound-
ness of HP for deriving valuable information at plot
scale but also illustrated the interest of combining
TLS and HP for getting a thorough evaluation of
light interception relatively to leaf area.

Progeny effect on light interception effi-

ciency

Monthly average of estimated fPARc increased
from 0.12 in January 2012 to 0.81 in December 2015
(Fig. III.9A). Trends of fPARc over time were com-
parable for all progenies between 2 and 3 years (2012
to 2013), i.e. the first months after planting but
differences among progenies tended to increase over
years. This was especially the case for the progeny
DL7 which presented a fraction of PAR intercep-
tion significantly lower than the other progenies.
Progeny DA1 intercepted more light than other
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Table III.3: Correlation table (Pearson coefficient) between VTLS and VHP indicators with simulated radiative components,
base on the 11 plants that were scanned. Mean values of LAI and LI were considered for correlations with gap fraction.
Levels of significance correspond to the p-values of t-tests (n.s., non-significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001).

Data Indicators LAI fPARc/fPARi LI
3D points clouds H -0.05 n.s. 0.43 n.s 0.20 n.s.
(VTLS) W 0.23 n.s. 0.80** -0.03 n.s.

Shull 0.22 n.s. 0.81** 0.00 n.s.
Vhull 0.10 n.s. 0.68** 0.11 n.s.

VTLS views Ωhull 0.17 n.s. 0.75** 0.03 n.s.
Ωveg+ 0.49 n.s. 0.94*** -0.28 n.s.
Ωveg 0.74** 0.97*** -0.28 n.s.
fΩM -0.80*** -0.44 n.s. 0.79**
fΩµ -0.90*** -0.42 n.s. 0.93***

VHP GF -0.78*** -0.87*** 0.67***

progenies after four years after planting (2014). A
significant progeny effect as well as the existence of
interactions between progeny, plant age and LAI
were highlighted by the analysis of variance per-
formed at four years after planting, consistent with
the fact that progenies have different dynamics of
growth (Table III.3).

Four years after planting, the progeny effect on
the fraction of light intercepted per individual was
also significant (Fig. III.9B), for instance progeny
DA1 captured on average 11% more of the incident
light than progeny DL7 (Fig. III.9B and Fig. III.14
page 86 in supplementary material). Irrespective of
the progeny, 98% of the light was intercepted by the
lamina, the amount of light intercepted by the stem
being negligible (<0.1%). In November 2014, dif-
ferences in light interception were not only related
to differences in LAI but also to other character-
istic of progenies architecture representing 11% of
the observed variance (supplementary material Ta-
ble III.6 page 84). It is noteworthy that the fPARi
calculated from a scene composed by a unique mean
individual per progeny (built with the mean value
of progeny-specific parameters) was overestimated
in comparison to the mean value of a population of
virtual palms accounting for inter-individual vari-
ability.
A tendency to decrease over years was visible

mainly because of the growth of the plant crown
which increased leaf size and subsequently self and
mutual shading. The effect of clearness index sea-

sonality was clearly visible on the evolution of esti-
mated LI over time, with a decrease in LI around
December and January, corresponding to the rainy
season. The sharp decrease around January 2014
could be explained by an exceptional dry season due
to “el niño” phenomenon, followed by important
haze in the region, reducing consistently the global
radiation (Fig. III.4). Progeny effect was highly
significant and interactions between progeny, palm
age and LAI were significant as well, indicating con-
trasted evolution of progeny crown structure and
light interception efficiency over time (Table III.3).
LI was steadily higher in DL7 (value) than in the
other progenies, with an average difference of 2
moles of photons per day and per m2 of lamina
in November 2014 (Fig. III.9D). The analysis of
covariance of LI at that period pointed out that
18% of the observed variation was explained by
progeny effect independently on their differences in
LAI (supplementary material Table III.6 page 84).
Inter-individual variations in LI were slightly differ-
ent between progenies, with a coefficient of variation
varying from 8% to 11%. Finally LI calculated
from the mean individual showed some discrep-
ancy in comparison with average values obtained
from virtual population (mainly for progeny DS)
(Fig. III.9D).
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Table III.4: ANCOVA tables of radiative variables (n.s., non-significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001).
√

fPARi was analysed in order to satisfy the homogeneity of the variances of model residuals.

Response Factor/covariable Df SS MS Fvalue Pvalue
√

fPARi Progeny 4 1.13 0.28 227 ***
Kt 1 1.49 1.49 1200 ***
Date 1 137.36 137.36 110 400 ***
LAI 1 4.34 4.34 102 200 ***
Kt2 1 0.01 0.01 33 ***
Date2 1 2.56 2.56 6026 ***
LAI2 1 0.36 0.36 846 ***
Progeny x Kt 4 0.00 0.00 1 n.s.
Progeny x Date 4 0.02 0.00 10 ***
Kt x Date 1 0.00 0.00 7 *
Progeny x LAI 4 0.06 0.02 35 ***
Kt x LAI 1 0.00 0.00 2 n.s.
Date x LAI 1 0.05 0.05 115 ***
Progeny x Kt2 4 0.00 0.00 0 n.s.
Progeny x Date2 4 0.02 0.00 11 ***
Progeny x LAI2 4 0.03 0.01 17 ***
Progeny x Kt x Date 4 0.00 0.00 1 n.s.
Progeny x Kt x LAI 4 0.00 0.00 1 n.s.
Progeny x Date x LAI 4 0.05 0.01 27 ***
Kt x Date x LAI 1 0.00 0.00 0 n.s.
Progeny x Kt x Date x LAI 4 0.00 0.00 0 n.s.
Residuals 4645 1.97 0.00

LI Progeny 4 2472 618 527 ***
Kt 1 3182 3182 2711 ***
Date 1 1133 1133 965 ***
LAI 1 2541 2541 4077 ***
Kt2 1 220 220 353 ***
Date2 1 81 81 130 ***
LAI2 1 324 324 519 ***
Progeny x Kt 4 33 8 13 ***
Progeny x Date 4 160 40 64 ***
Kt x Date 1 19 19 30 ***
Progeny x LAI 4 41 10 16 ***
Kt x LAI 1 20 20 32 ***
Date x LAI 1 43 43 70 ***
Progeny x Kt2 4 2 1 1 n.s.
Progeny x Date2 4 37 9 15 ***
Progeny x LAI2 4 36 9 14 ***
Progeny x Kt x Date 4 4 1 1 n.s.
Progeny x Kt x LAI 4 1 0 0 n.s.
Progeny x Date x LAI 4 30 7 12 ***
Kt x Date x LAI 1 37 37 59 ***
Progeny x Kt x Date x LAI 4 4 1 2 ***
Residuals 4645 2895 1
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of monthly average total leaf irradiance. D). Total leaf irradiance per plant four years after planting (november
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4 Discussion

4.1 Scope of TLS and HP indicators
for the assessment of 3D models

Up to recently HPs and PCA measurements were
the popular methods for the evaluation of the con-
sistency of virtual stands in comparison to actual
ones. T-LiDAR technology is now opening wide
opportunities for accessing to the 3D structure of
plants. Ongoing research aims at reconstructing the

3D structure of plants through dedicated software
developments [Côté et al., 2009,Hackenberg et al.,
2015]. Such methods are presently not workable for
palms because of their dense and intricate foliage,
but various metrics can readily be extracted from
LiDAR scans such as plant height or crown dimen-
sions and volume [Moorthy et al., 2011]. We made
use of such indicators (H, W , Shull and Vhull) and
developed others (Ωhull, Ωveg+, Ωveg) that were bet-
ter correlated to both LAI and light interception.
It is noteworthy that the use of TLS to validate 3D
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mock-up was very suitable for palm trees since they
provide a radial symmetry enabling the analysis
of single view (supplementary Table III.5 page 82).
More than a single viewpoint would be necessary
to derive equivalent indicators on plants with more
complex branching pattern, because branching ele-
ment would likely greatly affect the values of solid
angle depending on scanner position around the
plant [Boudon et al., 2014].

Moreover, the use of TLS information enabled to
evaluate 3D structure of virtual palms by detect-
ing potential sources of bias, hardly perceived from
simple geometric measurements. For instance, the
comparison of crown volume (Vhull) erevealed an
overestimation of crown expansion in 3D mock-ups,
which could be explained by i) mismatches between
periods of parameters calibration from morphome-
tric measures and TLS acquisition, ii) inaccurate
estimation of the altitude of stem base from TLS,
iii) bias in leaves curvature modelling. This later
discrepancies revealed the necessity to evaluate al-
teration in leaf geometry by time and environmental
conditions (water availability), and subsequently
the interest to integrate in our modelling approach
interactions between environmental variations and
3D evolution of plant structure [Fourcaud et al.,
2008].

The Ωveg and Ωveg+ indicators reflected the ap-
parent plant area as observed from a given view-
point (here, from the scanner). In order to ren-
der these indicators independent from the scanning
density, we used the notion of solid angles, i.e. ap-
parent vegetation area from the TLS point of view,
by creating TLS views with an orthographic projec-
tion comparable to the projection mode obtained
with a perfect fisheye lens. First analyses of TLS
views revealed that the apparent micro-gaps be-
tween leaflets were notably lower in TLS than in
VTLS. The lower fraction of micro-gaps estimated
from field TLS was likely attributable to the beam
area of the laser recording additional hits on the
edges of plant components. Similar observations
were reported by Vaccari et al. [Vaccari et al., 2013]
when comparing TLS views with HP views. For
correcting such effect, these authors have proposed
a method for “eroding” the pixels at the border of
canopy gaps. By doing so, the gap size was enlarged
and a better agreement between TLS and HP gap
fractions was obtained. Here, we rectified VTLS

instead of correcting the data obtained from field
TLS. By adding pixels in the edges of vegetation
components, we simulated the effect of additional
returns due to beam diameter and the biases in the
fraction of micro-gaps were sharply reduced (sup-
plementary material, Fig. III.11 page 83), but this
raised questions about the calibration of the correct-
ing process. Indeed, validation would be obtained
by reproducing the TLS VZ400 specifications, but
poor information was available on the laser beam
diameter and on the receptor sensitivity.
Another source of error was the remaining soil

and weeds pixels from TLS collected in field that
resulted in an overestimation of vegetation area
compared to virtual scans on which no soil was sim-
ulated (supplementary material, Fig. III.13 page 85).
Such bias would no longer be a problem when work-
ing on older plants with crown high enough to easily
set vegetation apart from ground.

4.2 Using HP and TLS indicators
to validate the architecture mod-
elling approach with respect to
light interception

The analysis of the relationship between GF and
radiative variables demonstrated significant corre-
lations (Table III.3) and confirmed the interest of
using GF for an integrative evaluation of light in-
terception at canopy scale. The comparison of GF
from HP and VHP emphasized that progeny effect
on GF was consistently reproduced in virtual plots,
DA1 and DY4 presenting a canopy closure 20%
higher than other progenies. Given that the five
progenies were planted at the time, such differences
in canopy closure highlighted contrasted kinetic of
crown development.
One way to assess the spatial heterogeneity of

plots was to collect HP in various locations. Vari-
ability of the estimated GF allowed to depict inter-
individual variability of space occupation, quanti-
fied by a coefficient of variation up to 15%. But,
the location of cameras, in the intra- or in the
inter-row of plots, did not significantly affect GF,
suggesting a uniform development of the crown in
all azimuths. The effect of intra-progeny variability
on GF was visible when comparing the three differ-
ent virtual plots of equivalent progeny, particularly
for the progenies DA1 and DY4 for which the high-
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est inter-individual variability was observed [Perez
et al., 2016]. Indeed, since the virtual plots were
represented by a limited number of plants (16 indi-
viduals), the presence of a plant with extreme size
can deeply affect the variability GF within the plot.
A first validation of the virtual structures ob-

tained from the architectural model was performed
on detailed traits related to leaf and leaflets, and
highlighted the consistency of the modelling ap-
proach to represent the exact geometry of organs
[Perez et al., 2016]. However, the integrated spa-
tial arrangement of plant components was set aside
when evaluating organs geometry separately. The
methodology proposed in this paper demonstrated
that TLS provided relevant indicators to evaluate
the quality of the integrative structure of individual
crown.

At plant scale, the methodology proposed in this
paper demonstrated that TLS provided relevant
indicators to evaluate the quality of the integrative
structure of individual crown. The analyses of cor-
relations between observations and simulations of
coarse indicators (H , W , Shull, Vhull and Ωhull) re-
vealed comparable crown size between actual trees
and 3D mock-ups. Besides, the comparison of Ωveg+
and Ωveg between TLS and VTLS exhibited a sim-
ilar density of leaflets within the crown, which is
often considered as a key variable affecting light in-
terception efficiency [Sonohat et al., 2002,Duursma
et al., 2012]. Indeed, these indicators were closely
linked to variables used in image-processing meth-
ods to compute light on virtual plant [Chen et al.,
1993,Sonohat et al., 2002].

Even if comparisons were assessed for a unique
side lateral view, TLS indicators revealed clear cor-
relations with radiative variables (Table III.3). Only
indicators related to vegetation area stressed a sig-
nificant correlation with LAI and LI, contrarily
to coarse indicators such as Vhull, Shull and Ωhull.
Coarse indicators only rendered plant envelope con-
nected to canopy openness, and thus provided in-
formation on relation to light interception at plot
scale. However, at plant scale, envelopes alone were
not sufficiently reliable for investigating light inter-
ception efficiency since they did not account for the
disposition of leaves within structures. Several stud-
ies raised attention on considering variables such
as leaf area density, leaf angle distribution and leaf
clumping to estimate light interception [Van der

Zande et al., 2011, Louarn et al., 2012,Cerasuolo
et al., 2013]. Ωveg was satisfactory correlated with
fPARi and the LAI, for the 11 scanned individ-
uals as for the 20 random individuals generated
per progeny (Fig. III.8). As a result, TLS view
centred on one individual palm was an excellent
predictor of the total amount of light intercepted
individually. Crown porosity indicators (fΩM and
fΩµ), which characterized the arrangement of leaf
surfaces within the crown, were correlated to LI,
although discrepancies between actual and virtual
plants were exhibited for these indicators. Deeper
analyses should thus be performed to better explore
the sources of such bias, as leaf irradiance is a key
driver of photosynthesis.

4.3 Genetic effect on light intercep-
tion

An originality of the investigated modelling ap-
proach was the study of architectural variability
existing between individuals from a given progeny.
Actually the large variability in light interception
estimate among individuals of each progeny, likely
related to heterogeneity in crown structure, sup-
ported the interest of an individual-based approach
(Fig. III.8). We demonstrated that virtual scenes
composed by unique mean individuals (simulated
from average values of architectural parameters for
a given progeny) did not generate the same fPARi
and LI as the ones obtained on average with a
random population of individuals of the equivalent
progeny (Fig. III.9). Besides, it is likely that us-
ing average parameters would be very sensitive to
the number of plants observed for calibrating the
model (particularly when only few plants are ob-
served) and consequently could alter estimations of
light intercepted by the canopy.

Various investigations showed differences in light
interception among genotypes for both annual [Rey
et al., 2008, Moeller et al., 2014] and perennial
species [Jørgensen et al., 2003, Cerasuolo et al.,
2013]. Our study highlighted clear differences
among palm progenies with respect to light inter-
ception efficiency, both at plant (fPARi and LI)
and plot scales (fPARc). Progenies with the largest
crown dimensions showed fewer gaps in their canopy,
leading to high values of fPARc. Interestingly, the
light interception efficiency was not exclusively ex-
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plained by differences in LAI between the studied
progenies, suggesting that specific combinations of
geometric traits may optimize light interception for
a given LAI (Table III.4). The differences found be-
tween progenies in crown structure, estimated four
years after planting (November 2014), explained
11% of the variation in fPARi and 18% of the vari-
ation in LI, independently of their difference in
LAI (supplementary material Table III.6 page 84).
The dynamic approach of our model also revealed
distinct evolutions among progenies in the amount
of light captured by the canopy, traducing different
rapidity in canopy closure. This could be related
to the observations made by breeders, who dis-
criminated progenies with early bunch production
(“quick starters”) from ones showing delayed pro-
duction (“slow starters”) during the first years after
planting (J-P. Caliman, personal communication).
Changes in plant architecture, in combination

with agronomical practices, contributed to enhance
plant productivity [Khush, 2001], and thus raised
interest in studying the genetic control of plant
architecture in various species [Wu and Stettler,
1998,Sakamoto and Matsuoka, 2004,Segura et al.,
2008a, Truong et al., 2015]. Yield improvement
was partly du to an enhancement in light inter-
ceptio [Koester et al., 2014], as a result, within
an ideotype breeding context, sensitivity analyses
of the 3D architectural model [Perez et al., 2016]
in response to light interception could be useful
for detecting the phenotypic traits optimizing light
interception on oil palm and explore their relation-
ships with plant productivity.

4.4 Conclusion

New dedicated TLS indicators were derived for char-
acterizing individual plant architecture whereas gap
fractions derived from HP were used for assessing
the variability of canopy structure at plot scale.
The investigated indicators enabled to better detect
sources of bias in the modelling approach, and the
significant correlations established between indica-
tors estimated from field measurements and from
virtual scene provided a promising way for assess-
ing 3D representation of plants, notably when the
capacity of plants to intercept light is considered.
Subsequently of the validation process, we used the
3D architectural model to assess light interception

efficiency of five progenies. Our result pointed out
significant differences in the capacity of progenies
to intercept light and raised attention to decipher
the architectural traits responsible of such differ-
ences. Such prospect paves the way for further
investigations aiming at defining varietal ideotype
and unravelling the genetic determinism of oil palm
structure.
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Figure III.10: Top view of the 26 hemispherical photographs positions within an elementary parcel.

Table III.5: Variation of indicators depending on equidistant positions of LiDAR (View) for an actual (TLS) and a virtual
TLS (VTLS) (CV: coefficient of variation).

View Ωhull (sr) Ωveg+ (sr) Ωveg(sr) fΩM fΩµ
TLS 1 0.78 0.64 0.55 0.18 0.13

2 0.70 0.57 0.50 0.19 0.12
3 0.82 0.68 0.59 0.16 0.14

CV 0.08 0.09 0.09 0.07 0.04

VTLS 1 0.86 0.63 0.46 0.26 0.28
2 0.84 0.63 0.46 0.25 0.28
3 0.85 0.62 0.45 0.28 0.28
4 0.78 0.62 0.44 0.21 0.28
5 0.82 0.60 0.44 0.27 0.28
6 0.84 0.62 0.45 0.26 0.28
7 0.84 0.61 0.45 0.28 0.26
8 0.79 0.62 0.45 0.22 0.28

CV 0.03 0.02 0.01 0.10 0.02
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Figure III.12: Evolution of 3D mock-up architecture over time (exemple for the progeny DA1, seed 1).

Table III.6: ANCOVA tables of radiative variables in November 2014 (n.s, non significant; *, p < 0.05; **, p < 0.01; ***, p
< 0.001).The last column (% MS) is the relative contribution of the effect to the mean square sum.

Response Factor Df Sum Sq Mean Sq F value Pr(>F) % MS
fPARi Progeny 4 0.11 0.03 20.08 0.0000*** 11%

LAI 1 0.24 0.24 167.14 0.0000*** 89%
Progeny:LAI 4 0.02 0.00 2.85 0.0284* 0%
Residuals 90 0.13 0.00 0%

LI Progeny 4 69.14 17.29 37.71 0.0000*** 18%
LAI 1 74.71 74.71 162.97 0.0000*** 80%
Progeny:LAI 4 4.93 1.23 2.69 0.0360* 1%
Residuals 90 41.26 0.46 0%
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Figure III.13: Comparison of hull, crown (vegetation + microgaps) and vegetation profils from TLS and VTLS orthographics
views for the 11 studied palms. Number of pixels are expressed relatively to the number of pixels corresponding to the
maximum width of the hull.
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Figure III.14: Simulation of light interception on virtual 3D mock-ups for the five studied progenies (average daily value of
irradiance in November 2014).
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Chapter IV

Sensitivity analysis and Ideotype
design

Designing oil palm architectural ideotypes for optimal light inter-
ception and carbon assimilation through a sensitivity analysis of
leaf traits

Raphaël P.A. Perez, Jean Dauzat, Benôıt Pallas, Julien Lamour, Julien Heurtebize, Philippe Verley,
Jean-Pierre Caliman, Evelyne Costes and Robert Faivre
In preparation for Annals of Botany

Abstract

Background and Aims: Enhancement of light harvesting in crops has successfully led to plant yield
increase since the green revolution. Such an improvement has mainly been achieved by selecting plants
with optimal canopy architecture for specific agronomic practices. Oil palm production has continuously
increased over the past 50 years thanks to breeding programs based on fruit yield, but a yield ceiling
tends to be reached under current agronomic practices. The aim of the present study was to explore
potential improvement in light capture and carbon assimilation by manipulating oil palm leaf traits and
propose architectural ideotypes.
Methods: We used a functional structural plant model (FSPM) recently developed for oil palm which
takes into account genetic and inter-individual variability, in combination with sensitivity analyses based
on the Morris method and a metamodelling approach, in order to virtually assess the impact of plant
architecture on light interception efficiency and potential carbon acquisition.
Key results : The most sensitive parameters found over plant development were those related to leaf area
(rachis length, number of leaflets, leaflets morphology), although fine attributes related to leaf geometry
showed increasing influence when canopy got closed. In adult stands, optimized carbon assimilation
was estimated on plants with a leaf area index (LAI) between 3.2 and 5.5 m2.m−2, with erect leaves,
short rachis and petiole and high number of leaflet on rachis. Four architectural ideotypes for carbon
assimilation were proposed based on specific combinations of organ dimensions and arrangement within
the crown.
Conclusions: A rapid set-up of leaf area was critical at young stage to optimize light interception and
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subsequently carbon acquisition. At the adult stage, carbon assimilation was optimized through specific
combinations of architectural traits, which limit mutual shading and optimize light distribution within
plant crown. The proposition of multiple morphotypes with comparable level of carbon assimilation opens
the way to further investigation on ideotypes carrying optimal trade-off between carbon assimilation,
plant transpiration and biomass partitioning.

Key words: Elaeis guineensis, FSPM, genetic variability, leaf area, light interception efficiency,
meta-model, Morris method, plant architecture, progeny, shading.
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1. Introduction

1 Introduction

Great improvement in plant yield has been
achieved since the green revolution by selecting
plants adapted to specific agronomic practices
[Khush, 2001]. This was particularly the case in
crops for which breeding programs were designed
to select key traits (morphological or physiological)
defined through ideotypes [Thurling, 1991,Koester
et al., 2014,Dingkuhn et al., 2015]. The concept
of ideotype [Donald, 1968] relies on the possibility
to combine traits of interest into an ideal plant to
reach a specific purpose (yield potential, product
quality) in a given environment. Seeking ideotypes
thus relies on a clear understanding of how physi-
ological and morphological characteristics control
plant production on the one hand, and the possi-
bility to combine the phenotypic traits associated
to these characteristics by breeding strategies on
the other hand. Improving resource use efficiency
of plants by changing canopy architecture was one
of the most successful strategies to enhance yields,
notably for rice and wheat [Khush, 2001]. Plant
architecture has thus been a criterion in the defini-
tion of ideotype for both annual [Peng et al., 2008]
and perennial species [Lauri and Costes, 2005,Cilas
et al., 2006].

Light interception efficiency has largely been stud-
ied since light is the source of energy that plants use
to produce biomass. Light interception efficiency
can be evaluated either by estimating the total
amount of light intercepted by the canopy, or by fo-
cusing on the quantity of light intercepted relatively
to the area of interception, or irradiance. The total
amount of light intercepted, usually defined as the
fraction of incident photosynthetically active radia-
tion (PAR) intercepted, mainly results from the to-
tal leaf area disposed by the plant to intercept light.
When considering irradiance, light interception effi-
ciency relies on the trade-off between the area ex-
posed and the quantity of light intercepted. As a re-
sult the way plants absorb light greatly depends on
plant architecture, i.e. the geometrical and topolog-
ical organisation of plant components [Godin et al.,
1999]. Hence several studies focused on detecting
the major architectural attributes that influence
light interception efficiency [Pearcy et al., 2004,Sar-
likioti et al., 2011,Da Silva et al., 2014]. Individual
leaf area and leaf angles change light distribution

within the plant, and consequently greatly influence
self-shading [Falster and Westoby, 2003]. The effi-
ciency with which a plant intercepts solar radiation
also depends on other architectural characteristics
involved in the 3-dimensional (3D) arrangement
of leaves, such as internode length [Dauzat et al.,
2008,Da Silva et al., 2014], petiole length [Takenaka
et al., 2001,Chenu et al., 2005] and branching pat-
terns [Niinemets, 2007,Da Silva et al., 2014]. Plant
architecture also impacts carbon assimilation by al-
tering radiative and thermal conditions within the
canopy [Niinemets, 2007,Chen et al., 2014]. Indeed,
light intensity and temperature regulate stomatal
conductance, which affects both CO2 uptake and
water loss [Damour et al., 2010] and subsequently
the photosynthetic apparatus of leaves [Farquhar
et al., 1980]. As a result, a specific spatial distri-
bution of leaves within the canopy that optimizes
carbon acquisition is likely to exist [Song et al.,
2013, Chen et al., 2014]. Modelling approaches
have typically been used to estimate light intercep-
tion [Cerasuolo et al., 2013,Da Silva et al., 2013]
and carbon assimilation of canopies [Buck-Sorlin
et al., 2011,Sarlikioti et al., 2011,Chen et al., 2014]
because they are roughly measurable in field.

The development of plant modelling opened new
paths to explore plant performances and the pos-
sibility to build breeding strategies on predicted
yield capacity rather than on recorded yield [Martre
et al., 2014]. Functional-structural plant models
(FSPM) allowed investigating the relationships be-
tween plant structure and physiological responses
by explicitly representing plant architecture [Vos
et al., 2010]. The development of a FSPM relies on
the combination of an architectural model, which
virtually describes the 3D architecture of the plant,
with biophysical and physiological models (light
interception, photosynthesis, transpiration, N allo-
cation). FSPM are thus valuable tools for dissecting
physiological traits into their constitutive compo-
nents [Kang et al., 2014]. Sensitivity analyses per-
formed on FSPM allow the evaluation of the relative
contribution of each architectural trait as well as
their interactions with variations in physiological
responses [Da Silva et al., 2014]. Among sensi-
tivity analyses, different methods can be applied
according to the precision required to characterize
parameter effects, from screening methods (global
sorting among a large number of parameters) to
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quantitative measures of parameters influences [Ioss,
2011,Faivre et al., 2013]. The exploration of FSPM
behaviour with sensitivity analysis constitutes a
step forward the virtual design of architectural ideo-
types.
In this study we used a FSPM of oil palm to

explore the impact of plant architecture on light
interception efficiency and potential carbon acqui-
sition. Indeed, oil palm production has contin-
uously increased over the past 50 years through
breeding programs based on fruit yield (bunch pro-
duction and oil extraction rate) [Corley and Tin-
ker, 2016], but a yield ceiling tends to be reached
under present agronomic practices (see Figure I.9
page 31). So far little attention has been paid to
the inter-connections between oil palm architecture
and the physiological processes underlying oil palm
productivity. The present study thus proposes al-
ternative ways to improve oil palm performances
through the enhancement of radiation use efficiency
(RUE). Giving the hypothesis that oil palm archi-
tecture is heritable, which has already been shown
for some architectural characteristics [Billotte et al.,
2010,Barcelos et al., 2015,Perez et al., 2016], this
study aimed at defining architectural ideotypes for
light interception and carbon assimilation under
current agronomic management. Based on a pre-
vious work which made possible to virtually gen-
erate 3D oil palm with a detailed description at
organ scale [Perez et al., 2016], we tested differ-
ent combinations of organ geometry in relation to
light capture and carbon acquisition. Simulations
reproduced the light environment of an industrial
production system (planting density) under optimal
radiative conditions. Sensitivity analyses based on
architectural variations calibrated from five differ-
ent oil palm progenies, allowed detecting the major
architectural traits that should be taken into con-
sideration to initiate breeding strategies based on
architectural ideotypes.

2 Material and Method

2.1 Overall strategy

The methodological approach developed in the
present study is divided in two consecutive sensitiv-
ity analyses. Both analyses explore the behaviour

of a FSPM that integrates an architectural model,
a light interception model and a photosynthesis
model. Responses in light interception and carbon
assimilation are analysed depending on variations
of architectural inputs. The first sensitivity
analysis is a screening method, namely the Morris’
method [Morris, 1991], which aims at identifying
and hierarchizing the influence of a large number of
architectural parameters (section 2.5). Given the
relatively low cost in computation time, this first
method enables to integrate the dynamic approach
of the structural model, while designing comparable
numerical experiments for six discret steps of plant
development (from 2 to 15 years old after planting).
Hence it was possible to analyse the constancy of
parameter influence over time and to detect the
parameters with negligible effect. In a second step,
these insensitive parameters are fixed to their mean
value and a metamodelling approach is performed
to estimate quantitative sensible indices for the
most influential architectural parameters, at a given
developmental stage. This overall methodological
process combined R software scripts [R Core Team,
2015] with Java scripts on the Archimede platform
(http://amapstudio.cirad.fr/soft/archimed/start).
Simulations for both sensitivity analyses were
run and achieved within two days thanks to
the MBB cluster platform (http://mbb.univ-
montp2.fr/MBB/index.php)(supplementary
Fig. IV.9 page 111). Visualisations of 3D
mock-ups were generated in the AMAPstudio
platform [Griffon and de Coligny, 2014].

2.2 Architectural model

The present study relies on the so-called Vpalm
model able to generate a detailed 3D architecture
of palm trees [Perez et al., 2016]. The modelling
approach was based on allometric relations that en-
abled to model the geometry of plant components
(stem, leaves and leaflets) from spatial and temporal
variables (Fig. IV.1). One specificity of the model is
the possibility of modelling inter and intra-progeny
variability through genetic-dependent parameters.
Parameters used in allometric relationships were
calibrated for five different progenies. In this study
we paid attention to the architectural traits that
significantly varied between progenies.

In order to limit the number of parameters consid-

90



2. Material and Method

PLANT 

ARCHITECTURE

Plant age 

Stem height

 Stem basis  

diameter

 Number of  
leaflets

Nb
max

Rachis lenght

Lracint

Number of leaves

Nb
Leaves

Petiole lenght

ratio
L

Leaflet dimensions

at point B

LBint, WBint

LEAFLET GEOMETRY

 Leaflet disposition 

on rachis

d
Lft

Leaf shape

pL, pW

Leaf orientation

δ
Cslp

, δ
sf 

,
 
δ
Amax

θ
a
, Δ

a
, ФLeaflet orientation

SfLft  , αc
ρ0.5Up, ρ0.5Dwn Leaflet shape

xmint, ymint

LEAF GEOMETRY

LEAF TOPOLOGY

PLANT TOPOLOGY

Figure IV.1: Allometric-based approach of the Vpalm model with relationships between the architectural parameters used

in sensitivity analysis (see Table IV.1 page 92 for abbreviations).

ered in our study, a unique parameter per allometry
was selected when the associated function was com-
posed of several parameters. For instance, in a logis-
tic function (number of leaflets depending on rachis
length), only the parameter associated to curves
maximal value was studied, the two others parame-
ters being fixed to their mean values calibrated from
field observations. Twenty-one parameters were fi-
nally selected according to their biological meaning
and the facility to interpret their variations (Ta-
ble IV.1). Among these 21 parameters, nine were
related to leaf and leaflets morphology (supplemen-
tary material Fig. IV.10 page 112) whereas the oth-
ers were linked to leaves and leaflets orientations,
except for the number of leaves (NbLeaves). The
allometric-based formalism of the Vpalm model
implied closed relationships between parameters
(Fig. IV.1). As a result, changes in the range of
variation of some parameters constrained the limits
of variations of other ones. This was the case for
all the parameters involved in allometric relation-
ships based on rachis length. Indeed, rachis length

was calibrated from the parameter Lracint, which
range of variation depended on plant age (defined
through the number of leaves emitted from planting
date (Σleaves) (Fig. IV.2 and Table IV.2). Traits
directly related to rachis length in the formalism,
such as leaflets maximum width (WBint

) had subse-
quently their domain of variation changed according
to plant age.

Six stages of development were chosen (namely
50, 100, 150, 250, 350 and 450 emitted leaves, cor-
responding approximately to 2 to 15 years after
planting), to represent different levels of canopy
closure. At young stages (Σleaves < 120) the range
of parameters values were calibrated using data
collected in South Sumatra from five different pro-
genies. The number of data used to determine the
range of parameter variation depended on the dif-
ficulty of measuring the associated architectural
traits. For instance, quick measurements such as
rachis length, number of leaflets and leaflets length
and width were collected on 25 plants per progeny,
whereas tedious measurement such as leaflets orien-
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Table IV.1: List of architectural parameters

Parameter Units Definition
Crown scale

NbLeaves - Number of green leaves within the crown
δCslp degrees.rank−1 Evolution of rachis declination angle at point C along the stem
φ degrees Phyllotaxis

Leaf scale

Lracint cm Rachis length
ratioL cm.cm−1 Ratio of petiole length to rachis length
Nbmax - Number of leaflets per leaf
δsf - Evolution of rachis curvature along the rachis
δAmax degrees Declination angle at rachis tip
θa degrees Leaf twist at rachis tip
∆a degrees Leaf deviation at rachis tip
dLft - Evolution of inter-leaflets distance along the rachis

Leaflet scale

LBint
cm Leaflets length at point B

WBint
cm Leaflet maximum width at point B

pL - Relative position of the longest leaflet on rachis
pW - Relative position of the largest leaflet on rachis
αc degrees Leaflet axial insertion angle at point C
xmint - Relative position of maximum width on leaflet
ymint - Leaflet shape factor
SfLft - Leaflet stiffness
ρ0.5Up degrees Leaflet radial insertion angle of upper type leaflets
ρ0.5Dwn degrees Leaflet radial insertion angle of lower type leaflets

tation and shape were sampled on four plants per
progeny only (Chap. II). These data were also used
to generate 80 calibrated mock-ups (20 per progeny)
that were confronted to the ones generated during
the sensitivity analysis at an equivalent age. At
mature stage, only data related to leaf and leaflet
dimensions and the number of leaflets per leaf were
available from two other progenies. For detailed
geometric variables, such as orientations of leaves
and leaflets, one unique campaign of measurements
was carried out (at plant age equivalent to around
110 leaves emitted). The relative range of parame-
ter values was fixed and supposed constant all over
plant development (Table IV.2).
Although the model enables to generate inter-

individual variations within a progeny, simulations
were performed on virtual plots including a unique
3D mock-up in order to better decipher the sensi-

tivity of parameters without dealing with model
randomness. Virtual plants were placed in the plot
according to the planting density used in the exper-
imental site (136 palms.ha−1). This corresponded
to a quincunx design where plants were spaced one
from another by 9.2 meters. It is noteworthy that
each virtual plot was replicated indefinitely in the
periphery of its boundaries in order to avoid any
border effects.

2.3 Radiative balance model

Virtual plots were generated on the Archimed
platform, which enabled to estimate the light inter-
cepted by plants thanks to the MMR (Mir-Musc-
Radbal ) model [Dauzat and Eroy, 1997, Dauzat
et al., 2008,Rey et al., 2008]. Radiative conditions
were fixed using a daily average clearness index
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2. Material and Method

Table IV.2: Range of values and relative mean deviation (RMD) of model parameters. †Parameters used
in allometries related to rachis length and subsequently plant age.

Parameter Age (Σleaves) min mean max RMD
Crown scale

NbLeaves All 35 40 45 0.12

δCslp (degrees.rank−1) All 0.92 1.59 2.64 0.48

φ (degrees) All 136 137 139 0.01

Leaf scale

Lracint (cm) 50 87 118 141 0.23

100 67 91 108 0.23

150 114 154 185 0.23

250 351 472 567 0.23

350 460 619 743 0.23

450 486 662 784 0.23

ratioL (cm.cm−1) All † 0.10 0.23 0.39 0.59

Nbmax All † 165 214 255 0.21

δsf All -0.17 2.3 7.92 1.04

δAmax
(degrees) All 101 139 177 0.27

θa (degrees) All 0 17 66 1

∆a (degrees) All 0 5 33 1

dLft All † 1.29 2.32 4.18 0.53

Leaflet scale

LBint
(cm) All † 4.42 30.93 47.28 0.83

WBint
(cm) All † 1.32 2.37 3.84 0.49

pL All 0.25 0.49 0.85 0.55

pW All 0.35 0.61 0.85 0.42

αc (degrees) All 59 87 116 0.33

xmint All 0.14 0.24 0.40 0.47

ymint All 0.41 0.59 0.81 0.33

SfLft All 1000 5000 10000 0.82

ρ0.5Up (degrees) All 5 31 67 0.86

ρ0.5Dwn (degrees) All -5 -7 -36 0.76
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Figure IV.2: Parameters range variations (dotted lines) and observations (points) over plant development. Rachis length

(Lrac) follows a logistic evolution and was modeled as a succession of linear relationships with plant age. Leaflet maximum

width at point B (WB) was expressed as a linear function of rachis length. Solid lines delimit the range for a given age and

black points represent the observations carried out at the corresponding age.

(Kt), defined as the ratio of the measured global
irradiance to the corresponding irradiance above
the atmosphere [Bristow and Campbell, 1984]. Kt
was calibrated from daily radiative data collected
in the meteorological station of the studied site
from 2011 to 2016 (Palembang, Sumatra latitude =
-2.99̊ ), and was fixed to its estimated upper limit
(Kt = 0.5) to perform simulation under local opti-
mal conditions (close to clear sky). Regarding sun
positioning and day length, simulations were done
for a given day (November 1st, 2014), which corre-
sponds to the month when detailed architectural
measurements were performed. Light interception

was estimated every 30 mn of the day on every
plant organ of the 3D mock-ups, each organ being
represented by a 3D mesh. It was thus possible to
estimate in detail the distribution of light within
the plant canopy.

2.4 Carbon assimilation model

Irradiances, defined as the amount of light in-
tercepted per unit leaf area, were determined for
every organ composing the 3D mock-ups. Irradi-
ances calculated on leaflets were then used together
with a photosynthesis model of C3 leaves to esti-
mate daily carbon assimilation (assimilation from
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2. Material and Method

other components than leaflets were supposed neg-
ligible). Photosynthesis was modelled using the
non-rectangular hyperbola (NRH) curve described
as followed [Marshall and Biscoe, 1980,Thornley,
1998] (eq. IV.1):

A =
αPFD + Amax −

√

(αPDF + Amax)2 − 4θαPFDAmax

2θ
−Rd

(IV.1)

where:

A: assimilation (µmol.CO2.m
−2.s−1)

PFD: photon flux density or irradiance (µmol

photon.m−2.s−1)

Amax: maximum assimilation (µmol.CO2.m
−2.s−1)

α: photosynthetic efficiency (µmol.CO2.µmol photon−1)

θ: flux resistance of CO2 from the outside of the leaf to the
chloroplasts

Rd: mitochondrial respiration (µmol.CO2.m
−2.s−1)

This model enabled to render the non-linearity
of photosynthetic response to light conditions. The
model was parameterized from field gas exchange
measurements (GFS 3000 Gas Exchange System,
Walz, Germany) conducted on eight individuals un-
der optimal conditions (clear sky and non-limiting
water and nutrient supply). Constant conditions
(considered as non-limiting for stomatal conduc-
tance) were controlled in the gas analyser chamber
(temperature: 28̊ C, CO2 concentration: 400 ppm;
relative humidity: 70%) while the intensity of light
was progressively changed (PFD from 1600 to 0
µmol photon.m−2.s−1) to draw response curve of
assimilation vs. light. The experimental response
curves were pooled together to fit an average NRH
curve and to calibrate photosynthesis parameters
(supplementary material Fig. IV.11 page 113). It is
noteworthy that the carbon assimilation delivered
by the NRH function must be considered as a poten-
tial assimilation since neither stomatal conductance
regulation (from other limiting factor than light)
nor nitrogen dependency were taken into account
in our modelling approach. For all the simulations
performed in this study, each photosynthetic pa-
rameter was fixed to its mean value calibrated in
the average NRH curve.

2.5 Sensitivity analyses

Model outputs

Parameter effects were studied in terms of both
light interception and carbon assimilation at the
plant scale. Light interception efficiency was de-
termined thought the fraction of incident light in-
tercepted by palm canopies over a day (fPAR, Ta-
ble IV.3). A light extinction coefficient (k) was also
calculated as an indicator of the trade-off between
light interception and leaf area index (LAI). Be-
sides, plant mutual shading (MS) was estimated as
the difference in the amounts of light intercepted by
a single plant in plantation and by the same plant
isolated under similar incident radiation. MS pro-
vided information about the level of competition for
light between neighbourhood plants. Daily carbon
assimilation (Ad) was finally estimated by integrat-
ing the amount of carbon fixed by all leaflets along
the day. Output variables investigated in this study
are defined in Table IV.3.

Morris method

The decision of replicating a unique individual
in virtual scene rather than dealing with inter-
individual variability offered the possibility to run
the model in a deterministic way. The factorial
screening method of Morris [Morris, 1991] was used
in order to optimize the number of simulations for
integrating the analysis over plant development.
The Morris sensitivity analysis is a One at A Time
(OAT) method, using discrete parameter values se-
lected in a sampling design that decomposed each
parameter in five possible values between its mini-
mal and maximal value (normalized thereafter be-
tween 0 and 1 to make parameter ranges compara-
ble). The analysis is based on sets of model runs
called trajectories, a trajectory being composed
of successive simulations differing by a unique pa-
rameter value, and each factor varying once in a
trajectory. In our case, a trajectory was made of
22 simulations (an initial random run and 21 simu-
lations to account for the successive variations of
the 21 parameters). A total of 40 trajectories was
performed for each stage of development (40 x 22
simulations x 6 stages) using the same sampling
design with the sensitivity package of R software [R
Core Team, 2015]. In this way 880 virtual plants
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Table IV.3: Model outputs

Outputs variables

fPAR = PARi−PARc

PARi
PARi: Incident PAR (MJ.day−1)

PARc: PAR intercepted by the canopy (MJ.day−1)

k = ln(1−fPAR)
−LAI LAI: leaf area index (m2.m−2)

MS = PARisol−PARstand

PARisol
PARisol: PAR intercepted by the isolated plant (MJ.day−1)

PARstand: PAR intercepted by the plant in stand (MJ.day−1)

Ad =
∑24h

t=0

∑n
l=0NRH(PFDt,l) PFDt,l: irradiance of the leaflet l at time t (µmol.photon.m−2.s−1)

PARcumul =
∑450
Σleaves=50 PARc PARc: PAR intercepted by the canopy (MJ.day−1)

Acumul =
∑450
Σleaves=50Ad Ad: Daily assimilation (moles.CO2.day

−1)

with contrasted architecture were followed over 6
stages of plant development (supplementary mate-
rial Fig. IV.13 page 114). Analyses of model outputs
were then performed for each date separately as
well as for the whole period from 50 to 450 leaves
emitted (PARcumul and Acumul Table IV.3).

The Morris method enabled to estimate sensitiv-
ity indices for each Xp parameter (p =1,...,21) by
comparing model outputs between simulations that
only differed from the value of the Xp parameter.
For each trajectory, the difference in output be-
tween two successive simulations, differing from one
another by the value of the parameter Xp, enabled
to estimate the elementary effect of Xp. The mean
value of the 40 elementary effects of the parameter
Xp was then calculated to obtain a mean sensitive
index µp, which represented the mean influence of
the parameter Xp on model outputs. The mean of
absolute values of the elementary effects µ∗p was also
used because effects could be positive or negative.
The standard deviation of the elementary effect of
the parameter Xp, noted σp, indicated if the param-
eter presents interactions with others parameters
and/or if the response of model outputs to changes
in Xp was linear or not. Normalized indices (µrel,
µ∗rel, σrel), relatively to the most sensitive parame-

ter, were also calculated to better sort parameters
sensitivity:

µp,rel =
µp

max(µ∗p)
(IV.2)

µ∗p,rel =
µ∗p

max(µ∗p)
(IV.3)

σp,rel =
σp

max(σp)
(IV.4)

Metamodel

A second set of simulations was performed in
order to get a deeper analysis of the parameter
effects and interactions on adult palms(Σleaves =
450). We decided to focus on mature plants as this
corresponds to the ontogenetic stage when crown
architecture is steady over a long period of time
(around 15 years) and plants reach their maximal
fruit production [Corley and Tinker, 2016]. In this
second sensitivity analysis, a reduced number of
parameters (nine parameters) were selected accord-
ing to their sensitivity estimated by the Morris
method, the facility to calibrate them from field
measurements and the heritability of the associated
architectural traits as previously estimated (Chap.
II). All the parameters which were not investigated
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in this second analysis were fixed to their mean
value (Table IV.2). The experimental design was
based on orthogonal array-based latin hypercube
(OA-LHS) [Tang, 1993], which enables to better ex-
plore the space of input parameter values and gives
the possibility to estimate parameter interactions.
The experimental design was generated from an ar-
ray of discretized parameter values on which a latin
hypercube sampling (LHS) was applied to generate
randomness around the discretized parameters val-
ues. The array was designed to make possible the
estimation of 3rd order interaction between the nine
parameters, with 4 discretized values per parame-
ter. These chosen criteria imposed a minimum and
specific number of simulations (multiple of 4(3+1)).
The final design was carried out using the lhs and
planor package of R, from which 8192 mock-ups
with different combinations of the nine architectural
parameters were generated.
A metamodelling approach based on these 8192

simulations was set up in order to model response
curve of Ad. The choice of designing the metamodel
on Ad rather than fPAR was established to inte-
grate the saturating nature of light-photosynthesis
relationship and consequently better apprehend
plant biomass production. Among metamodelling
approaches [Faivre et al., 2013], we selected a
quadratic polynomial model (eq. IV.5):

Adi = θ0+Σ
9

k=1Σk′ �=k(θpXp,i+αpX
2

p,i+βp′pXp′,iXp,i)+ǫi
(IV.5)

where θ0 represents model intercept, Xp,i the
value of the architectural parameter p (p=1,...,9) for
the plant i, θp and αp model coefficient associated
to the parameter p, βp′p coefficients associated to
the interaction between parameters p and p (p �= p)
and ǫi the residual error term. The metamodel
allowed us to estimate sensitivity indices based on
the coefficient of determination (r2). Those indices
indicated the proportion of variance in Ad explained
by each of the nine studied parameters, including
their interaction.

Identification of ideotypes

From the 8192 simulations obtained in the second
sensitivity analysis, we proposed to compare four
groups of plants which were defined according to
their capacity to maximize (respectively minimize)
light interception and carbon assimilation. The
objective of comparing these four groups was to

pinpoint the architectural traits specifically influ-
encing either light interception or carbon assimila-
tion. First, we considered the 30 mock-ups with
the highest value of Ad. Since the LAI greatly in-
fluenced fPAR and Ad, the three other groups of
30 mock-ups, respectively with the lowest values
of Ad, the lowest value of fPAR and the highest
value of fPAR, were selected within the range of
LAI defined by the first group. Analyses of vari-
ances (ANOVA) were conducted to assess which
parameters and model outputs were significantly
different. Tukey’s tests were then used to compare
mean values of the four groups. Composite traits
such as leaf length, average leaf and leaflet area,
frequency of leaflets on rachis (FrqLft) and aver-
age ratio of leaflet length to leaflet maximal width
(LW ratio) were also compared to better consider
architectural specificities at leaf scale.
A second question was to know if, among the

30 mock-ups that revealed the highest Ad, there
was a unique or several optimal combinations of
architectural parameters. A principal component
analysis (PCA) was thus performed on the nine
parameters and the K-means clustering procedure
of R software was used on projection values of the
PCA to identify the possible distinct groups of pa-
rameter combinations (ideotypes) among the 30
virtual plants. Similarly to the analysis adopted
to compare the four groups of mock-ups, ANOVAs
and Tukey’s tests were performed to determine
which traits were stable or not among the identified
ideotypes.

3 Results

3.1 Sensitivity of architectural pa-
rameters over plant age

The Morris method allowed exploring the sensi-
tivity of model parameters over plant age for both
light interception efficiency (fPAR) and carbon as-
similation (Ad) (Fig. IV.3A) (outputs for LAI, k
and MS are presented in supplementary material
Fig IV.14 page 115). Results highlighted constancy
in the ranking of parameter sensitivity over plant
development, both fPAR and Ad being comparably
influenced by the 21 parameters at the different
ages investigated. Size-related parameters (Lracint,
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Figure IV.3: A) Heat map of relative mean values of elementary effects (µrel) for 6 ages over plants development, calculated
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Nbmax, LBint, WBint) had positive impact (µrel
> 0) on fPAR and Ad whereas parameters related
to leaf and leaflet orientation (δAmax

, δsf , δCslp, ρ)
reduced model outputs when increasing their values.
The most sensitive parameter over plant age was
Lracint (µrel=1) for both outputs, except for Ad
at 450 leaves for which LBint was the most sensi-
tive parameter. In contrast, rachis twist (θa) and
deviation (∆a) were the parameters with the lowest
influence on model outputs at any given develop-
mental stage of the plant. For fPAR the elementary
effect of Lracint was at least twice stronger than
any other parameter whilst, for Ad, six parameters
presented µrel > 0.5 (LBint,WBint ,Nbmax, δAmax

,
xmint and ymint). In general, most of the sensitive
parameters had greater sensitivity (relatively to the
most sensitive parameter) with palm age. It was
particularly the case for leaflets shape parameters
(xmint and ymint) and the parameter associated to
leaf curvature at rachis tip (δAmax

). Those geomet-
rical attributes affected more Ad than fPAR (µrel
> 0.5 for Ad and µrel < 0.5 for fPAR on advanced
stages).

Sensitivity analysis based on the integrated vari-
ables over the six studied stages pointed out com-
parable results for PARcumul and Acumul and was
consistent with the analyses obtained at a given age
(Fig IV.3B). Indeed, the ranking for elementary ef-
fects was conserved between PARcumul and Acumul,
and confirmed that the parameters related to leaf
area (Lracint, LBint,WBint and Nbmax) were the
most sensitive. Variations in δAmax

revealed as
well strong variations on output variables, indicat-
ing the significant improvement of erect leaves to
maximize light capture and subsequently carbon
assimilation. Regarding parameter interactions, the
highest interaction (σrel=1) was related to δAmax

for PARcumul while for Acumul the highest value
of σrel was estimated for LBint. Also more param-
eters presented relatively high value of interaction
(σrel > 0.6) for Acumul than for PARcumul. Such
difference was very likely the consequence of the
non-linear response of carbon assimilation to leaf
irradiance (NRH model). Besides, model formal-
ism implicated inter-connections between LBint,
WBint, pL, pW , xmint and ymint on the one hand,
and between δAmax

, δsf and δCslp on the other
hand, which could explain the high values of σrel
estimated for those parameters.

3.2 Comparing experimental vs.
field calibrated mock-ups

Figure IV.4A presents the outputs predicted from
the Morris mock-ups (100 ≤ Σleaves ≤150) in com-
parison with the outputs estimated from the 80
mock-ups calibrated from field measurements on
the five modelled progenies. Responses estimated
for the calibrated mock-ups exhibited rough linear
relationships with LAI, signifying that the archi-
tectural traits related to LAI largely affected light
interception and carbon assimilation, at least at
this developmental stage. As expected, the Mor-
ris mock-ups exhibited higher range of variation
than calibrated mock-ups for all response variables
investigated. fPAR varied between 0.17 and 0.99
for the Morris mock-ups whilst it varied between
0.55 and 0.83 for the calibrated mock-ups. The
virtual plants representing progenies showed MS
values ranging from 0.11 to 0.26, whereas MS val-
ues varied between 0 and 0.60 in the sensitivity
analysis. The coefficient of extinction (k) varied
between 0.43 and 0.71 for the calibrated mock-ups
and between 0.19 and 1.03 for the others. For Ad,
the mock-ups of progenies were closer to the upper
limit than the lower limit defined by the virtual
plants generated in the sensitivity analysis (56 <
Ad < 93 moles CO2.day

−1 for progenies and 17<
Ad < 108 moles CO2.day

−1 for Morris mock-ups).
Such results illustrate that even if the limits of pa-
rameter values were restricted from the associated
field observations, some combinations of architec-
tural traits could provide potential improvement in
light interception efficiency and carbon assimilation.
For instance, for a LAI of 2.1 ± 0.21 (average value
of the 80 calibrated-mock-ups ± 10%), the average
Ad predicted from realistic mock-up was 68.3 moles
CO2.day

−1 while it reached 74.5 moles CO2.day
−1

for virtual mock-ups, i.e. an average improvement
in carbon assimilation of 9%.

3.3 Sensitivity analysis on adult
stand

Given the stability of parameters sensitivity over
plant development using the Morris method, we con-
sidered that the results obtained at a given palm age
could be extrapolated to other ages. A second set of
simulations was thus performed to better depict the
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Figure IV.4: A) Dispersion of output variables for all the virtual plants generated with combinations of the 21 architectural

parameters for the Morris analysis at 100 and 150 leaves emitted after planting (1760 mock-ups, grey points) and from

mock-ups generated at equivalent age for the five studied progenies (20 individuals per progeny). B) Dispersion of output

variables for all the virtual plants generated with combinations of the nine most sensitive architectural parameters at 450

leaves emitted (8192 mock-ups). Red points represents the 30 mock-ups with the highest values of Ad
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architectural parameters to variation of Ad based on the polynomial metamodel (degree 2). The dotted line indicates the

total variation explained by the metamodel.

influence of each parameter and their interaction
on light interception efficiency and photosynthetic
production. In the end, the eight most sensitive
parameters identified using the Morris method were
selected (Lracint, Nbleaves, LBint, WBint, Nbmax,
ymint, xmint and δAmax

) . A ninth parameter, the
ratio of petiole length to rachis length (ratioL) was
added since it was identified as the most heritable
architectural trait between the five progenies (Chap.
II).
The 8192 simulated mock-ups allowed us to es-

timate the effect of variations in mature palm
architectures on potential physiological responses
(Fig. IV.4B). Simulated LAI presented a coefficient
of variation (CV) of 31% with values varying 0.8
to 6.6m2.m−2, denoting important changes in the
leaf area between the investigated 3D mock-ups.
As observed in the previous Morris analysis, fPAR
increases with LAI towards an upper limit of 1,
corresponding to a total interception of incident
light. fPAR increased almost linearly for low values
of LAI and reached a ceiling range of values vary-
ing from 0.91 to 1 for LAI superior to 4 m2.m−2.
The overall CV of fPAR was 7%. MS was linearly
correlated with LAI (r = 0.82) and presented the

highest CV (19%) with values varying from 0.22
to 0.68. Regarding Ad, a close relationship with
LAI was as well highlighted. Ad increased with LAI
until reaching a maximum value of 103 moles of
CO2.day

−1, and finally slightly decreased when LAI
reached extreme values. Interestingly, the mock-ups
with the highest values of Ad (quantile > 95%) only
differed from each other on a maximum of 3.3 moles
of CO2 per day whilst they presented variations in
LAI between 3.2 and 5.5 m2.m−2.

Predictions in Ad from the metamodel were con-
sistent with simulated Ad, as 99% of the variability
in Ad was explained by the metamodel (Fig. IV.5A).
Little bias was observed for values of Ad less than 65
moles CO2.day

−1, which nevertheless represented
less than 1% of the simulated values. The decom-
position of variance explained by each parameter
allowed ranking them according to their influence
on Ad (Fig. IV.5B and supplementary Table IV.6
page 116). The most sensitive parameters were
Lracint, which represent 20.7% of the total vari-
ance, followed by LBint (17.3%), Nbmax (15.4%)
and WBint (12.4%). Interaction effects represented
less than 10% of variations for each parameter,
Lracint being the parameter that interacted the
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Chapter IV. Sensitivity analysis and ideotype design

most with the others parameters (7%). Besides, all
interactions had positive effect, which meant that
parameters intensified their mutual effects.

3.4 Ideotyping architecture (archi-
tectural traits) with regards to
carbon assimilation

The 30 mock-ups exhibiting the highest Ad cov-
ered a LAI range of 3.8 to 4.7 m2.m−2. Comparing
these mock-ups with the 30 mock-ups exhibiting
the highest fPAR, and lowest Ad and fPAR in this
LAI range exhibited contrasted leaf geometry (Ta-
ble IV.4). The similarity between plants that opti-
mised fPAR and Ad relied on the lowest values of
ratioL and δAmax

, i.e small petiole and erect leaves.
A focus on the 30 mock-ups having the highest
value of interception exhibits the importance of leaf
area, since the highest values of LAI, individual leaf
and leaflet area were found for this group. The pa-
rameter xmint, linked to leaflet shape, was as well
specifically high in comparison with the three other
groups. The specificities of the plants that maxi-
mized Ad were the shortest leaves (Leaf length =
687 cm) due to short petiole and rachis, the highest
number of leaflets on rachis (Nbmax= 244 leaflets
and FrqLft = 0.42 leaflets.cm of rachis−1) and the
longest leafets (LB = 41 cm). It is noteworthy
that the plants that optimized Ad exhibited the
lowest values of mutual shading. All architectural
parameters were significantly different between the
30 mock-ups with the highest values of Ad and
the ones with the lowest values of Ad (except for
xmint), which validated the high sensitivity of the
selected parameters. The most contrasted difference
between these two groups was the leaf curvature
at rachis tip, with more erect leaves (δAmax

=117)
for mock-ups having a low Ad than for mock-ups
having a high Ad (δAmax

=169̊ ). At leaflet scale,
plants that optimized assimilation presented longer
and narrower leaflets (L=41, LWratio=12.1) than
plants with low assimilation (L=28, LWratio=11.3).
A contrasted distribution of light interception and
assimilation within the crown was also revealed be-
tween the two groups (supplementary Fig. IV.12
page 113). In both cases, leaf irradiance and assim-
ilation sharply decreased with leaf rank (except for
the unfolded leaves; leaf rank < 2). Results showed
that the gain of Ad was allowed by a more uniform

distribution of irradiance and assimilation within
the crown, with higher values of both variables from
rank 9 to 30.

PCA analysis performed on the nine parameter
values for each of the 30 mock-ups having the high-
est Ad correctly gather the information into two
principal components that explained 67% of the ob-
served variance. The first component was positively
correlated to Nbleaves, ratioL, xmint and δAmax

and negatively correlated to Lracint. The second
component explained less variance (17%) and was
negatively correlated to ymint and positively corre-
lated to Nbmax (Fig. IV.6A). As a result the first
axis allowed splitting virtual plants according to the
length of their leaves against plants with specific
crown structure (high number of short rachis with
long petioles and bent leaves) while the second axis
divides plants according to the detailed structure of
their leaves (high number of narrow leaflets vs. low
number of large leaflets). The projection of the 30
mock-ups on the two first components of the PCA
and the clustering analysis enabled to discriminate
four groups of virtual plants, hereafter designed as
ideotypes (Fig. IV.6B). The mock-ups categorized
according to PCA outputs highlighted the efficiency
of the analysis to group comparable combination of
parameters (Fig. IV.6C). The first group (ideotype
A) presented plants with a relatively low number of
leaves with long and erect rachis. Indeed, the speci-
ficities of ideotype A in comparison with the three
other ideotypes (Table IV.5) were a significantly
lower number of leaves, a longer rachis and leaves
with shorter petiole. Ideotype A also exhibited the
shortest and the narrowest leaflets but, interest-
ingly, significantly higher leaflet area on average
than other ideotypes, probably due to the combina-
tion of high values of ymint and low values of xmint.
Ideotype B presented globally intermediate values
of parameters in comparison with the other ideo-
types, except for ymint which presents the highest
values together with ideotype A. Ideotype B dis-
played significantly shorter leaves than the other
ideotypes. Ideotype C differed from the three other
ideotypes by the highest number of leaves with long
petiole and the shortest rachis. It presented as well
the particularity of bent leaves at rachis tip (highest
value of δAmax

) and dense rachis, i.e short rachis
with important number of leaflets (highest value of
FrqLft). In contrast with ideotype A, the leaflets

102



3. Results

6524
6525

6528

4862

4319

4346

4349

4314
4317

4352

4347

4350

4348
4345

3195

4732

4849
3193

3197

4735

4729

3200

3194

4736

4731

3185

3188

3187

3186

4351 49.3%

17.4%

NbLeaves

Lracint

ratioL

Nbmax

δAmax

LBint

WBint

xmint

ymint

NbLeaves

Lracint

ratioLNbmax

δAmax

LBint

WBint xmint

ymint

NbLeaves

Lracint

ratioLNbmax

δAmax

LBint

WBint xmint

ymint

NbLeaves

Lracint

ratioLNbmax

δAmax

LBint

WBint xmint

ymint

NbLeaves

Lracint

ratioLNbmax

δAmax

LBint

WBint xmint

ymint

Ideotype A Ideotype B

Ideotype C Ideotype D

A B

C
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Table IV.4: Comparison of parameters, response variables and composite traits for the 30 mock-ups with the highest and

the 30 mock-ups with the lowest values of fPAR and Ad for LAI varying between 3.8 and 4.7 m2.m−2. Letters correspond to

significant differences between the four groups (Tukey’s test, P < 0.05)

Variable lowest fPAR highest fPAR lowest Ad highest Ad

Parameters

NbLeaves 41 ± 3 b 42 ± 2 ab 43 ± 2 a 41 ± 2 b
Lracint(cm) 641 ± 87 b 739 ± 33 a 755 ± 27 a 585 ± 69 c
ratioL 0.29 ± 0.07 a 0.23 ± 0.08 b 0.29 ± 0.06 a 0.18 ± 0.06 b
Nbmax 228 ± 25 b 216 ± 24 bc 208 ± 25 c 244 ± 7 a
δAmax(̊ ) 172 ± 3 a 114 ± 9 b 169 ± 5 a 117 ± 13 b
LBint

(cm) 36 ± 7 ab 32 ± 10 bc 28 ± 11 c 41 ± 6 a
WBint

(cm) 3.19 ± 0.64 a 3.06 ± 0.50 ab 2.72 ± 0.64 b 3.41 ± 0.30 a
xmint 0.26 ± 0.08 b 0.32 ± 0.05 a 0.28 ± 0.06 b 0.27 ± 0.07 b
ymint 0.67 ± 0.11 ab 0.63 ± 0.10 ab 0.61 ± 0.11 b 0.68 ± 0.08 a

Model outputs

LAI 3.94 ± 0.09 c 4.59 ± 0.08 a 4.03 ± 0.19 c 4.27 ± 0.22 b
fPAR 0.93 ± 0.01 d 0.98 ± 0.00 a 0.95 ± 0.01 c 0.97 ± 0.01 b
MS 0.50 ± 0.05 b 0.61 ± 0.02 a 0.59 ± 0.03 a 0.47 ± 0.04 c
k 0.68 ± 0.03 d 0.89 ± 0.02 a 0.74 ± 0.03 c 0.83 ± 0.04 b
Ad (moles.CO2.day

−1) 97 ± 2.5 c 100 ± 0.9 b 94 ± 0.5 d 103 ± 0.3 a

Composite traits

Petiole length (cm) 181 ± 42 b 166 ± 61 b 221 ± 47 a 102 ± 26 c
Leaf lenght (cm) 822 ± 100 c 904 ± 67 b 976 ± 54 a 687 ± 57 d
Individual leaf area (m2) 7.11 ± 0.61 b 8.03 ± 0.54 a 6.96 ± 0.50 b 7.70 ± 0.53 a
FreqLft (leaflets.cm−1) 0.36 ± 0.07 b 0.29 ± 0.04 c 0.28 ± 0.03 c 0.42 ± 0.05 a
Individual leaflet area (cm2) 316 ± 44 b 376 ± 43 a 338 ± 41 b 316 ± 20 b
LW ratio (cm.cm−1) 12.0 ± 4.4 a 10.9 ± 4.3 a 11.3 ± 6.0 a 12.0 ± 2.1 a

of ideotype C were on average the longest and the
largest but the lowest value of ymint led to small
leaflet area on average. The last ideotype (ideo-
type D) had intermediate rachis length with short
petiole. Contrarily to other ideotypes, ideotype D
presented low value for both xmint and ymint.
The representations of the four ideotypes

(Fig. IV.7) allowed visualizing the overall archi-
tectural difference existing between them. Visuali-
sation at leaflets scale highlighted the difference in
term of size (LBint and WBint) and shapes (xmint

and ymint). The specificities of leaflets geometry
impacted on the geometry at leaf scale, together
with rachis and petiole lengths and the number of
leaflets on rachis that were notably different be-
tween the four leaves (Fig. IV.7B).

At plant scale, ideotype A, B and D looked simi-
lar except in term of crown dimensions, ideotype D
exhibiting an intermediate size between ideotype A
and B. Ideotype C presented a contrasted stature,
mainly due to the important leaf bending. The
top view of the four ideotypes in stand revealed
different distribution of assimilation, with ideotype
A and D exhibiting higher assimilation on the top
of the canopy than B and C. This observation was
confirmed with the detailed analysis of leaf assimi-
lation depending on leaf rank, i.e. the topological
position of the leaf on stem, from crown top to
crown basis (Fig. IV.8). Indeed there is a clear
sorting of ideotypes (A>D>B>C) that assimilate
more on the top leaves and the opposite sorting
considering the ideotypes that assimilate more ef-
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Figure IV.7: Virtual representation of architectural characteristics of the four defined ideotypes from leaflet to plot scale.

Each 3D mock-up was generated from the mean values of the parameters associated to the mock-ups classified per ideotype

(Fig. IV.6C). A) Top view of a leaflet at B point (flattened for better visualisation) B) Top view of a leaf (flattened for

better visualisation) C) Lateral view of plants with daily assimilation per plant component. D) Top view of plants crown in

homogeneous stands with daily assimilation per plant component.

ficiently in crown basis. Finally, even if the 30
mock-ups were comparable in term of potential as-
similation, some dissimilarities in LAI, fPAR, MS
and k were evidenced (Fig. IV.4B and Table IV.5).
Ideotype A had the highest values for all the studied
responses, together with ideotype D. In contrast,
ideotype B showed the lowest value of LAI, fPAR

and MS. Ideotype B presented the lowest value of
LAI and consequently MS. Ideotype C presented
significantly lower value of k than other ideotypes,
as a consequence of a relatively important LAI (4.40
m2.m−2) with a relatively low fPAR (0.96).
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Table IV.5: Comparison of parameters, response variables and composite traits of the 4 ideotypes identified. Letters

correspond to significant differences between ideotypes (Tukeys test, P < 0.05)

ideotype

Variable A B C D

Parameters

NbLeaves 39 ± 1 c 41 ± 1 b 44 ± 0 a 41 ± 1 b
Lracint(cm) 670 ± 20 a 523 ± 17 c 505 ± 5 c 608 ± 20 b
ratioL 0.13 ± 0.02 c 0.21 ± 0.02 b 0.30 ± 0.01 a 0.14 ± 0.04 c
Nbmax 246 ± 4 a 239 ± 9 a 250 ± 4 a 247 ± 4 a
δAmax(̊ ) 110 ± 5 b 115 ± 10 b 146 ± 6 a 116 ± 11 b
LBint

(cm) 36 ± 7 b 42 ± 3 a 46 ± 2 a 43 ± 4 a
WBint

(cm) 3.2 ± 0.3 b 3.4 ± 0.2 ab 3.7 ± 0.1 a 3.5 ± 0.3 a
xmint 0.21 ± 0.03 c 0.32 ± 0.03 b 0.38 ± 0.02 a 0.22 ± 0.02 c
ymint 0.72 ± 0.04 a 0.73 ± 0.03 a 0.57 ± 0.02 b 0.61 ± 0.08 b

Model outputs

LAI (m2.m−2) 4.36 ± 0.19 a 4.08 ± 0.18 b 4.40 ± 0.09 a 4.40 ± 0.15 a
fPAR 0.976 ± 0.00 a 0.966 ± 0.01 b 0.961 + 0.01 b 0.974 ± 0.01 a
MS 0.52 ± 0.01 a 0.43 ± 0.03 c 0.45 ± 0.01 bc 0.49 ± 0.02 ab
k 0.85 ± 0.02 a 0.83 ± 0.03 a 0.74 ± 0.03 b 0.83 ± 0.04 a
Ad (moles.CO2.day

−1) 103 ± 0.2 a 103 ± 0.4 a 103 ± 0.0 a 103 ± 0.2 a

Composite traits

Petiole length (cm) 86 ± 16 c 110 ± 13 b 152 ± 4 a 87 ± 23 c
Leaf length (cm) 757 ± 24 a 633 ± 27 c 657 ± 8 bc 695 ± 25 b
Individual leaf area (m2) 8.30 ± 0.36 a 7.24 ± 0.29 c 7.33 ± 0.15 bc 7.79 ± 0.20 b
FrqLft (leaflets.cm−1) 0.37 ± 0.01 d 0.46 ± 0.03 b 0.49 ± 0.01 a 0.41 ± 0.02 c
Individual leaflet area (cm2) 338 ± 15 a 303 ± 14 b 294 ± 11 b 315 ± 7 b
LW ratio (cm.cm−1) 11.6 ± 3.5 a 12.2 ± 1.0 a 12.3 ± 0.2 a 12.3 ± 1.8 a

4 Discussion

4.1 Viability, benefits and limita-
tions of the modelling approach

Assessing the efficiency of oil palm in captur-
ing light and assimilating carbon with respect to
plant architecture was made possible through the
implementation of a 3D architectural model, which
precisely described organ geometry and allowed the
estimation of photosynthesis at leaflet scale. The
originality of the proposed approach was to study
the sensitivity of architectural traits in combination,
taking into account interactions between traits. Be-
sides, all simulations were performed in agronomical

conditions with particular planting density and pat-
tern, hence considering the effect of neighbouring
plants on the radiative environment.
Our study showed the interest of using FSPM

in combination with sensitivity analysis in order
to precisely discriminate the influence of explicit
architecture, which would not have been possible
with a process-based model. The investigated ar-
chitectural model was found suitable to perform
sensitivity analysis as it involved a limited number
of parameters with biological meaning. Besides,
as the selected parameters were easily calibrated
from field measurements, ranges of parameters vari-
ation, which are crucial when dealing with sensi-
tivity analysis, were limited to variations observed
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Figure IV.8: Daily leaf assimilation and accumulated

assimilation with leaf rank for the mock-ups associated to

the four identified ideotypes.

on contrasted genetic material (the five progenies
modelled in Chap II and III).
The high interactions between architectural pa-

rameters pointed out by the Morris method (σ)
and by the metamodel (Fig. IV.3 and IV.5) were
likely associated to the allometric-based formalism
of the model, which takes into account correlations
between parameters (Fig. IV.1) Plant components
were interconnected in a way that changes in rachis
length induced variability in leaf structure and con-
sequently the way plants captured light and as-
similated carbon. It was noteworthy that more
parameters presented high values of σrel for Ad
than for fPAR, which is probably rather related to
the non-linear response of Ad to irradiance than

to the intensity of interaction between parameters.
The allometric-based approach of the architectural
model also made possible to study architecture
influence over plant development. However, the
dynamics of plant growth (modelled through rachis
length evolution over plant age) was only tested in
a homothetic way (i.e. the plants with highest LAI
in young stage stayed the plants with the highest
LAI at adult stage; Fig. IV.2). Actually too many
simulations would have been required to integrate
additional developmental trajectories.
We chose to not include correlation constraints

between architectural traits as it allowed explor-
ing wider architectural possibilities. As a result
the extreme values of LAI (LAI < 2m2.m−2 and >
7m2.m−2) obtained in our virtual experiment are
probably unrealistic. Despite the fact that some
virtual palms generated using the Morris method
appeared quite unrealistic, it can be noticed that
the outputs obtained for field calibrated for the five
different progenies were strictly included within the
range obtained for the virtual palms, whatever the
variable considered (LAI, fPAR, MS, k or Ad). The
comparison between calibrated palms and other
possible palms suggests that a promising potential
exists for enhancing light interception and carbon
assimilation through modifications of oil palm ar-
chitecture (estimated around 10% on average for
Ad on young plants).
Another particularity of our approach was to

consider assimilation rather that light intercep-
tion as criteria to design ideotypes. We justified
this choice because investigating ideotype based on
fPAR would have pushed the selection of plants that
maximize leaf area (Table IV.4) and conversely ideo-
type based on total irradiance (correlated to k in our
study), or “silhouette to area ratio” (STAR; [Sten-
berg, 1996,Da Silva et al., 2014]) would have led
to select the plants with the lowest leaf area. To
our mind, Ad was an interesting trade-off between
fPAR and irradiance and it allowed optimal LAI
between 4 and 5 m2.m−2, which is consistent with
LAI of cultivated oil palms estimated between 4 and
6 m2.m−2 in literature [Barcelos et al., 2015,Cor-
ley and Tinker, 2016]. The range of LAI with
optimized assimilation was limited to 4.7 m2.m−2

because exceeding shading on high LAI resulted in
higher respiration than assimilation of leaves. De-
signing ideotype from Ad thus allow selecting the
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architectures that confer an optimized distribution
of light within the canopy by limiting self and mu-
tual shading. Besides, Ad being calculated from
cumulated values estimated every 30mn, optimized
light distribution takes into account the different
positions of the sun during the day.

The NHR carbon assimilation model was chosen
in this study since its relative simplicity offered the
possibility to reduced computational time. NHR
curve parameters were calibrated from optimal field
conditions for carbon assimilation (temperature:
28̊ C, CO2 concentration: 400 ppm; relative humid-
ity: 70%) and thus Ad estimated in the present
paper must be considered as potential assimila-
tion. However, dealing with potential assimilation
does not question the validity of our approach since
response curves of Ad to PFD are relatively ho-
mothetic under different conditions. Results ob-
tained from calibration under unfavourable condi-
tions would thus have been comparable (with a
multiplicative factor <1).
Our approach exclusively focused on architec-

tural parameters, environmental and physiological
parameters being fixed. However, various processes
can reduce carbon assimilation of oil palm in field
condition. The most important limitation of carbon
assimilation is stomatal conductance (gs), closely
related to climatic environment and soil water avail-
ability. Indeed, it has been proven that gs was
very sensitive to vapour pressure deficit (VPD) in
oil palm [Dufrêne and Saugier, 1993]. Potential
photosynthetic capacity is likely to depend on ge-
netic origin [Lamade and Setiyo, 1996], as well as
the behaviour of genotype against water deficit.
Other studies also suggest that photosynthetic ca-
pacity is linked to the topological position of leaf
within the crown (leaf age) [Corley, 1983,Dufrêne
and Saugier, 1993]. The limited data set available
in our study did not allow to sufficiently investi-
gate the factor explaining the variation observed
in light curve responses (supplementary Fig IV.11
page 113). Our simulation study highlighted impor-
tant mutual shading in adult stand (around 50%)
so that improving photosynthesis of shade leaves
could be an option to gain higher canopy assimi-
lation [Reynolds et al., 2000,Song et al., 2013,Gu
et al., 2014]. As a result, investigating the influence
of photosynthesis capacity in combination with ar-
chitectural parameters would probably enlarge the

scope of potential improvement. Another limit of
our study was that light quality was not consid-
ered [Chen et al., 2014,Dauzat et al., 2008], nor op-
tical properties of leaves, which are likely to change
the capture and the distribution of light within the
crown [Sadras and Denison, 2016].

4.2 Designing architectural ideo-
types for oil palm

Our results confirmed the close relationship ex-
isting between LAI, light interception and carbon
assimilation [Barillot et al., 2014,Cerasuolo et al.,
2016]. Indeed, the key parameters for both Ad and
fPAR were closely related to parameters defining
leaf area, such as rachis length (Lracint) and the
number (Nbmax), dimension (LBint and WBint)
and shape (xmint and ymint) of leaflets. Compa-
rable studies on plants with different branching
pattern revealed that total leaf area had significant
effect on light interception, together with leaf shape,
internode length and branching pattern [Sarlikioti
et al., 2011,Da Silva et al., 2014,Chen et al., 2014].
In our study, the strong influence of LAI-related
parameters can be explained by the single-stem
architecture of the oil palm, which mainly limits
variations in its architecture to variations in leaf
geometry. As a result, conversely to other plants
that can alter their architecture acting on twigs
number and geometry, oil palm cannot modulate
its architecture independently of total leaf area.

Globally the ranking of parameter sensitivity was
constant over plant age, suggesting that the most
interesting architecture at young age should be the
most interesting at mature stage. Nevertheless,
most of the sensitive parameters had greater sensi-
tivity (relatively to the most sensitive parameter)
with palm age, suggesting that geometrical traits
had higher influence when the canopy got closed. It
was particularly the case for leaflets shape param-
eters (LBint, WBint, xmint and ymint), and the
parameter associated to leaf structure (Nbmax) and
curvature at rachis tip (δAmax

) (Fig. IV.3A). We
thus suggest that a rapid establishment of leaf area
is critical at young stage to optimize light intercep-
tion [Richter et al., 2010], but under high LAI, fine
attributes related to leaf and leaflet arrangement
within the crown influence more light capture by
conditioning light distribution within the crown.
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A focus in the virtual plants presenting a LAI be-
tween 3.8 and 4.7 m2.m−2 at mature stage revealed
important discrepancies in Ad values whereas the
range of fPAR values was relatively narrow. This
emphasized that assimilation at plant scale does not
only depend on the quantity of light intercepted but
also on the distribution of light within the crown.
Indeed, the 30 mock-ups with the highest values
of Ad were not the ones that intercepted light the
most. Plants that optimized carbon assimilation
displayed low mutual shading and high coefficient
of extinction (k) indicating high amount of light
intercepted per unit leaf area [Duursma et al., 2012].
A detailed analysis at leaf scale revealed that light-
saturated photosynthesis was reached in the upper
leaves for plants with the lowest Ad (supplementary
Fig. IV.12 page 113). Among the traits that allow
light to penetrate deeper and more uniformly into
the canopy, leaf angle has been shown of great in-
fluence [Falster and Westoby, 2003,Sarlikioti et al.,
2011,Cerasuolo et al., 2013]. Our simulations also
exhibited strong leaf angle effect, as plants with
more erect leaves (low δAmax

) presented the highest
value of light interception and carbon assimilation.
Another characteristic of the plants that optimized
carbon assimilation was longer and narrower (low
LWratio) leaflets in comparison to plants with low
assimilation. This result was consistent with re-
sults obtained in tomato [Sarlikioti et al., 2011].
The combination of all these traits participated in
limiting foliage aggregation (clumping), which has
been shown to decrease light interception efficiency
in stands [Parveaud et al., 2008,Cerasuolo et al.,
2013,Wang et al., 2014].

An unexpected result obtained in the present
study was that four distinct ideotypes were revealed
among the most interesting plants in term of assim-
ilation. The four ideotypes presented comparable
LAI except ideotype B that presented a signifi-
cantly lower LAI. The four ideotypes had relatively
short and erect leaves, which call to mind the ideo-
type developed in cereal crops to improve light har-
vest [Khush, 2001,Dingkuhn et al., 2015]. However,
the discrepancies observed between the four identi-
fied ideotypes highlighted that several combinations
of architectural traits were possible to enhance car-
bon assimilation. Ideotypes were distinguishable
from their number of leaves, crown diameter (result-
ing from the combination of the three parameters

ratioL, Lrac and δAmax
), and leaflets geometry. For

ideotypes A and D, there was an important inter-
penetration of leaves between neighbouring plants,
resulting in shaded rachis tips and overall higher
values of mutual shading than the two other ideo-
types. Ideotype B showed the shortest leaves while
ideotype C had bent leaves. As a result all these
characteristics involved contrasted contribution of
the different leaves to the overall plant assimilation
(Fig. IV.8): ideotype A and D optimized assimila-
tion of leaves in crown top while ideotype B and
C distributed assimilation to lower leaves. One
particularity of the ideotype A, B and D was the
horizontality of the leaves in crown basis. This
kind of architecture is hardly visible in field, but
the overall aspect of the canopy on mature stand
tends to be comparable since harvesting process
implies lower leaves pruning. Figure IV.8 showed
that these crown bottom leaves had a negligible con-
tribution to total plant assimilation. Integrating
pruning practices in simulation (i.e. removing of
leaves ranks > 33) should not significantly modify
the morphology of the ideotypes but reduced their
LAI values.

4.3 Perspectives for oil palm breed-
ing

From a theoretical point of view, this study ad-
dresses the question of the best arrangement of leaf
area within plant crown. The responses curves ob-
tained from simulations (Fig. IV.4) clearly exhibit
envelope curve that delimit the optimal dispersion
and density of oil palm leaves (at least for the model
proposed). At young stage, results show that the
studied progenies do not exhibit an optimal architec-
ture. Without precise architectural characteristic
of the same progenies at maturity, it is hard to eval-
uate their performance at more advanced stages of
development. In fine, the trajectory of plants over
years should be studied, since the major part of oil
palm production occurs when the canopy is closed.
As a result the kinetic of canopy closure would be
a determinant criteria in breeding strategies.
With the four ideotypes selected in this study,

we demonstrated that different balances between
leaf dimensions, leaf structure and crown geome-
try could lead to comparable carbon assimilation
rates. These different combinations of architectural
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traits leading to efficient assimilation bring promis-
ing prospects for breeding. Different strategies of
breeding could thus be considered from these vari-
ous ideotypes as genetic resources and architectural
traits heritability would probably limit the selection
some of these theoretical ideotypes.

The ideotypes were defined in this work for a tar-
geted environment characterized by the absence of
resource limitation under current agronomic prac-
tices (density of 136 plants.ha−1). One interest of
FSPM relies on the possibility to perform in silico
experiments in order to investigate other ideotypes
under innovative management practices. Testing
new planting densities has raised interest from oil
palm agronomists [Breure, 1988, Bonneau et al.,
2014] and illustrated that leaf length was a criti-
cal trait to determine planting density [Barcelos
et al., 2015]. Such experiments required substantial
time and costs inputs for setting up experiments
and these could be considerably reduced by using
a modelling approach. However, such perspective
raises attention on the need to integrate plant ar-
chitectural plasticity in the modelling approach, as
proposed for rice [Zhu et al., 2015,Kumar et al.,
2017]. Other ideotypes could be identified under
different planting pattern and density, but we can
suppose that the variations obtained in comparison
to the ideotype proposed in the present study would
mainly rely on an adjustment of crown dimensions.
Conversely, with a reverse approach, an interesting
study would be to investigate optimized densities
for given morphotypes.

We proposed here to define ideotypes that present
optimal carbon assimilation, but these ideotypes
could be different if a multi-objective approach is
followed [Martre et al., 2014,Sadras and Denison,
2016]. Although genetical and environmental effect
on carbon assimilation were not considered here,
our study put forward interesting perspective in oil
palm breeding notably regarding water deficit. Our
simulation outputs revealed that architecture with
relatively low values of LAI (close to 4 m2.m−2)
presented level of potential assimilation comparable
to plant with higher LAI (over 5 m2.m−2). Breed-
ing strategies to limit water stress could thus rely
on selecting architectures that confer an interesting
trade-off between assimilation and LAI.
Similarly, trade-off between carbon assimilation

and biomass investment in vegetative part to estab-

lish leaf area [Takenaka et al., 2001] would proba-
bly lead to different ideotypes with adapted LAI.
Interestingly, our simulation study revealed an im-
portant range of LAI for comparable level of assim-
ilation, which opens the path for defining new ideo-
types by integrating further functional processes
already developed in oil palm like carbon partition-
ing [Pallas et al., 2013a,Pallas et al., 2013b]. In-
deed, integrative studies aimed at exploring several
functioning processes highlighted the importance
of biomass partitioning in yield variability [Lecoeur
et al., 2011,Koester et al., 2014,Cerasuolo et al.,
2016].
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Table IV.6: Summary of metamodel adjustments to predict Ad with estimated values of the coefficients associated to

parameters. Coefficients are ordered depending on their significance.

Estimate Std. Error t value Pr(>|t|)
(Intercept) -561.6657 2.6638 -210.85 0.0000

Lracint 0.5894 0.0023 259.05 0.0000
LBint

2.1566 0.0133 162.75 0.0000
Nbmax 1.0274 0.0078 132.13 0.0000
WBint

34.5189 0.2277 151.61 0.0000
ymint 157.0191 1.5436 101.73 0.0000
xmint 303.5926 2.2966 132.19 0.0000
δAmax -0.0849 0.0085 -10.02 0.0000

NbLeaves 7.7733 0.0897 86.66 0.0000
Lrac2int -0.0001 0.0000 -123.91 0.0000
xm2

int -129.4009 1.6322 -79.28 0.0000
L2
Bint

-0.0032 0.0001 -54.97 0.0000
Nb2max -0.0007 0.0000 -55.48 0.0000
ratioL 32.2187 1.6662 19.34 0.0000
W 2
Bint

-0.7506 0.0165 -45.39 0.0000
Nb2Leaves -0.0413 0.0010 -41.14 0.0000

δ2Amax -0.0004 0.0000 -24.62 0.0000
ym2

int -11.9180 0.6542 -18.22 0.0000
ratio2L -6.3380 1.2590 -5.03 0.0000

Lracint:LBint
-0.0012 0.0000 -161.84 0.0000

Lracint:WBint
-0.0167 0.0001 -133.03 0.0000

Lracint:Nbmax -0.0004 0.0000 -113.89 0.0000
Lracint:NbLeaves -0.0031 0.0000 -99.88 0.0000

ymint:xmint -79.5835 0.9235 -86.18 0.0000
Lracint:xmint -0.0990 0.0012 -79.33 0.0000
Lracint:ymint -0.0606 0.0008 -76.92 0.0000
Nbmax:WBint

-0.0272 0.0004 -65.46 0.0000
LBint

:Nbmax -0.0015 0.0000 -62.64 0.0000
LBint

:WBint
-0.0535 0.0009 -61.22 0.0000

Nbmax:xmint -0.1922 0.0041 -46.69 0.0000
Nbmax:ymint -0.1201 0.0026 -46.16 0.0000
LBint

:ymint -0.2397 0.0055 -43.83 0.0000
WBint

:xmint -6.1906 0.1464 -42.30 0.0000
WBint

:ymint -3.9172 0.0928 -42.20 0.0000
WBint

:NbLeaves -0.1523 0.0037 -41.41 0.0000
LBint

:NbLeaves -0.0088 0.0002 -40.42 0.0000
LBint

:xmint -0.3322 0.0087 -38.15 0.0000
Nbmax :NbLeaves -0.0035 0.0001 -34.09 0.0000
ymint:NbLeaves -0.7034 0.0231 -30.50 0.0000
xmint:NbLeaves -1.0840 0.0366 -29.58 0.0000

Lracint:ratio -0.0261 0.0011 -23.94 0.0000
LBint

:δAmax 0.0006 0.0000 19.96 0.0000
Lracint:δAmax -0.0001 0.0000 -19.40 0.0000
xmint:δAmax 0.0895 0.0049 18.37 0.0000

NbLeaves:ratioL -0.5014 0.0320 -15.65 0.0000
WBint

:δAmax 0.0074 0.0005 15.02 0.0000
ymint:δAmax 0.0399 0.0031 12.92 0.0000
Nbmax:δAmax 0.0002 0.0000 11.97 0.0000

δAmax:NbLeaves 0.0014 0.0001 11.84 0.0000
LBint

:ratioL 0.0404 0.0076 5.31 0.0000
ymint:ratioL 2.5279 0.8079 3.13 0.0018
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Chapter V

General discussion

1 Retrospect on the general
problematic

1.1 Scientific framework

Nowadays, the major part of research studies
in agronomy aims at working towards improving
yields while taking into account agronomic system
sustainability. By selecting plants adapted to spe-
cific conditions, plant breeding is one strategy to
tackle such a problem. For cereals, genetic stud-
ies empirically revealed a close association between
morphological traits and yielding ability. From
these observations emerged the concept of ideotype
proposed by Donald [Donald, 1968], who suggested
that breeding strategies based on specific traits
known to be related to yield would be more effi-
cient than empirical breeding [Peng et al., 2008].
Following this concept, a great improvement of
annual species productivity was achieved by alter-
ing plant architecture, in combination with agro-
nomic practices [Khush, 2001]. Beyond improv-
ing yield, other objectives can be targeted when
designing ideotypes, as for instance grain quality
in cereals [Aguirrezábal et al., 2014,Martre et al.,
2015]. In perennial plants, the definition of an ideo-
type largely depends on the system considered, i.e.
forestry, horticultural or agricultural systems. As
a result the development of tree ideotypes relies
on the large diversity of the properties of interest,
such as carbon sequestration, timber, fruit, kernel
or oil production [Dickmann et al., 1994, Leakey
and Page, 2006]. Architectural studies have con-
tributed to the ideotype approach in trees, by con-
sidering architectural traits related to biomass ac-
cumulation in wood [Pile et al., 2016] or fruiting

productivity [Lauri and Costes, 2005,Cilas et al.,
2006]. Ideotypes can be defined as “cultural” when
they are designed through management practices
(shoot pruning in orchards for instance [Willaume
et al., 2004,Tang et al., 2015]) or as “varietal” when
their conception relies on breeding programs [Lau-
rens et al., 2000,Martre et al., 2014]. By analogy
with these studies investigating plant performance
through the definition of architectural ideotype, we
proposed to investigate this strategy on oil palm
because, to our knowledge, no equivalent study was
addressed for this species.
Our study explored the ideotype approach ap-

plied on Elaeis guineensis architecture in the gen-
eral context of improving sustainable yield in indus-
trial oil palm plantations. This study thus proposed
an upstream investigation of the potential improve-
ment of oil palm yield by selecting specific plant
architecture that could optimize light interception.
Two reasons could explain why such study has not
been intended in oil palm so far. First, conversely
to annual and autogamous plants for which breed-
ing program can be achieved in a few years due to
the short generation time, oil palm is a perennial
and allogamous plant that imposes to deal with a
longer biological cycles and more complex breeding
strategies. As a result, oil palm breeders mainly
focused on integrated phenotypic traits directly re-
lated to yield (empirical method of “selection for
yield”; [Martre et al., 2014]). Reciprocal recurrent
selections between parental populations were con-
ducted to test yield characteristics of progenies and
subsequently define the best parents to cross.
The second reason was the difficulty to char-

acterize and compare plant architectures, mainly
for tall plants like oil palm. Indeed, conversely to
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yield evaluation, phenotyping plants based on archi-
tectural description remains complex in breeding
trials, but this phenotypic bottleneck is on the way
to be overcomed [Costes et al., 2004]. The recent
development of biotechnology, mathematical tools
and computational sciences has opened the way
to innovative breeding strategies. Biotechnologies,
with rapid technical advances in molecular mark-
ers mapping, quantitative trait loci (QTL) analysis
and/or candidate gene approaches, now allow an
integrative description of genotypes. The recent
sequencing of oil palm genome [Singh et al., 2013b]
allows performing QTL studies based on molecu-
lar markers (simple sequence repeat SSR or single
nucleotide polymorphisms SNP) [Pootakham et al.,
2015]. Besides, mathematical and computational
science can facilitate phenotypic characterization
and perform in-depth analyses of quantitative ge-
netics. Hence these methodological breakthroughs
enable to overcome empirical approach and test
specific hypotheses. By opposition to mass selec-
tion leading to select experimentally the best plants
without characterising genotypes, new breeding ap-
proaches rely on deciphering the phenotypic traits
related to targeted physiological processes and in-
vestigating the genetic control of these traits. In
this way it is now possible to breed for ideotypes.

1.2 Conceptual basis of an oil palm
ideotype

Oil palm architecture can be considered as simple
regarding the absence of a branching pattern, char-
acterized by a single shoot that bears 30 to 40 green
leaves, which is conserved during its entire lifespan.
Conversely to plants with fluctuating branching
patterns depending on ontogenetic stages and envi-
ronment, the absence of axilliary bud in oil palm
gives a solitary stem, i.e monopodial habit [Hender-
son, 2002], resulting in an architectural plasticity
limited to variation in leaf morphology. As a result,
architectural manipulation based on management
practices appears as limited for the oil palm and
consequently leads to consider varietal ideotype
rather than cultural ideotype. In cereals, enhance-
ment of production was partly achieved by selecting
plants with reduced tillering capacity [Sakamoto
and Matsuoka, 2004], thus demonstrating the ben-
efit of the inability to adjust shoot branching for

cultivar performance [Kumar et al., 2017]. By anal-
ogy with the morphotypes designed by architectural
manipulation in cereals, one could suggest that the
single shoot structure of oil palm is advantageous
in an agronomical context. So far stem height has
been studied in breeding program to facilitate the
harvesting process. Selection process enabled to
slow down stem growth and QTLs related to stem
height have recently been discovered [Pootakham
et al., 2015], paving the way for further studies
other oil palm vegetative characteristics such as
crown structure. The organisation of leaves within
the crown and their morphology is potentially a
target for genetic-based architectural manipulation.
In this context, the architectural ideotype of palm
would rely on a specific crown structure (number of
leaves, leaf shape and dimensions) conferring an op-
timal interception and distribution of light. Hence,
we proposed a model-assisted phenotyping among
different oil palm progenies in order to study the
variations in the geometry and the spatial arrange-
ment of leaves within the crown, with respect to
the capacity of the plant to intercept light.

2 Three-dimensional repre-
sentations of oil palm

2.1 Conception and formalism of the
3D modelling approach

In chapter II, we proposed a methodology to
reconstruct the 3D architecture of oil palm with
specific parameters related to progenies. The ex-
istence of segregation between genotypes within a
progeny led to develop an individual based approach
to simulate inter and intra-progeny variability. In-
deed, progenies are hybrids obtained from breeding
schemes based on crosses between contrasted popu-
lations (Chapter I section 1.4), leading to important
genotypic variability.
The conception of the model relied on the iden-

tification of the architectural features required to
virtually represent a plant. This first conceptual
step was based on prior descriptions and simulation
tools set up in the AMAP joint unit for coconut,
oil palm and date palm ( [Lecoustre and Jeager,
1989,Dauzat, 1990,Dauzat and Eroy, 1997, Julia,
2007], and Rey, personal communications). The
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2. Three-dimensional representations of oil palm
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Figure V.1: Conclusions and perspectives of the study

description of several progenies involved the design
of a protocol and an adapted sampling strategy for
measuring these architectural traits, from leaflet to
plant scales (appendix A page 129). This first step
was crucial for the development of the architectural
model and raised practical questions related to the
level of accuracy required to reconstruct 3D mock-
ups. Indeed, a first campaign of exhaustive field
measurements enabled to evaluate the difficulty of
performed architectural descriptions. The main
issue in data collection was to characterize traits
variability at different scale of organisation (plant,
leaf and leaflets). First analyses led to a stratified
sampling strategy: quick and simple measurements
were done on a large number of individuals whereas
detailed measurements were performed on a small
number of individuals. The objective of the sam-
pling strategy was to optimize a trade-off between
the number of individuals described and the level

of detail of these descriptions for fine virtual recon-
struction. Finally, a simplified protocol was set up
on a limited number of architectural traits, consid-
ered practical to screen an important number of in-
dividuals over plant development, and which could
be potentially used in breeding programs. However,
these observations were set up to evaluate plants
with limited height, which conferred accessibility to
leaves without a destructive protocol. Hence, the
protocol would have to be technically adapted to
perform comparable phenotyping in mature stands.
Simulation of inter-individual architectural vari-

ability in 3D representations was made possible
through the combination of an allometric-based
approach with mixed-effect models. The allometric-
based approach with fitting process performed on
the collected data is a common tool to generate
3D modelling [Casella and Sinoquet, 2003,Sonohat
et al., 2006, Iandolina et al., 2013], but the original-
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ity of this study was the application of mixed-effect
models to assess and virtually reproduce variability
in plant architecture.

By using spatial and temporal variables to predict
topological and geometrical attributes of plants, the
allometric-based approach allowed the integration
of ontogenetic and morphogenetic gradients in 3D
mock-ups. Although the model does not account
for functional processes driving the plant growth, it
generates static architecture of a given plant over
time (Fig. III.12 page 84). Simulation of plant
ontogeny from allometric relationships was partic-
ularly adapted in our case since oil palm presents
a single shoot with an indeterminate continuous
growth (regular succession of phytomers over time).
Hence a unique mathematical function was able to
model the functioning of the meristem establishing
the plant architecture. However, the validity of
this developmental model depends on hypotheses,
such as the stability of fine geometrical attributes
over time (e.g. leaf curvature, leaflet orientations).
In the absence of available data, the most parsi-
monious assumption was to not consider any vari-
ability due to plant ontogeny. This assumption is
not likely to be true as morphogenetic gradients are
generally observed over plant ontogeny [Barthélémy,
1991,Barthélémy and Caraglio, 2007]. Indeed, for
oil palm gradients on leaf morphology can be ob-
served on seedling with the gradual transition from
a unique lamina to pinnate leaf, and it is likely that
other changes appear when plants reach maturity.
These hypotheses should be evaluated when the
investigated plants will reach maturity.

The methodology developed in the present study
could be applied to other species, but would be lim-
ited to species presenting particular architectures.
By analogy with oil palm architecture, plant with a
mono-axial structure, following the Corner or Hol-
tum model [Hallé et al., 1978] could be virtually
represented according to the approach established
in this study. For plants with other branching pat-
terns, different allometric relationships could be
applied specifically on axis orders or category of
axes to represent the contrasted morphogenetic dif-
ferentiation of the meristems. For plants showing
a mono-axial shoot with reiterated axes (e.g. date
palm or banana trees), the repeating axes could
potentially be modelled following comparable rules
than the one applied to the first order axis, but

this would need further investigation notably on re-
sponses to environmental constraints [Negrón et al.,
2013]. A second category of plants, which growth
could be simulated similarly, gathers plants with
equivalent and non-differentiated axes [Hallé et al.,
1978], such as Tomlinson, Schoute, Chamberlain
and Leeuwenberg models. In this case each category
of axis or axis order could be modelled by different
allometric relationships rendering the specific geo-
metrical attributes of axes. However, applying allo-
metric relationships and subsequently mixed-effect
approach to represent plant structure would be lim-
ited by complex branching patterns and rhythmic
growth of axes. Indeed, differentiation of axes and
rhythmicity of growth would impose to deal with
other mathematical formalisms that better depict
subtle spatial and temporal series, such as Markov
chains [Guédon et al., 2001]. For instance, this
statistical approach allows the identification of de-
pendency among successive node ranks and can also
be applied to discriminate plant structure.

2.2 Assessing 3D mock-up of oil
palm

The assessment of the 3D model developed in this
study was performed through different quantitative
approaches. First, we proposed to evaluate the
quality of reconstruction by confronting different
traits to field measurements. In agreement with
the objective to simulate inter-individual variabil-
ity, these assessments were examined by comparing
for each progeny both mean and variance values of
geometrical attributes between field observations
and simulations. Results highlighted the capacity
of the model to satisfactorily reproduce architec-
tural characteristics at organ scale. In a second
step, since the model was designed for rendering
the variability among plants within a given progeny,
we intended to evaluate the quality of 3D mock-ups
with a more integrative approach at plant scale.
The difficulty to assess virtual plant structure in its
entirety depends on the capacity to develop practi-
cal indicators. We used terrestrial laser scans (TLS)
to collect 3D data on field individuals and derived
indicators related to space occupancy, such as 3D
volume and lateral and vertical extension of crowns.
These indicators were satisfactory correlated with
equivalent indicators derived from 3D reconstruc-
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tions. Indicators related to crown volume showed
nevertheless some discrepancies between field plants
and 3D mock-ups. The possibility to detect and
quantify simulation bias allowed to propose ways
of improving the architectural model. For instance,
the integration of biomechanical models to simulate
leaf curvature should be relevant in a view of better
representing leaf geometry and its interactions with
environment [Moulia and Fournier, 2009].
In this study, we focused on indicators of plant

structure related to light interception at plant scale.
Similarly to hemispherical photographs estimat-
ing the light interception at canopy scale by deriv-
ing GFs [Jonckheere et al., 2004], we highlighted
the adequacy of TLS to characterize single plant
structure in relation to its capacity to intercept
light (Chap. III). This study also highlighted the
relevance of such indicators to rapidly estimate
LAI. The originality of these indicators relied on
their close relationship with leaf area density and
leaf clumping that determine light interception effi-
ciency [Parveaud et al., 2008,Duursma et al., 2012].
The TLS-derived indicators estimated from field
acquisition and from simulation on 3D mock-up
depicted a comparable area of interception at indi-
vidual scale. Some discrepancies were nevertheless
noticed when comparing the relative quantity of
micro-gaps within crowns. The proposed innova-
tive indicators for assessing 3D reconstruction are
promising since TLS offers the possibility to rapidly
generate huge amounts of field acquisitions. Be-
sides the purpose of validating simulated palms,
these indicators could be valuable for efficiently
phenotyping individual palms in the field. Automa-
tized analysis of 3D TLS data were set up during
this study but so far the limitation of the method
remains the computational cleaning of 3D points
clouds. Additional field TLS on a larger number
of plants and progenies and for different plant ages
would be interesting to better evaluate the validity
of the method. Also aerial Lidar could be used
to derive equivalent indicators and screen mature
stands [Moorthy et al., 2011].

3 Enhancing light intercep-
tion and potential carbon
acquisition of oil palm

3.1 Difference in light interception
efficiency among progenies

In the literature, light interception efficiency is
generally expressed through the fraction of incident
light intercepted by the canopy cover (fPAR, esti-
mated generally at plot scale) since it can be derived
from field measurements (HP or PCA). By doing
so, the interception efficiency is mainly related to
the LAI, and consequently plants are considered
efficient to intercept light (fPAR close to 1) when
they dispose important area of leaves closing the
canopy. In an agronomical context, fPAR depends
on the planting density and on the age of the plant.
At planting time, fPAR is close to 0, and tends
to 1 more or less rapidly according to plant devel-
opment, growth and planting density. In chapter
III, the proposed modelling approach enables to
simulate, for the five progenies investigated, the
evolution of fPAR from 2 to 6 years after planting,
under a given planting density (136 palms.ha−1).
Although progenies presented a similar level of in-
terception at planting, fPAR diverged significantly
over time between progenies. Differences in light
interception over time were mainly due to differ-
ent kinetics in crown expansion between progenies
(rapid expansion for Deli x Avros material versus
slow expansion for Deli x La Mé material). Four
years after planting, 89% of the total variation in
fPAR was explained by differences in LAI while 11%
was explained by other differences in progeny crown
structure. These differences in LAI could be ex-
plained either by difference in phyllochron and/or in
the size of leaves. According to field measurements
(Chap. II), both phyllochron and leaf area were
different between progenies. These results raise the
question about the consequence of these contrasted
developmental processes on production. For annual
plants, a strategy for improving productivity via
light interception efficiency was the extension of
the growing season [Reynolds et al., 2000,Koester
et al., 2014]. For perennial plants like oil palm, the
period from planting to canopy closure represents a
relatively short period compared to the lifespan of
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a plantation (25-30 years). However, this growing
period is likely to be crucial for the proper estab-
lishment of plants over years, and fruit pruning
management is often performed until 3 years to en-
hance vegetative growth [Corley and Tinker, 2016].
At planting, young oil palms may be exposed to
abiotic stresses such as excessive radiation or water
deficit. A short growing period could thus be con-
sidered favourable to rapidly reach a closed canopy
and stabilized microclimate conditions [Hardwick
et al., 2015]. The differences observed between pro-
genies in the dynamics of crown expansion would be
very interesting to be related with production data.
Furthermore, as we do not have any information
regarding the development of roots; the strategy
of biomass investment may differ between plants,
with plants investing more biomass in the root com-
partment than others investing more in the aerial
compartment. The estimation of root biomass is
laborious and is still a bottle-neck [Jourdan and
Rey, 1997a,Jourdan and Rey, 1997b].
Another interesting question is to investigate

if these progenies with different kinetics of light
interception during the growing phase will reach
equivalent maximal values of LAI in mature stands.
The potential advantage of maintaining vegetative
vigour to capture light in young stages could be-
come a drawback in mature stands (with the as-
sumption of homothetic vigour between young and
adult stages). Indeed, experiments in planting den-
sity clearly demonstrated a decrease in productivity
when LAI exceeded 6 m2.m−2, mainly explained by
respiration cost [Corley and Tinker, 2016].
The contrasted evolutions of canopy structures

with respect to light interception raise multiple ques-
tions related to their impact on production and offer
the possibility to imagine different strategies of po-
tential production. For instance, a strategy based
on rapid return on investment, with plants that
rapidly produce after planting, would be favourable
for smallholders. Conversely, industrial estates
would rather have a long-term vision and would
look for plant material that maximizes the produc-
tion over the whole generation.

3.2 Designing ideotypes to optimise
light interception and carbon as-
similation

At plant scale, light interception efficiency can be
estimated with FSPM approaches thanks to inte-
grative variables such as the silhouette to area ratio
(STAR [Stenberg, 1996]). In this study light inter-
ception by individual plants was assessed within a
stand, i.e. individuals surrounded by other plants
laid in a given arrangement and density. The com-
parison of light interception among the calibrated
3D representations of the five progenies (Chap. III)
stressed significant differences among progenies, ex-
plaining 18% of the variability in light interception
efficiency (LI) independently of their difference in
LAI. This result confirmed that light interception
is mainly driven by the total leaf area developed
by a plant, but also stressed the non-negligible im-
pact of finer geometrical differences in progenies
crown structure. To better decipher these struc-
tural differences, the sensitivity analysis developed
in chapter IV aimed at identifying the main archi-
tectural traits governing light interception. Global
sensitivity analysis stressed the influence of the ar-
chitectural traits related to area of individual leaves
such as the rachis length, the number and dimen-
sions of leaflets (width and length), but also the
shape of leaflets. Similar traits were considered crit-
ical for light interception efficiency in other species
with compound leaves like tomato [Sarlikioti et al.,
2011].

Significant variations in light interception were
also determined by rachis curvature, which empha-
sizes the positive impact of “erectophile” canopies
in light distribution, under the investigated plant-
ing density. This confirmed the negative impact
of pending leaves in light interception efficiency
obtained in other palm species [Chazdon, 1985].
In this study, I realized that a critical point of
the proposed approach was to determine a criteria
(model responses) to establish the notion of light
interception efficiency. Actually, by considering the
total amount of light intercepted by an individual
(fPARi), the most efficient plant tends to be the one
exposing the maximum leaf area, and conversely,
by considering light interception per unit area (LI,
k), the most efficient plant tends to be the one
exposing the most reduced leaf area. Hence, in
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a breeding context, optimizing light interception
relies on a trade-off between the quantity of light
intercepted and the leaf area developed, high val-
ues of LAI reducing the biological efficiency with
respiration cost. This led me to perform a detailed
analysis within a given range of LAI, consistently
with actual LAI reported in literature [Corley and
Tinker, 2016,Barcelos et al., 2015]. This analysis
allowed detecting some attributes that were not
considered influential in the global analysis, such
as the ratio of petiole to rachis length. In fine, we
suggested that the distribution of light within the
crown was a relevant criterion and proposed to use
plant carbon assimilation as an integrative indica-
tor of light distribution within the crown. Indeed,
potential carbon assimilation was calculated in or-
der to assess the implications of non-linearity in the
light-response curve. Conversely to an integrated
value of irradiance at plant scale, plant assimilation
enabled to take into account the intensity of organ
irradiance and its variation over a day.
We have identified four ideotypes (or morpho-

types) that present different combinations of leaf
geometrical attributes for comparable level of plant
assimilation. Our results showed that a given poten-
tial carbon assimilation can be achieved with quite
different fPAR values. Actually, the best morpho-
types are those that can achieve the most evenly
distributed light over time (along the day) and
space (within their crown). The similarity among
ideotypes relies on their total leaf area, an impor-
tant number of leaflets on rachis as well as long
and narrow leaflets. This high density of narrow
leaflets within the crown is an optimal configuration
that allows light to penetrate deeper and uniformly
while limiting self- and mutual-shading [Takenaka,
1994]. This vertical distribution of light within
crown derived from narrow leaflets and steep leaf
angle has been shown to be crucial to reduce high
light exposure [Falster and Westoby, 2003,Pearcy
et al., 2005, Sarlikioti et al., 2011]. Results also
revealed that ideotypes differ in crown diameter
(resulting from a particular combination of petiole
length, rachis lengths and leaf curvature) and the
number of leaves composing the crown. The fact
that the ideotypes exhibited different features is
particularly interesting in a breeding context, since
genetic resources and heritability of architectural
traits are likely to limit the development of some

combination of traits.
Further analyses will be needed to evaluate to

what extent results can be affected by the photo-
synthesis model used in simulations. It is likely
that some photosynthesis parameters will just have
a scale effect, i.e. changing the absolute value of
assimilation without changing the ranking of mor-
photypes. But other parameters altering the shape
of light-response curve would probably lead to dif-
ferent ideotypes.

3.3 Improving the carbon assimila-
tion model

The carbon assimilation model used in this study
(NRH model [Marshall and Biscoe, 1980]) has some
limitations. The major one is the absence of consid-
eration of stomatal conductance regulation. Given
the high sensitivity of oil palm to stomatal conduc-
tance (notably due to VPD; [Dufrêne, 1989]), the
consideration of a photosynthesis-stomatal conduc-
tance submodel is required for predicting assimilates
supply under fluctuating environmental conditions.
A dedicated study aimed at developing and cali-
brating on oil palm the Farquhar’s model [Farquhar
et al., 1980] together with a stomatal conductance
model [Ball et al., 1987,Leuning, 1995] was initiated
during this thesis with the work of Lamour [Lam-
our et al., 2014]. The proposed model enabled to
account for the temperature dependency of Far-
quhar’s model parameters [Baldocchi and Harley,
1995,Leuning, 2002] and nitrogen dependency [Pri-
eto et al., 2012]. Lamour developed a method to
jointly calibrate the parameters of the photosynthe-
sis model and the stomatal conductance model from
CO2 and light response curves measured in field con-
ditions. Analyses of leaf nitrogen content were also
conducted to characterize the spatial distribution of
nitrogen within the crown and subsequently link it
to photosynthesis capacity. Results highlighted the
capacity of the model to accurately predict carbon
assimilation at leaf scale. Results also highlighted
positive correlations between photosynthesis capac-
ity and nitrogen content.

A topological gradient of photosynthesis capacity
was also observed since higher nitrogen concentra-
tions were measured in young leaves than in older
ones. The model showed, however, some discrep-
ancies notably in the prediction of stomatal con-
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ductance, that could be overcome by integrating
the effect of soil water deficit on stomatal regula-
tion [Damour et al., 2010]. Further experiments
would also be required to evaluate the genetic depen-
dency of photosynthesis and stomatal conductance
parameters [Lamade and Setiyo, 1996], which raise
nowadays more and more interest in the climate
change context.

3.4 Genetic control of oil palm archi-
tecture

The experimental site chosen for this study was
interesting to investigate the relationship between
plant architecture and genetics thanks to the di-
versity of the progenies available. Another way
to decipher genetic influence on plant architecture
would have been to assess architectural variability
among clones, but only few clones were available
on the studied site. Indeed, clones present higher
value of inbreeding coefficient than progenies [Cros,
2015], allowing a more precise estimation of traits
heritability, but somatic propagation of clones still
faces the issue of “mantled” abnormality, which
limit their exploitation [Corley and Tinker, 2016].
The important molecular and biochemical research
initiated to unravel somaclonal variation are nev-
ertheless promising for the future development of
clones [Rival et al., 2008,Rival et al., 2013]. What-
ever the breeding strategy performed, either based
on progeny or clone, the development of new phe-
notypic traits remains crucial.
Architectural differences among progenies were

studied in order to evaluate the soundness of breed-
ing based on architectural characteristics. For each
architectural trait investigated, the comparison of
allometric adjustments among progenies and within
progenies allowed estimating individual and progeny
effects on traits variability. Subsequently, the signif-
icance of progeny/individual effects determined the
level of variability to generate in 3D representations.
Progeny variances estimated by the mixed-effect
models were used to calculate broad-sense heritabil-
ities (H2) and hence target the traits that could
potentially be interesting to focus on in a specific
genetic study. Among these traits, the ratio of peti-
ole to rachis length, leaf area and leaflets width and
length presented high values of H2. An important
limitation of this study was the low number of pro-

genies investigated and the incapacity to precisely
characterize genotypes, and consequently to deci-
pher the sources of the variations observed (genetic,
environmental and their interaction).

One way to account for environmental variations
would have been to screen the progenies in differ-
ent environments. Obviously such investigation
would have set aside the possibility to make de-
tailed and time-consuming observations (e.g mor-
phogenetic gradients of leaflets along the rachis) and
subsequently generate precise 3D reconstructions.
However, some coarse architectural measurements
(rachis length and number of leaflets on rachis) were
performed on all the plants of each replicate of the
experimental site. I took advantage of this available
dataset to evaluate the representativeness of i) the
plants sampled for our study among all the plants
of the same replicate and ii) the studied replicate
among the other replicates (appendix B page 143).
By doing so, architectural differences among pro-
genies were analysed taking into account replicate
effect, corresponding to micro-environmental varia-
tions (mainly related to soil composition). Although
the significant effect of the replicates was stressed,
significant differences on coarse architectural traits
were also highlighted among progenies.

Regarding genetic effect, our analysis was limited
to the study of plants identified through progenies,
without any information about the segregation of
character within these families. For a deeper inves-
tigation of the genetic control of palm architecture,
a study on a higher number of progenies, with
available pedigree or molecular data to estimate
genealogical co-ancestry, would be required. In-
deed, the possibility to link individuals according to
their pedigree would enable to better estimate their
genotypic value, traits heritabilities and potentially
identify parents with interesting breeding values
with respect to architecture. The use of molecular
markers to characterize genotypes could also help
in identifying potential QTL associated to archi-
tectural traits [Pootakham et al., 2015]. However,
beyond genetic characterization, fine phenotypic
data would be necessary for such a study.
Using the results of the sensitivity analysis of

the architectural model (Chap. IV), we proposed
to focus on the potential architectural traits that
could be linked to light interception and poten-
tial carbon assimilation and thus be interesting for
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breeding. Consequently this study permits to antic-
ipate future genetic studies on palm architecture by
proposing a limited number of traits to investigate
and which are easy to measure on a high number
of individuals.
The integration in genetic trials of new pheno-

typic traits related to plant architecture, as the
one revealed in the sensitivity analysis, could be
interesting to i) unravel the correlation between
architecture and productivity and ii) determine
breeding values of parents based on architectural
traits. While breeding value from production traits
can only be estimated on tenera and dura due to
the infertility of pisifera fruits, breeding value from
architectural traits could be interestingly estimated
on pisifera parents. The characterization of the
interspecific variability of these traits on Elaeis
oleifera and guineensis x oleifera hybrids is a very
interesting prospect [Barcelos et al., 2015]. Indeed,
studies on E. oleifera would enable to screen wider
genetic resources. The contrasted stem and crown
structures of this species in comparison with E.
guineensis offer the possibility to found other inter-
esting combinations of morphological traits.

The recent development of genomic selection for
oil palm paves the way for predicting the best ma-
terial to cross for enhancing plant production [Cros,
2015]. Genomic selection raises interest as it enables
to sharply reduce the time of breeding programs,
by limiting the number of generations of progeny
to test. Genomic selection based on architectural
criteria could be promising in combination with
FSPM to predict and select plants adapted to spe-
cific environmental conditions or specific agronomi-
cal practices. However, the use of model-assisted
phenotyping with genomic selection, also called “vir-
tual breeding”, is just emerging for annual crops
and faces some scientific and technical issues to
be routinely applied [Martre et al., 2014,Xu et al.,
2011]. Indeed, the difficulty of such approach is
the robustness of models to inferred physiological
processes. Consequently, given the complexity of
oil palm physiology and genetics, such a strategy
is a long-term perspective. In fine, plant modelling
is an explorative tool and its applicability requires
validation from field experiments to harness the
complexity of plant phenotypic plasticity, which
can be defined as genotype x environment interac-
tions [Sultan, 2000].

4 Towards a FSPM simulat-
ing yield of oil palm

The main limit of our study to investigate oil
palm performance in relation to light interception
was the absence of reproductive organ in the FSPM
approach, and subsequently the absence of yield
prediction. This results from the initial choice to in-
vestigate 3-years-old plants that started to produce
bunches during the thesis. Besides, additional field-
work to set a protocol, to collect data relative to
production and to analyze them was hardly feasible
given the schedule of the thesis. Our investigation
was rather a preliminary approach of the poten-
tial enhancement of plant performance from the
improvement in light interception. Consequently in
this part we propose an outlook on the work that
should be done to complement the FSPM initiated
in this study toward a model able to predict yield.
Conversely to annual crops that produce usu-

ally once in their lifespan, perennial plants present
rhythmic productions. As a result, under envi-
ronmental constraints, annual and perennial plant
develop opposed fitness strategies: annual plants
may enter in a reproductive phase to generate seeds
while perennial plants will limit their production
to stock reserves [Vilela et al., 2008]. The diffi-
culty to obtain consistent annual yield in perennial
plants is driven by fruit load, which limit vegetative
growth and limit production months or years after-
wards [Smith and Samach, 2013]. From a modelling
point of view, this uncontrolled rhythmic produc-
tion in perennial plants encourages the development
of individual-based approaches to predict yield, con-
versely to annual crops that can be modelled as a
unique system harvested once. Experiments were
thus set up to investigate the individual behaviour
of oil palm by studying effect of trophic imbal-
ances on production [Legros, 2008]. Based on these
studies, Pallas [Pallas et al., 2013c] developed an
individual-based approach of carbon partitioning
in the oil palm (X-palm).
The work developed in this thesis contributes

to establish the structural basis of a FSPM to be
coupled with the functional X-palm model. The
X-palm model is specifically structured to simulate
the biomass partitioning at individual scale, with
an explicit representation of plant topology and a
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decomposition of each typology of organ (leaves,
bunches, fruits). Assimilate supply is estimated us-
ing the Monteith formalism and Beer-Lambert law,
which simulate carbon supply at plot scale. The
work developed in this thesis could thus provide
an opportunity to give finer estimation of assimi-
late supply at individual scale, in relation to the
detailed structure of the plant. The combination
of the architectural model, the light interception
model and an improved carbon assimilation model
would enable to estimate assimilate supply at leaf
scale. A validation step of the carbon assimilation
model would be required, either from nitrogen mea-
surements as proposed by Prieto [Prieto et al., 2012]
or from biomass data after coupling the model with
X-palm. Additional formalisms to link leaf and
stem structure to their biomass would need to be
found and calibrated for each progeny investigated.
Similarly biomass data relative to inflorescences
and bunch would be required to calibrate the com-
petition index (Ic, ratio between carbon supply and
demand) developed in the X-palm approach.
Following the work initiated by Pallas on

source:sink imbalance [Pallas et al., 2013b], further
experiments would need to be carried out to de-
termine the genetic variability of yield components
(number of inflorescences and sex ratio, number of
fruit per bunch, spikelet number and weight, indi-
vidual fruit weight) and their potential interaction
with abiotic constraints such as water deficit [Cros
et al., 2013]. A challenge would be to apprehend the
sensitive phases of production in relation to climatic
conditions, and integrate genetic characteristic of
production in the modelling approach. Indeed, the
difference in production between Deli x La Mé ma-
terial, which shows a high number of small bunches,
and Deli x Avros material,which bears a lower num-
ber of heavy bunches [Cros, 2015], demonstrates
the potential genetic control of carbon partitioning
processes. The quantification of these physiological
processes and their genetic inheritance using simu-
lation tools could pave the way for designing other
ideotypes of oil palm and supporting innovative
breeding strategies [Rötter et al., 2015].

5 Conclusions

In conclusion, the present study highlighted how
plant modelling and analytical tools can be used to
virtually explore plant biology. In our case, the 3D
model of oil palm, in its conception and its applica-
tion, enabled to detect the architectural traits which
are genetically determined and influence light inter-
ception. The morphological traits of the proposed
ideotype could guide further breeding experiments.
Nevertheless, an important work remains to be done
in oder to integrate functional processes allowing
the evaluation of the relation between architecture,
light interception and plant performances. This
could be achieved on the short term by coupling
our model with the modelling approaches previously
developed. The ongoing characterization of plant
architecture at the experimental site, following the
protocol set up during this thesis, will be crucial to
get a more global vision of the ontogenetic gradients
of plant architecture and establish their relationship
with production.

The proposed ideotypes were designed under a
given environment and under specific management
practices, but other ideotypes could be developed
in different contexts. Future ideotypes could be de-
signed for different purposes, addressed by various
actors of the sector, such as smallholders, industri-
als and consumers [Rival and Levang, 2014]. For
instance smallholders would prefer plant material
that optimize heavy individual bunch weight be-
cause they are paid out on the basis of bunch weight.
Conversely, for palm oil mills, ideotypes would con-
sist in plants that produce fruit with high oil extrac-
tion rate. Millers will search for plants with regular
and predictable frequency of production to better
organize production and transformations chains. Fi-
nally, consumers will push to design ideotypes with
particular oil composition.
The modelling approach initiated in this study

could be developed to test different scenarios, for
instance in a climate change context with low radi-
ations or drought conditions. Similarly, the model
could be used to investigate different planting pat-
terns and intercropping systems [Mao et al., 2016].
This could be achieved using other available 3D
plant models (teak, acacia, coffee and cacao trees)
or adapting the 3D modelling approach developed in
this study to plants with an architecture relatively
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close to oil palm (such as banana or papaya trees).
Optimising intercropping systems with respect to
light interception could be particularly interesting
for family farmers who possess limited areas and
would like to diversify their production, notably to
get outcome from young plantations before palms
produce. Besides, changes in agronomical practices
with integration of agro-ecological process such as
intercropping could also provide interesting advan-
tages notably regarding pests and diseases. All
these perspectives will be however possible with
further studies dedicated to better understand the
interactions between plants and their environment.

In the short term, the best strategy to tackle the
agronomic issue addressed in introduction will rely
on the accessibility of improved material to small-
holders, which represent half of the global palm oil
production. There is an undoubted requirement
to keep on improving plant material taking into
account new challenges of sustainability and future
climate constraints. This continuous improvement
will depend on a better comprehension of agro-
ecosystems, and FSPM are likely to play a key role
in this comprehension. Indeed, beyond its agro-
nomical purposes, our study aimed at investigating
deeper on the biology of oil palm, notably from
an architectural point of view. The precise charac-
terization of palm morphology with a focus on its
potential connection to genetic and physiological
processes can raise many scientific questions. The
application of the proposed methodology to other
species of palms enlarges the scope of our study. In
an evolutionary and ecological context, the compre-
hension of relationship between architecture and
functioning of palm species is promising, given that
palms are among the most abundant, diverse and
economically important families of plants of tropi-
cal and subtropical regions of the world [Henderson,
2002].





Appendix A

Protocol for measuring aerial
architectural traits of Elaeis

guineensis Jacq.

Material and methodology

Marterial

Angles measurements

Al-Kashi method

Severals way of measuring angles were tested in
field using different methods but one has been re-
tained for its simplicity and its possible application
for almost all the required angles. This methodol-
ogy is based on the Al-Kashi theorem as presented
Figure A.1.

The methodology enables to calculate an angle
measuring a length. Indeed fixing the values of
c=b=L, the value of the angle α is directly calcu-
lated through the a value according to the equa-
tion (A.1):

α = arccos

(

1−
a2

2L2

)

(A.1)

A tool has thus been designed to measure angles
in field using this methodology. The device is made
with two identical rulers (similar L length) sticked
together with adhesive tape (see Figure A.2). Then
the measurement lies on fitting the tool with the
angle of interest and measure the distance between
the extremities of the rulers (representing a, the

✟✟✟✟✟✟✟✟✟✟✟✟✟❍
❍❍❍❍❍❍❍❍☞

☞
☞
☞
☞
☞
☞
☞
☞
☞
☞

α

β

γ

a

b

c

a =
√

b2 + c2 − 2bc cosα

Figure A.1: Al-Kashi theorem

distance measured by the yellow soft ruler in the
Figure A.2). This method is particularly useful
for the determination of leaflets angles and frond
torsion. The rulers should not be too long and not
to wide to make easier the measurements (20 cm
length x 2 cm width is satisfactory).
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Table A.1: Material listing

Measured parame-

ters

Material

Axial, radial and rotation
angles

2 rulers with a common
length
a soft ruler (2m)
a bubble level
a rope with plumb

Bending and lateral devi-
ation

a bar (3.5m) with two
supports
a soft ruler (4m)
a transparent adhesive
tape
a rope (2m) with plumb
a T-square ruler

Frond length a soft ruler (4m)
a ruler (1m)
transparent adhesive
tape

Spear length a bar (4m)
a soft ruler (4m)

Spear diameter a slide caliper (mm grad-
uation)

Leaflet length, width and
height

a slide caliper (mm grad-
uation)
a soft ruler (1m)

Phyllotaxy a compass

Stem diameter a slide caliper (1.50m)
Stem heigth a soft ruler (4m)

transparent adhesive
tape

Pythagore method

For the frond bending and frond deviation an other
technic was adopted because the reference axe has
to be conserved all along the nervure position (for
leaflets angles the reference depends on the nervure
axe and thus varies along the nervure position).
Figure A.3 is a representative scheme of the device.
The frond bending angle is then obtained measuring
the projections of the rachis control points (1, 2
and n) on the x, y plan (Figure A.4a). The frond
deviation is calculated by projecting those points
in the x, z plan (Figure A.4b). For both angle the
Pythagore theorem gives the following equations
((A.2) for bending and (A.3) for deviation):

β = arctan

(

yn − yn−1

xn − xn−1

)

(A.2)

Figure A.2: Device for angle measurement

δ = arctan

(

zn − zn−1

xn − xn−1

)

(A.3)

Figure A.3: Device for frond bending and deviation

☞ This method is not accurate if the control
points along the nervure are too distant from each
other. Indeed as the angle is estimated by the
tangent (the hypothenuse in that case) it is impor-
tant to look at the length and the amplitude of
frond bending/deviation before doing the measure-
ment. Usually ten control points are supposed to
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(a) Frond bending (b) Frond deviation

Figure A.4: Projections of frond bending and deviation

Figure A.5: Adding control point for an accurate esti-
mation of angles

be sufficient to assess consistently the frond bend-
ing/deviation but if the angles vary sharply between
two consecutive points it is appropriate to increase
the number of control points along the frond (see
Figure A.5).

General observations

Tree identification

Before collecting any data, it is important to iden-
tify the tree on which the data will be collected.
Each form begins with a tabular identification to
fill as describe Figure A.17 page 139. In the cell
Al-Kashi method, L is the length (in cm) of the
rulers used for measuring all the angles of the
corresponding form.

Vegetative observation

Numbering fronds

The first observation is to identify the frond rank
1 as well as the oder 8 parastiche and numbering
the other fronds thanks to the latters (as describe
Figure A.6). The frond rank 1 is define as the one
almost fully open (just some leaflets at the frond
base are not yet open). Clearly paint or write with
a permanent marker the frond rank in each petiole.
The number of frond on the crown (green ones) is
then reported.

Parastiches direction

The parastiche direction is given by observing the
order 8 parastiche. The direction is also given by
the position of the frond rank 4 from the frond
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rank 1: if the latter is at the right from the rank
1 the parastiche goes to the right (trigonometric
direction), if it is at the left from the rank 1 the
parastiche goes to the left (clockwise direction).
The clockwise direction is written down +1 in
the data collection form and the trigonometric

direction is noted -1 (see Figure A.6).

(a) Clockwise (b) Trigonometric

Figure A.6: Phyllotaxy and parastiche directions (top
view)

Stump number

The stump number can be reported directly after
counting them but an estimation is usually eas-
ier. To estimate the stump number, select the
oldest crown frond (green one) and follow the cor-
responding 8th parastiche until reaching the soil.
The estimated number of stump is then obtained
subtracting the frond rank from the latest stump
rank:
Nbstumps= RankLowerFrond −RankLowerStump

Spears

Count the spears and identify the higher one. In
the latter measure its length, its diameter at the
base (with a slide caliper) and the spear axial angle
from the vertical. The angle is determine with
the Al-Kashi method taking one ruler along the
spear from the base and the other one along the
vertical obtained with a level or a plumbed rope
(see Figure A.7).

Torsion rate

The torsion represents the angle du to the nervure
rotation as describe Figure A.8. The torsion di-

Figure A.7: Measuring the axial spear angle. The
measurement consists in reporting the value a (in cm)
that will be used to calculate the angle as describe
Figure A.1

rection (looking front to the stem) can be either
clockwise (+1) or trigonometric (-1). The torsion
rate is the proportion of fronds with a clockwise tor-
sion. After a quick observation of the frond crown,
assess this proportion and report the proportion of
clockwise torsion and trigonometric torsion.

Torsion

Flexion

Déviation 

horizontale

Lateral deviation 

Figure A.8: Frond torsion

✎ All the data previously measured are reported
in the tabular vegetative observation presented
in the form Figure A.17 page 139.
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Stem

Phyllotaxy

Once the order 8 parastiche is located in the
stem, azimuths of the frond rank 1, 9, 17, 25, and
33 are measured thanks to a compass targeting
the orientation given by the petiole base. The
phyllotaxic angle is then calculated thanks to the
equation (A.4):

α =
n ∗ 360± (Ai −Ap+i)

p
(A.4)

where:

α = phyllotaxic angle
n = number of tour between the two fronds
± = + if the parasitic direction is trigonometric;

− if the direction is clockwise
Ai = azimuth of the frond rank i
Ap+i = azimuth of the frond rank p+ i
p = number of fronds between the two studied

fronds

Stem heigth On the same fronds used for the
phyllotaxy, measure the height from the soil to the
frond insertion (I point, see Figure A.9).

Stem diameter The stem diameter is measured
on those fronds thanks to a 1.50-meter caliper.
Make sure to measure only the stem without includ-
ing any petiole. The measurement is done around
the frond insertion (I point).

Axial insertion angle For each frond of the or-
der 8 parastiche, using the same technic as describe
in the Figure A.7, measure the frond insertion angle
placing the two rulers as close as possible to the I
point.

✎ All the data related to the stem are reported in
the tabular stem presented in the form Figure A.17
page 139.

Reproductive components

While observing every frond insertions on the stem,
report the presence of a male inflorescence (M), a
female inflorescence (F) or a bunch (B) and note the

corresponding frond rank. Count the total number
of each of them and report that number in the
tabular reproductive observations (Figure A.17
page 139).

Frond geometry

Nervure length

Place a ruler as deep as possible toward the in-
sertion point and note the petiole length (from I
point to C point, see Figure A.9). Then place a
soft ruler (4m) from the C point to the A point and
stick it to the frond nervure with the transparent
adhesive tape. Note the distance (in cm) from the
C point and the B point and from the C point to
the A point. Let the frond at its initial position,
focus the position of the nervure point at the maxi-
mum height and report the distance between that
particular point and the C point.

Control points Divide the rachis length (C to A
distance) by 10 and report this value (in cm) in the
cell 10%. From the C point toward the A point,
mark every 10% the control points thanks to a dark
tape, a piece of rope or even painting a sign on the
rachis. Add a mark below the C point toward the
I point (that will correspond to the -10% control
point). Finally 11 control points are indicated in
the nervure: -10%, 0% (= C point), and 10% to
90%.

Figure A.9: Reference points on the frond nervure

Torsion

The torsion is sometimes difficult to measure mainly
nearby the A point because of frond flexion (see Fig-
ure A.8). A way to avoid misleading measurement
is to deal with the normal to the frond plane rather
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than the frond plane itself. Indeed measuring the
angle between the normal to the frond plane and
the absolute vertical is equivalent to measure the
angle between the frond plane and the absolute hor-
izontal. But because of frond flexion, it turns out to
be easier to take the vertical as reference. Using the
Al-Kashi method, the torsion is directly measured
putting one ruler as the normal to the frond plane
and the other ruler as the vertical thanks to the
gravity (see Figure A.10). According to the direc-
tion of the torsion, the distance between the two
rulers (a) will be reported as positive (clockwise
direction) or negative (trigonometric direction). Re-
ported the value (in cm) of each a distance from
the C point to the 90% control point.

Figure A.10: Torsion measurement. One ruler is the
normal to the frond plane and the other is the absolute
vertical.

Bending and deviation

Frond bending and lateral deviation are deter-
mined thanks to the device previously presented
Figure A.3 page 130. The crucial point relies on

the well setting up of the device before doing the
measurements. Firstly the 3.5 meter bar has to be
positioned in the azimuth define by the petiole basis.
It is useful to take this azimuth and take care that
it is conserved all along the bar once positioned.
Then it is really important to check with the bub-
ble level that the bar stays horizontal, moving the
supports if necessary. Make sure that the bar is
located below all the control points. Fix the bar
to the supports and the petiole with an adhesive
tape. Stick as well the soft ruler on the bar with a
transparent tape.
Next the 3 distances of interest (x, y and z) can be
measured at each control point. Place the plumbed
rope just underneath the rachis and let it hang
down until it stays still (do not fix the rope to the
nervure when the plumb blends the frond). Slide
the square ruler along the bar until reaching the
rope and then report the x and z distances. The z
distance is either positive if the deviation goes to
the right or either negative if the deviation moves
to the left. The last parameter y is reported by
measuring the rope from the rachis to the square
ruler (Figure A.12).

Nervure section

The nervure section is measured thanks to a slide
caliper. The height and the width of the nervure
are taken at each control point (-10%, C point, 10%,
20%, ...., 90%) as presented Figure A.13.

✎ All the data related to the frond geometry
have to be reported in the form frond geometry

presented Figure A.17. The length position (in
centimeter) has to be reported to check where the
control points are. In the case of additional control
points for measurements it is important to note this
position as well.

Frond description

☞ Before describing the frond, make sure that the
frond geometry form has been completed because
the following descriptions imply manipulations of
the frond that usually modify its initial shape.
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(a) Trigonometric torsion (b) No torsion (c) Clockwise torsion

Figure A.11: Torsion directions. The frond plane refers to the plane done by the nervure and the leaflets without
radial angle. The distance a is reported with a positive (clockwise) sign or a negative sign (trigonometric).

Figure A.12: Bending and deviation measurement.
The bar gives the x value, the square ruler the z value
and the rope gives the y value, all in centimeters.

Figure A.13: Nervure section height and width.
(V=ventral, D=dorsal, R=Right, L=Left).

Metric position of the leaflets

As it has been done for positioning the control
points, stick the soft ruler from the C point to the
A point. To define the right left orientation of the
frond, stand at the A point and look toward the
frond insertion, the right side of the frond is then
given by your right arm.
Select one side and report directly the observation in
the corresponding tabular (semi-frond left or right,
see Figure A.17 page 139). The metric position
corresponds to the distance from the C point to the
pinnae. Begin by the first one, near the C point,
and report the distance of every pinnae until the A
point.

☞ Do those observations on both semi-fronds.
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Group position

While or after reporting the metric position, assess
the orientation of the leaflet according to it radial
insertion on the frond nervure. There are three
different positions, as describe Figure A.14:

• the superior position, noted +1

• the medium position, noted 0

• the inferior position, noted -1

Figure A.14: Representation of the groups of leaflet
with the different positions +1, 0 and -1 according to
their radial insertion on the nervure. Two groups are
represented, one of 2 leaflets and one of 3 leaflets.

The difference between the 0 and the -1 position is
most of the time not easy to distinct. The best way
to deal with that problem is to look at the groups in
a first time. Indeed there are four possible groups:

• group of one leaflet: 0

• group of 2 leaflets: 1 -1

• group of 3 leaflets: +1 0 -1

• group of 4 leaflets: +1 0 0 -1

Then looking at the distance between consecutive
leaflets, the intra group distance helps to define if
the leaflet is -1 or 0. For instance if there are 3
leaflets but the distance between the second and
the third one is very important compare to the two
first leaflets, then it is better to consider two groups
(1 -1 and 0) than one group (+1 0 -1).

Leaflet length

Once the metric position is reported and the groups
are defined, measure the leaflet length (columnmax

length Figure A.17 page 139) of all the leaflets from
the A point to the C point (measuring toward the
C point avoids misleading measurements du to the
difficulty to describe the first pinnaes around the C
point). The measurement is done with a soft ruler
from the leaflet insertion in the nervure.

☞ Do this measure on both semi-fronds.

✎ All the data related to the frond description
have to be reported in the form frond description

presented Figure A.17 page 139.

☞ There are 3 consecutive forms per frond, make
sure to report the data correctly.

Leaflet geometry

Selection of groups

Around each control point, select one group of
leaflets on each side (at least a group of two leaflets
(1 -1) but if possible a group three leaflets (+1

0 -1)) and identify every leaflet by marking its
position +1, 0 or -1. This will define the groups
of leaflets noted G10 to G90 as visible in the form
Figure A.17 page 139. The group terminal GT is
defined as the three last leaflets (A point). The
following parameters presented in the next sections
are measured in every leaflets of every groups.

Leaflet width and height

Starting from theG10 (because there is no leaflet
around the C point), measure the length of the
leaflet from its insertion in the nervure. Divide this
value per three and report with a permanent marker
the position 1/3 and 2/3 as defined Figure A.15b.

Half-width Measure thanks to the slide caliper
the leaflet half-width at the 1/3 position (W1/3)
and at the 2/3 position (W2/3).
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Height Similarly to the width measurements,
measure with the caliper and report the height at
the two positions: H1/3 and H2/3 (Figure A.15a).

(a) Transversal view

(b) Top view

Figure A.15: Segmentation of the leaflet for width and
height measurements.

Leaflet angles

Axial insertion angle

The axial insertion angle is the angle visible from
the top between the leaflet and the rachis (see Fig-
ure A.16a). The measurement is done thanks to
the Al-Kashi method by fitting the rulers with the
leaflet insertion.

✎ If the orientation of the leaflet is toward the
A point, the angle is reported positively. If the
orientation is toward the C point (rare), the angle
is reported negatively.

Radial insertion angle The radial insertion an-
gle is the angle given by the leaflet and the rachis
from the transversal view. The measurement is
done thanks to the Al-kashi method by placing one
ruler along the leaflet and the other in the frond
plane, as presented Figure A.16b.

✎ For the leaflet +1 the radial angle is reported
positely. It is reported negatively for the leaflet
-1. The leaflet 0 can be either positive or negative
according to its position from the frond plane.

Rotation angle

The rotation angle is associated to how the leaflet
is inserted on the rachis. It depends on the posi-
tion of the leaflet (-1, 0, or +1) but is sometimes
difficult to define. For the measurement, place the
common summit of the two rulers in order to pinch
the leaflet. In that way one ruler is above the leaflet
and the other must fit the rachis axis while being
under the leaflet (see Figure A.16c)

✎ For the leaflet+1 the rotation angle is reported
positely. It is reported negatively for the leaflet -

1. The leaflet 0 can be either positive or negative
according to its insertion (positively if the direction
is toward the A point and negatively if the direction
is toward the C point).

✎ All the data related to the leaflet geometry
have to be reported in the form leaflet geometry

presented Figure A.17 page 139.

☞ Make sure to report the data in the form that
corresponds to the side of the frond under observa-
tion (one form for each side).
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(a) Axial insertion angle (top view)

(b) Radial insertion angle (transversal view)

(c) Rotation angle (lateral view)

Figure A.16: Representation and measurements of the
leaflet angles.
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Date

B=bunch Type(B,F,M) rank

F=Inflo Female

Trial M=Inflo Male

Repetition

Progeny

Tree number

Number of fronds

Parastiche direction trigo=-1 clockwise=+1

Stump number

Number of spears

spear base diameter  

spear axial angle (AK cm)

spear length

% of leaves with torsion front to the stem

trigo -1

clockwise +1

Frond rank 1 9 17 25 33

Azimuth

Height from soil

Axial insertion angle (AK cm)

 Stem diameter

Total Bunch

Total Inflo F

Total Inflo M

Reproductive observations

G
E
N

E
R

A
L
 &

 S
T
E
M

Vegetative observations

Identification

Stem

Length of L (cm)

Al kashi method (AK)

(a) General observations form

Date

Trial

Repetition

Progeny

Tree number

Frond rank

Position(+,-,0)

L

W(1/3)

W(2/3)

H(1/3)

H(2/3)

Axial angle

Radial angle

Rotation angle

Position(+,-,0)

L

W(1/3)

W(2/3)

H(1/3)

H(2/3)

Axial angle

Radial angle

Rotation angle

Al kashi method (AK)

Length of L:

G10

G60

Identification

L
E
A

F
L
E
T
G

E
O

M
E
T
R

Y
  
R

I
G

H
T

G20

G70

G30 G40 G50

GTG90G80

(b) Leaflet geometry

Date

Trial Length of L

Repetition

Progeny

Tree number

Frond rank

Petiol (I to C)

C to max frond heigth 

C to B

Rachis (C to A)

Relatve position Length Position(cm) Torsion angle (AK)

0 (=C point) trigo=-

10% clockwise=+

20%

30%

40%

50%

60%

70%

80%

90% to the left=-

to the rigth=+

Relatve position Length Position(cm) x y z

0(=C point)

10%

20%

30%

40%

50%

60%

70%

80%

90%

Relatve position Length Position(cm) width (cm) heigth (cm)

-10%

0(=C point)

10%

20%

30%

40%

50%

60%

70%

80%

90%

F
R

O
N

D
 G

E
O

M
E
T
R

Y

Identification

Nervure length (cm)

10%=

Al kashi method (AK)

Torsion

Bending and deviation

Nervure section

=+

e (AK)

clockw

(c) Frond geometry form

Date

Trial Petiol (I to C)

Repetition C to max height 

Progeny C to B

Tree number Rachis (C to A)

Frond rank

Pinnae rank
Position + 0 -  

(sup med inf) 
Metric position Max length Pinnae rank

Position + 0 -  

(sup med inf) 

Metric 

position
Max length

C - 0 C - 0

1 1

2 2

3 3

4 4

5 5

6 6

7 7

8 8

9 9

10 10

11 11

12 12

13 13

14 14

15 15

16 16

17 17

18 18

19 19

20 20

21 21

22 22

23 23

24 24

25 25

26 26

27 27

28 28

29 29

30 30

31 31

32 32

33 33

34 34

35 35

36 36

37 37

38 38

39 39

40 40

41 41

42 42

43 43

44 44

45 45

46 46

47 47

48 48

49 49

50 50

Semi-frond right

Nervure length (cm)

F
R

O
N

D
 D

E
S

C
R

I
P

T
I
O

N
 1

/
3

Identification

Semi-frond left

 

(d) Frond description form

Figure A.17: Data forms.
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Simplified protocol

General notation

Tree identification

• Progeny: progeny reference

• TreeNumber: Identification of the individual
from location in plot (row x column)

• Date: date of the observation (dd/mm/yy)

Leaf identification

• LeafNumber: number of leaf that refers to
the phyllochron (LeafNumber = -10 mean
that 10 leaves have been emitted from the
beginning of the monitoring). Every 2 months
a screening of the experimental trees is carry
out to number the new emitted fronds.

• LeafRank: agronomic rank that refers to the
spatial position of the leaf in the crown at
a given time. Rank 1 is the youngest leaf
totally open with a visible rachis basis (visible
C point).

Stem and crown observations

1. Circumference: Stem basis circumference
measured with a rope (in centimetres)

2. Height: Stem height from the soil. The top
reference is the insertion of leaf rank 17 (in
centimetres)

3. TotalLeaves: number of leaves in the crown
(not yet dry)

4. Angle C: Bending angle (Y) and twist angle
(X) at C point measured with a clinometer (in
degrees) (Figure A.18)

5. Angle A: Bending angle (Y) and twist angle
(X) of rachis tip measured with a clinometer
(in degrees)

6. Leaf curvature: Cartesian coordinates (X,
Y, Z) along leaf midrib (from C point to A
point) that enable the assessment of rachis
bending and rachis deviation (in centimetres)
(Figure A.5 page 131)

-90˚ 

+90˚ 

Y 

X 

-90˚ 

+90˚ 

X 

Y 

C to A C to A

C to A C to A

Bending Twist

Figure A.18: Clinometer device for measuring bend-
ing and twist leaf angles

Leaf and leaflet observations

Measurements done on the rank 17 every 2
months (Figure A.20)

7. PetioleLength: distance from leaf insertion
(I point) to C point (in centimetres)

8. BPosition: distance from C to B point (in
centimetres)

9. RachisLength: distance from C to A point
(in centimetres)

10. BLength and BWidth: leaflet length and
maximal width at B point (in centimetres)

Leaflet sample: divide the rachis in 10 even
length sections. For each section, mark a refer-
ence leaflet around the middle section.

11. NbLeaflets: number of leaflets per section (in
one side)

12. LeafletRefPosition and LeafletRefRank:
for each leaflet sampled, measure the distance
(in centimetres) from C point to leaflet inser-
tion on the rachis and number its rank. Leaflet
rank 1 is the first leaflet after C point.
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Figure A.19: A) Monitoring of rachis dimension measurement. B) Observation at tree scale (left scheme),
leaf scale (middle scheme) and leaflet scale (right scheme).

13. LeafletLength: for each leaflet sampled, mea-
sure its length (in centimetres)

14. LeafletWidth: for each leaflet sampled, mea-
sure width in 5 positions along leaflet midrib
(PositionOnLeaflet). The last position on
leaflet is leafletLength, the corresponding
LeafletWidth is therefore 0 (in centimetres)
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Figure A.20: Data forms for description of stem and leaves (A), leaf angles at points A and C (B), leaf
area (C) and leaf curvature (D).142



Appendix B

Field replicates comparison and
sampling assessment

Table B.1: ANOVA table of rachis length and number of leaflets 30 months after planting. The ANOVA model is a two
way with interactions ( progeny x replicate) model (n.s., non-significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001).

Variable Factor Df Sum Sq Mean Sq F value Pr(>F)
Rachis lenght Progeny 4 55464.91 13866.23 30.10 0.0000***

Replicate 6 43875.81 7312.64 15.88 0.0000***
Progeny x Replicate 24 58596.83 2441.53 5.30 0.0000***
Residuals 745 343159.29 460.62

Number of leaflets Progeny 4 7861.33 1965.33 49.74 0.0000***
Replicate 6 5516.24 919.37 23.27 0.0000***
Progeny x Replicate 24 17551.85 731.33 18.51 0.0000***
Residuals 745 29436.96 39.51

Table B.2: ANOVA table of rachis length and number of leaflets 30 months after planting. The ANOVA model is a two
way with interactions ( progeny x sample) model (n.s., non-significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001).

Variable Factor Df Sum Sq Mean Sq F value Pr(>F)
Rachis length Progeny 4 54961.98 13740.49 24.75 0.0000***

Sample 1 1448.86 1448.86 2.61 0.1066 n.s.
Progeny x Sample 4 4985.28 1246.32 2.24 0.0626 .
Residuals 829 460292.67 555.24

Number of leaflets Progeny 4 7540.59 1885.15 28.75 0.0000***
Sample 1 76.24 76.24 1.16 0.2812 n.s.
Progeny x Sample 4 2269.87 567.47 8.66 0.0000***
Residuals 829 54349.43 65.56
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Figure B.1: Coarse architectural traits measurements (rachis length and number of leaflets) for the 7 replicates of the
experimental site, for the 5 studied progenies (30 months after planting). Replicate 4(in red) is the replicate on which
detailed measurements for 3D reconstructions were performed.
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Figure B.2: Coarse architectural traits measurements (rachis length and number of leaflets) for the 5 studied progenies in
all replicates 30 months after planting. Red points indicate plants on which detailed measurements for 3D reconstructions
were performed.
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Figure B.3: Evolution of rachis length (leaf rank 17) over plant development for replicate 4
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the inter-individual variability of organogenesis in sugar beet populations using a hierarchical segmented
model. Ecological Modelling, 263:56–63.

[Baldocchi, 1994] Baldocchi, D. (1994). An analytical solution for coupled leaf photosynthesis and stomatal
conductance models. Tree Physiology, 14:1069–1079.

[Baldocchi and Harley, 1995] Baldocchi, D. and Harley, P. (1995). Scaling carbon dioxide and water
vapour exchange from leaf to canopy in a deciduous forest. ii. model testing and application. Plant,
Cell & Environment, 18(10):1157–1173.

[Ball et al., 1987] Ball, J. T., Woodrow, I. E., and Berry, J. A. (1987). Progress in Photosynthesis Research.
Springer.

[Barcelos et al., 2015] Barcelos, E., Rios, S. d. A., Cunha, R. N., Lopes, R., Motoike, S. Y., Babiychuk, E.,
Skirycz, A., and Kushnir, S. (2015). Oil palm natural diversity and the potential for yield improvement.
Frontiers in Plant Science, 6(190).

[Barczi et al., 2008] Barczi, J.-F., Rey, H., Caraglio, Y., De Reffye, P., Barthélémy, D., Fourcaud, T., and
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[Guédon et al., 2001] Guédon, Y., Barthélémy, D., Caraglio, Y., and Costes, E. (2001). Pattern analysis
in branching and axillary flowering sequences. Journal of Theoretical Biology, 212(4):481–520.

[Hackenberg et al., 2014] Hackenberg, J., Morhart, C., Sheppard, J., Spiecker, H., and Disney, M. (2014).
Highly accurate tree models derived from terrestrial laser scan data: A method description. Forests,
5:1069–1105.

[Hackenberg et al., 2015] Hackenberg, J., Spiecker, H., Calders, K., Disney, M., and Raumonen, P. (2015).
Simpletree–an efficient open source tool to build tree models from TLS clouds. Forests, 6(11):4245–4294.

[Hall and Bailey, 2001] Hall, D. B. and Bailey, R. L. (2001). Modeling and prediction of forest growth
variables based on multilevel nonlinear mixed models. Forest Science, 47(3):311–321.
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Société Française de Statistique, 151(1):3–25.

[Jaligot and Rival, 2015] Jaligot, E. and Rival, A. (2015). Applying epigenetics in plant breeding: Bal-
ancing genome stability and phenotypic plasticity. In Advances in Plant Breeding Strategies: Breeding,
Biotechnology and Molecular Tools, pages 159–192. Springer International Publishing.

[Jonckheere et al., 2004] Jonckheere, I., Fleck, S., Nackaerts, K., Muys, B., Coppin, P., Weiss, M., and
Baret, F. (2004). Review of methods for in situ leaf area index determination: Part I. Theories, sensors
and hemispherical photography. Agricultural and Forest Meteorology, 121(1–2):19 – 35.

[Jones, 1997] Jones, L. (1997). The effects of leaf pruning and other stresses on sex determination in the
oil palm and their representation by a computer simulation. J. theor. Biol., 187:241–260.

[Jørgensen et al., 2003] Jørgensen, U., Mortensen, J., and Ohlsson, C. (2003). Light interception and dry
matter conversion efficiency of miscanthus genotypes estimated from spectral reflectance measurements.
New Phytologist, 157:263–270.



[Jourdan and Rey, 1997a] Jourdan, C. and Rey, H. (1997a). Architecture and development of the oil-palm
(Elaeis guineensis Jacq.) root system. Plant and Soil, 189:33–48.

[Jourdan and Rey, 1997b] Jourdan, C. and Rey, H. (1997b). Modelling and simulation of the architecture
and development of the oil-palm (Elaeis guineensis Jacq.) root system. Plant and Soil, 120:217–233.

[Julia, 2007] Julia, C. (2007). Modélisation et simulation de l’architecture du palmier à huile afin de
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[Pallas et al., 2013c] Pallas, B., Soulié, J.-C., Aguilar, G., Rouan, L., and Luquet, D., editors (2013c).
X-Palm, a functional structural plant model for analysing temporal, genotypic and inter-tree variability
of oil palm growth and yield. 7th International Conference on Functional-Structural Plant Models.
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