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a b s t r a c t
The number of organs produced by a plant varies among the individuals of a population. Taking these
variations into account is an important step in understanding phenotypic variability. The aim of this
study was to simulate stochastic development and growth in response to environmental change using
GreenLab, an organ level functional-structural model. An annual herbaceous species, Spilanthes acmella
L., was grown in pots in two climatic conditions corresponding to a wet and a dry season. Detailed records
of plant development, plant architecture and organ growth were kept throughout the growing period.
The concept of simple and compound organic series was introduced to target data for fitting. The model
was calibrated using a mathematical model of stochastic plant development and growth. Here we
describe (1) how a stochastic Functional Structural Plant Model is calibrated in two steps by first assessing the functioning parameters of meristems, and second the source-sink parameters of organs by fitting
them on average organic series; (2) how dry conditions trigger the response of the plant both in the
development of the inflorescence and in the allocation of biomass, quantified by model parameters.
The calibration of a stochastic plant model opens a large window of opportunity to capture the common
features of plant development and growth among stochastic individuals in a plant population, especially
those with a branching structure. This extends the area of application of FSPM to analyzing food plants, or
assisting breeding.
Ó 2017 Elsevier B.V. All rights reserved.

1. Introduction
Yield prediction has been the target of process based models
(PBM), e.g. APSIM (Keating et al., 2003), STICS (Brisson et al.,
2003), CERES (Jones et al., 1986), and PILOTE (Mailhol et al.,
2011). PBMs mainly focus on plant population per unit area rather
than on individual plants; biomass partitioning is based on organs
(leaves, internodes, fruits), and usually total biomass and the compartment representing yield (fruit, tap root, or stem) are taken into
account. The basic equation of biomass production relies on light
use efficiency (LUE), photosynthetic active radiation (PAR), light
⇑ Corresponding authors at: CIRAD, AMAP, F-34398 Montpellier, France
(S. Sabatier). State Key Laboratory of Management and Control for Complex
Systems, LIAMA, Institute of Automation, Chinese Academy of Science, Beijing
100190, China (M.Z. Kang).
E-mail addresses: sylvie-annabel.sabatier@cirad.fr (S. Sabatier), mengzhen.
kang@ia.ac.cn (M. Kang).
http://dx.doi.org/10.1016/j.compag.2017.04.012
0168-1699/Ó 2017 Elsevier B.V. All rights reserved.

interception by the crop at the m2 level (using the leaf area index,
LAI).
The majority of PBMs can predict yield when the components of
the plant architecture are simple, such as the plants with a single
stem (e.g. sunflower, maize). This ensures that the HI does not vary
too much in different experiments, an important condition for the
satisfactory prediction of yield (Ma et al., 2008). In the case of environmental stress (water, light), or plant architectures with stochastic traits (branching patterns, abortion of organs), problems with
PBMs occur because the harvest index (i.e. dry mass of harvested
component/the total shoot dry mass) can vary significantly, mainly
because biomass partitioning is modified depending on the behavior of the organ abortions during plant development (Marcelis,
1994).
With no precise identification of the origin of variation at the
level of organs (abortion, etc.) working with PBMs requires correction of the model using the empirical functions of the organ. The
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Pilote model (Mailhol et al., 2011) can modify the LAI thanks to an
empirical function depending on water shortage. On the other
hand, if the plant architecture is simple as in sunflower, PBMs
can integrate plant development traits. For example, Sunflow
(Casadebaig et al., 2011) computes the size of each leaf along the
stem to assess the LAI.
The allocation of biomass to the different organs changes in a
complex way depending on the interaction between source-sink
organs (Mathieu et al., 2008) and triggers meristem and organ
abortion, which is at the origin of the stochastic behavior of plant
development.
For a better understanding of the mechanisms that drive biomass production and partitioning, it is useful to consider both
plant growth and plant architecture, as well as its phenotypic plasticity, i.e. the phenotypic diversity that a given genotype can generate in response to environmental variations (Bradshaw, 1965).
This is the domain of functional structural plant models (FSPM),
whose goal is to mimic physiological functioning during the
growth process in a given environment in the framework of plant
architecture. In FSPMs, organs play the role of sources and sinks.
The action of light on individual leaves produces biomass that is
distributed among competing organs. The drawback of most FSPMs
(Allen et al., 2005; Eschenbach, 2005) is that they provide a deterministic description of the meristem functioning at phytomer
level.
Stochastic processes have been developed to account for variability in plant architecture. Originally, only plant development
was concerned, coupled with fixed organ dimensions, i.e. plants
with continuous growth like cotton, (de Reffye et al., 1988), and
plants with rhythmic development like poplar (de Reffye et al.,
1991). Complex branching patterns interacting with gravity effects
have been developed based on Maple tree (Costes et al., 2008).
The both stochastic plant development using meristem activity
and plant growth using source sink functioning of organs were
integrated in FSPMs. Models like L_peach (Lopez et al., 2008) or
Lkiwi (Ciestak et al., 2011), use full simulations for a detailed
understanding of the functioning of individual organs according
to their position in the plant architecture. Many parameters are
needed and their values are preset according to direct measurement made on the plants or values reported in the literature. Simulations are run to illustrate the model’s potential to reproduce the
major features of the plant’s behavior.
Inverse methods that calibrate the functions of individual
organs as sources and sinks in real plants are rare, hence only a
limited number of computer simulation experiments are available
to provide insights into plant behavior (Cournède et al., 2011). The
GreenLab model (Kang et al., 2011; Guo et al., 2006; Letort et al.,
2008) is one of the few FSPMs that includes an inverse method
to calibrate both growth and development from experiments that
produced field data on plant organs. Herbaceous plants have specific growth and development features: the young plant exhibit a
leaf rosette while the adult plant exhibit a basipetal or acropetal
flowering gradient during the stem elongation. So the herbaceous
plant as Brassica napus L. (Jullien et al., 2011), Arabidopsis thaliana
(L.) Heynh. (Christophe et al., 2008), Chrysanthemum sp (Kang
et al., 2012) have been calibrated using software like Digiplant or
GreenScilab included the GreenLab model. However, stochastic
development was not included in these studies and only average
plants built from the statistical distributions were taken into consideration. In addition, while environmental constraints modulate
plant architecture (Barthélémy and Caraglio, 2007), few studies
produced using the GreenLab model were focused on plasticity in
contrasting environments such as that caused by seasonality. In
Mongolian Scots Pine, Wang et al. (2012) reported that variation
in rainfall affects the biomass increment more than architecture.
Under drought conditions, plant growth is generally more limited

by organogenesis and organ expansion than by C assimilation
(Pallas et al., 2013).
The aim of the present study was to model the relationship
between biomass production and plant architecture using a
stochastic GreenLab model. The effect of drought on phenotypic
variability is revealed through model calibration. Spilanthes plants
were grown in wet and dry season using a similar experimental
design. Spilanthes acmella was chosen because of its many food
and medicinal uses in Madagascar and of a need to improve the
crop (Gockowski et al., 2003). The GreenLab model was used to
simulate the stochastic development and growth process with a
specific module dedicated to the acropetal flowering sequence.

2. Material and methods
2.1. Experimental setup and data collection
The study was conducted at west Madagascar in Mahajanga
(15°410 30.2800 S; 46°200 21.8600 E). The seeds of Psilanthes acmella
L. (Asteraceae) came from Mahajanga, a plain with a hot dry climate. After germination, single plants were cultivated in large pots
without irrigation and without inter-individual competition. The
first experiment lasted from February to May 2012, and corresponded to the wet season. The second experiment lasted from
June to August 2012, and corresponded to the dry season (see
Fig. 1 for climatic data).

Fig. 1. Climate diagrams (observed precipitations and mean temperature with
minimum and maximum curves) were built using data from nearby meteorological
stations. From February to May for experimental wet period and from June to
August for experimental dry period.
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of development of the plant, if the development of the plant is not
yet complete, the mean number of phytomers on the axis of order k
is:

In each season, 65 plants belonging to the same cultivar were
observed, among which 35 plants were observed nondestructively at seven-day intervals before terminal flowering. Five
plants were cut every two weeks to measure the fresh biomass of
the different plant organs.
The growth of Psilanthes acmella (Fig. 2) is continuous. At the
growth end, the apical meristem of the stems transforms into a
capitulum inflorescence (i.e. a compact cluster of flowers). A plant
stem consists of a succession of phytomers composed of one
internode and one node associated with two leaves and two axillary buds. After germination, the apical meristem of the main stem
produces 6–9 phytomers before the appearance of the inflorescence. Each lateral meristem can develop into a branch. The
branches can bear third-order twigs. Branches of distal rank elongate earlier than those of proximal rank, which results in an acropetal flowering sequence. The time lag between the appearance
and elongation of a branch, called ‘‘the growth delay” needs to be
determined when the internodes and flowers become significant
sinks.



TX k ðNÞ ¼ 2k1

3

ð1Þ

The first challenge in applying the model is to obtain these
probabilities by observing plant architectures. This is achieved by
statistical analysis of the plant crown, which has already been conducted on trees (Diao et al., 2012). A plant crown is defined as the
set of a stem and its second order branches. Sub-crowns are
defined recursively by the order of the third axes branched on a
second axis. Architectural data from plant crowns include the
number of phytomers of branches according to their rank from
the top of stem downward.
Let K be a random variable indicating the rank of the phytomer
from the top of the main axis, let XK be a random variable indicating the number of phytomers of a second order branch located at
rank K. Meristem activity is computed by using the mean (MK)
and the variances (VK) of XK. Considering T repetitions of the plant
crown, MK and VK are estimated as:

In a given period, the number of phytomers of a stem differs
among the individuals of a population. Considering the appearance
of a phytomer as an event, according to renewal theory (Feller,
1968), the number of phytomers (events) follows a normal discretized distribution that can be approximated by a binomial distribution (de Reffye et al., 2012). Accordingly, in the GreenLab
model, plant stochastic development is simulated by a Bernoulli
process. At each cycle of development (CD), which corresponds
to the time that elapses between the appearance of two successive
phytomers, each terminal meristem can either develop a new phytomer or not. Let N be the number of development cycles during a
given growth period, and b be the probability to produce a phytomer at each CD, the number of phytomers produced follows a
binomial distribution (N, b).
Since the meristem activities of main stem and branches vary
between individuals, we defined probabilities b1, b2 and b3 as the
probability of growth of the main stem, and second order, third
order branches, respectively. In GreenLab, a branching probability
a2, and a3 is defined for second and third branching order. These
probabilities (b1, b2, b3, a2, a3) are sufficient to simulate the full
inter-individual variability of the plant architecture.
The number of organs, which has to be known to compute plant
demand (i.e. the cost of building the organs and respiration),
depends directly on these probabilities. If N is the number of cycles
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2.3. Plant crown analysis

2.2. Modeling stochastic plant development
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where XsK is the number of phytomers of a branch ranked K from the
s-th observed plant. Since in Spilanthes there are two branches per
phytomer, at each rank K, we define the local variance of XK, which
is estimated as:

v~ K 

s;2
1 X X s;1
K  XK
T
2

!2
ð3Þ

where Xs,1
and Xs,2
K
K are the number of phytomers of two twin
branches at rank K on plant s. If b1 < 1 we always obtain V K > v K .
The probabilities of b1 and b2 being associated with the Bernoulli
processes of the main stem and secondary branches are given by:

~
~
~1 ¼ 1  V K ; b
~2 ¼ 1  KðV K  v~ K Þ ;
b
~2
~
M
MK
K

ð4Þ

The same method of analysis is applied to the sub crowns to
obtain the growth probability of phytomers in second-order
branches, b3. It should be noted that to study the functioning of
meristems of second and third order axes, one should wait until

4

5

Fig. 2. The morphogenesis sequence of Spilanthes acmella growing in wet season: 1 and 2: vegetative stage; 3: main stem flowering; 4: appearance of branches; 5: elongation
of second-order and third-order branches, all axes have a terminal inflorescence (circles).
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the growth delay of all the branches has ended. Eq. (4) is then
applied to all the ranks K on the stem and a set of values is obtained
for b1 and b2, from which we can compute the averages using each
K value. The same analysis is performed for other branching orders
to obtain b3. Probability a is estimated by dividing the number of
observed branches by the number of potential branches, this being
two at each branching site because Spilanthes has opposite
phyllotaxis.
2.4. Modeling the lateral acropetal or basipetal flowering sequences
All the axes of Spilanthes display terminal flowering at the same
time. Consequently, in this plant, terminal flowering can only be
observed when growth is complete, because there is a time lag
between their initiation and growth. Elongation of branches can
be of acropetal or basipetal sequences, depending on the type of
organ, and on the position of the corresponding phytomer in the
plant structure. Kang et al. (2012) proposed a generic set of equations that compute the delay in growth, depending on the prefix
abscissas of the organ. Each abscissa measures the rank of the phytomers between the branch insertion and the top of the bearing
axis (Fig. 3). The sum of the abscissas is the number of phytomers
between their current position and the base of the structure.
Let T 1mx be the maximal number of phytomers on the main stem,
which is the position of the terminal inflorescence. Let T 2mx be the
maximal number of phytomers on the second order axes, The number T 2i of phytomers of a second-order axis which locates at phytomer rank i from the base of the main stem is:

(

T 2i

¼

T 1mx  i T 1mx  T 2mx < i < T 1mx
T 2mx

i 6 T 1mx  T 2mx

ð5Þ

Similarly, the number of phytomers T 3i;j of a third-order axis on
the phytomer of rank j on the second-order axis at rank i from the
base is:

(

T 3i;j

¼

T 2i  j T 2i  T 3mx < j 6 T 2i
T 3mx

j 6 T 2i  T 3mx

ð6Þ

where T 3mx is the maximal number of phytomers on the third order
axes.
Let g o1 , g o2 be coefficients that modify the delay in the expansion
of the organs in the branching order 2, 3. We then have a linear system that controls the growth delay do of organs everywhere in the
plant structure.
For the second order axis of rank i from the bottom:

do ðiÞ ¼ g o1 ðT 1  iÞ
For the third order axis:

do ði; jÞÞ ¼ do ðiÞ þ g o2 ðT 2 ðiÞ  jÞÞ

ð8Þ

For the fourth order axis:

do ði; j; kÞ ¼ do ði; jÞ þ g o3 ðT 3 ði; jÞ  kÞÞ

ð9Þ

As can be seen, the delay in growth is computed in a recursive
way. Phytomer ranks from the bottom, i, j and k are the coordinates
of the axis and of the phytomers of the plant structure expressed in
preset order. In this set of linear equations, the coefficient go controls the propagation of the flowering sequences. go = 0 is synchronous growth and development without a delay; go < 1 is an
acropetal flowering sequence; go = 1 is the synchronous start of
the expansion of the branches; go > 1 is a basipetal flowering
sequence (Fig. 4). Note that even if plant development ended at a
given time of CD, photosynthesis and the expansion of organs continue during the development of the lateral branches.

2.5. Modeling biomass production of plant with stochastic
development
The concepts used in the GreenLab model are explained in
detail in several papers (Guo et al., 2006; Ma et al., 2007; Kang
et al., 2011). In particular, as Spilanthes shares many traits with
Chrysanthemum, we chose a similar mathematical model
described in Kang et al. (2012). But Spilanthes plants have a
stochastic development resulting from the inter-individual variability. The model framework is the same as the deterministic
one, while the biomass production and allocation depends on
organogenesis. In the GreenLab model, the seed and the leaves
are source organs and the biomass produced during each cycle of
development is a function of the plant leaf area. At a given growth
cycle N, the biomass increment of plant sample s in a population, Q
(N)s (g), is computed as:




AðNÞs
QðNÞs ¼ E:r:SP 1  exp k
SP

Fig. 3. Topological description of the structure of a fourth-order branching plant
and the associated growth delay of branches. Phytomers are represented by
rectangles and apical inflorescence by circles. The final number of phytomers are
indicated at the top of each axis : T1 for main stem; T2 for second order axis of
coordinate (i); T3 for third order axis of coordinate (i,j); T4 for fourth order axes pf
coordinate (i,j,k); i, j, k and x are the phytomer ranks from the bottom of the mother
axis.

ð7Þ

ð10Þ

In Eq. (10), r is the light use efficiency (g mol1), a calibration
coefficient computed using the inverse method; k is the light
extinction coefficient, which is set to 1 because the leaves of Spilanthes are close to horizontal in orientation; SP is the production leaf
area of the plant (cm2), often set as the inverse of population density, but that can be more accurately assessed using the inverse
method; A(N)s is the total leaf area of the plant s (cm2) at cycle n,
computed as the ratio of leaf fresh mass to specific leaf weight
(SLW); E is the incident radiance integral per cycle (mol m2
CD1). However, to study and simulate the step-by-step growth
of a plant as a dynamic source and sink system, it is not necessary
to explicitly link growth to environmental parameters (light or
temperature), since information on growth is stored in the plant
architecture: the number and size of the different types of organs
store the memory of plant development and growth. Once thermal
time and light use efficiency function correctly, identifying the
parameters is a stand-alone mathematical problem: parameter r
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Fig. 4. Flowering patterns controlled by different growth delay parameters (go) that control the expansion of organs with the same development pattern. go = 0 : the
expansion of organs is synchronous between main stem (blue), second order axes (green) and the third order axes (red); go = 0.3, the expansion of organs is acropetal; go = 2 :
the expansion of organs is basipetal. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

becomes identifiable when the value of E is fixed. So from a purely
growth point of view, we can normalize the parameter E to 1 and r
is a calibration coefficient computed with the inverse method.
2.6. Modeling biomass partitioning among organs
In the GreenLab model, each growing organ competes for biomass according to its relative sink strength (the competitive ability
of an organ to accumulate biomass) based on the assumption of a
common biomass pool (Marcelis and Heuvelink, 1994). Organs of
the same type (internode, leaf or flower) share the same relative
sink strength function if they are created during the same cycle.
o
For an organ of age t (t = 1, 2, . . ., N), its sink strength f p is computed
as in Eq. (11):

f p ðtÞ ¼ Ppo uo ðt  dO ðposÞÞ
o

ð11Þ

Ppo is the relative sink strength of organ O of branching order p, a
dimensionless constant to be obtained by parameter identification
(Table 3). The main stem leaf is set as the reference organ, that is,
P 1L

¼ 1. /o is a beta function describing the variation in sink of
organ O with age (Yan et al., 2004). The growth delay of this organ,
dO (pos), is computed from Eqs. (7)–(9), pos being the position of
the branch to which this organ belongs, whose components
depend on the branching order. An organ competes for biomass
only when it starts to expand, that is, if its age is greater than
the delay; otherwise, its sink strength is negligible.
In GreenLab model, the organ sink strengths (D) were computed
relatively to the leaf sink strength. The sum of the individual organ
sink strengths quantifies the primary demand for biomass in plant
s, D1(N)s:

D1 ðNÞs ¼

s
MðNÞ
X

X

o

f p ðtðidÞÞ

ð12Þ

id¼1 O¼L;I;F

where M(N)s is the total number of phytomers of plant s at age N; it
will be recalled that this is a random variable due to budding probability during plant development, obtainable with a Monte-Carlo
simulation. id is a unique index of each phytomer, from which the
information can be retrieved, including the phytomer coordinate

(pos), the branching order (p) and the age (t) of the phytomer
(organ). f is the sink function (Eq. (11)).
Although Spilanthes development ends rapidly, the growth of
plant organs continues, as does the secondary growth of the internodes. Based on the hypothesis that secondary (girth) growth
depends on plant vigor, quantified as the ratio of biomass supply
to demand (i.e. the sink to source ratio), the secondary demand,
D2(N)s, is computed:

D2 ðNÞs ¼ SC :Q ðNÞs =DðNÞs

ð13Þ
1

SC, the girth growth coefficient (g ), is an unknown parameter
to be estimated inversely (Table 3). Total plant demand, D(N)s, is
the sum of primary and secondary demand, given by:

DðNÞs ¼ D1 ðNÞs þ D2 ðNÞs

ð14Þ

Resolving the equation gives Eq. (15):

DðNÞs ¼

D1 ðNÞs þ

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
D1 ðNÞs þ 4:Sc:QðNÞs
2

ð15Þ

From Eq. (15) it can be seen that plant demand depends on biomass production Q, thus the interaction between plant demand
and supply is introduced.
2.7. Organic series in stochastic plants
We defined the set of individual organs (leaves, internodes,
flowers) along the stem as a ‘‘simple organic series” (Buis and
Barthou, 1984). The simple organic series on the main stem are
the fresh organ weight of individual leaves, internodes, terminal
inflorescence according to the phytomer ranked from the base of
the stem. While each phytomer comprises two leaves, the leaf series corresponds to the average weight of both leaves. The weight of
the individual organ at the beginning of branch expansion was too
low to be assessed. Therefore the organs of a branch were pooled as
compartments and their total weight was measured. This led to the
notion of ‘‘compound organic series”, corresponding to the weight
of leaves, of internodes or of flowers for each lateral branch according to rank of the branch, counting from the base of the stem.
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Organ weight in an axis of given branching order varies because
the organs start expanding at different times, and are subject to
different Source and Sink ratio of the plant. Let the variable
s

ðqo;t
p;N Þ be the weight of an organ o in a stem of branching order p
of age t at the chronological age N of the plant sample s (note that
each individual plant differs because of bud probabilities). The
mathematical expression of a simple organic series of plant s is
h
s 
s

s i

s
given by ½qop;N s ¼ qo;1
, where
qo;t
; qo;2
; . . . ; qo;N
p;N
p;N
p;N
p;N
results from the accumulated biomass allocated to this organ on
the main stem since its appearance, see Eq. (16).
s
t
N

s X

s X
Q ðj  1Þ
p
qo;t
¼
D qo;tjþ1
¼
f O ðN  j þ 1Þ 
s
p;N
p;Njþ1
DðjÞ
j¼1
j¼t

ð16Þ

As mentioned above, in the case of Spilanthes, whose branch
organs are too tiny and numerous to be measured individually,
compound organic series are more appropriate to monitor growth
and provides more detailed information on growth than the plantlevel organ compartments, which provide no information on
growth delays during organ expansion. The mathematical expression of a compound organic series of plant s is

s i
 o s h o;1 s  o;2 s
s
cN ¼ cN ; cN ; . . . ; co;N
, where co;t
is the total weight
N
N
of organ o in a branch and its sub-structures (p > 1) of age t of the
plant sample s, N being the chronological age of the plant, see Eq.
(17).

co;t
N

s

¼

max
t 
XpX

qo;j
p;N

s

ð17Þ

filter based on the negative binomial law, which links the rank to
all combinations that associate the pauses of the meristem.
Starting from the top of the main axis, at rank K of a phytomer,
the visible phytomer results from a mixture of all the possibilities
of obtaining rank K according to the distribution of the delays generated by the Bernoulli process of parameter b. This is typically the
definition of the negative binomial law (K,b). For example, let us
consider the phytomer at the top of the axis. It may be small and
have just appeared, or it may be big, old, and have undergone
expansion in several development cycles, during which the terminal meristem was in a delay state. For this phytomer, the distribution of the delays follows a geometric law with parameter b, that is,
a particular case of the negative binomial law with rank K = 1. A
theoretical organic series is then obtained for plants with stochastic architectures. So at rank K, the theoretical visible single organic
^o;K
series, q
1;N , is defined by the equation:

^o;K
q
1;N ¼

N
N
X
X
K
tK o;t
o;t
1;N
Pr exist ðt; NÞq
C Kt b ð1  bÞ q
1;N ¼
t¼K

ð18Þ

t¼k

Similarly, the theoretical visible compound organic series, ^co;t
N , is
computed as follows:

^co;K
N ¼

N
X
Prexist ðt; NÞco;t
N

ð19Þ

t¼K

2.9. Estimating source and sink parameters by fitting mean organic
series

p¼2 j¼1

h
is
 s
As can be seen above, two vectors of qo1;N and coN quantify
the architectural data of a stochastic plant, and their average value,
h
i
 
~o1;N and ~coN , quantifies a simulated population.
q
2.8. Theoretical organic series
In previous applications of the GreenLab model, the source-sink
parameters were estimated by fitting the weights of individual
organs and of the organ compartments. When the plant architecture is stochastic, a key issue of the inverse method is defining
the target data for fitting. Organic series of leaves, internodes or
fruits contain information on the source and sink dynamics, and
consequently allow the source sink function to be computed by
h
i
 
o1;N and coN ,
the inverse method. Theoretical organic series, q
are desirable, as they give a faster and more accurate analytical
measure than the simulated result, which depends on the size of
the sample. Moreover, theoretical organic series are useful for
detecting bugs. Their computation is similar to the simulation process, except that the number of organs results from the average
structure, as in Eq. (1). Knowing the functioning of stochastic
meristems makes it possible to build a potential structure that contains all possible phytomers with their associated probability of
occurrence (Fig. 5). Plant demand is the scalar product of the list
of the phytomer probabilities and the sink values of their organs.
The theoretical biomass of all the organs contained by the potential
structure makes it possible to obtain a theoretical organic series.
That is obtained from the model is the mean biomass of an
organ of a given age, however, in a real plant, it is impossible to tell
the age of the plant from the position of a given organ, as its history
is not known. To match plant age with observed data, theoretical
visible organic series need to be computed, so the second step is
to obtain the visible average organ series from the invisible potential structure, in which each organ has a probability of occurrence.
To match the series with the real series, it is necessary to apply a

The data on Spilanthes acmella are an average organ fresh
weight of the five plants according to the rank of the phytomer
from the top. The fitting target is to minimize the difference
between the theoretical visible organic series, as indicated in Eqs.
(18) and (19), and the corresponding real measured data, using
optimization algorithms. Fitting the observed organic series to
the computed series makes it possible to identify the source and
sink parameters of the model. Fitting one or several growth stages
is called ‘‘single” or ‘‘multi” fitting, respectively (Guo et al., 2006).
Multi-fitting requires several arrays to fit the corresponding
growth stages. For this study, five states of observations were
taken into account, i.e. 4, 6, 8, 10 and 12 cycles of development.
Geometrical parameters (phyllotaxy, branching angles, organ
allometry) were measured empirically. Although the visual aspect
of the 3D plants contains less information than the fitting of the
organic series, it is necessary to complete the application of the
modeling of the plant process. It provides a visual check that the
objective of the study has been achieved and that nothing important is missing (see Fig. 10).
3. Results
3.1. Plant kinetics and stochastic development of the stem
Phytomers are produced continuously throughout the elongation period. The interval between the production of two successive
phytomers is generally a week. The relationship between the number of phytomers (y) and the number of days (x) is y = 0.13 ⁄ x.
There is some stochastic behavior in the final number of phytomers of the main stem (T1). The observed relationship between
mean and variance is V = 0.054 ⁄ M. The development of the stem
is regular, and meristem functioning follows a Bernoulli process
with parameter b1 = 0.95 (Eq. (4)). Considering phytomer production as a Bernoulli process, solving the system gives:
T1 = M/0.95 = 9. Even though the variability of the number of phytomers of the main stem is small, it gives a distribution at the
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Fig. 5. Potential structure with 3 physiological ages or categories of axis. The probability of occurrence of a phytomer depends on the Bernoulli process b1, b2, b3 and of the
branching probabilities a2, a3, according to the type of axis: main stem (blue), second order axes (green) and third order axes (red). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

terminal flowering sequence ranging from 5 to 8, (average 6
phytomers).
The conversion of the number of phytomers into cycles of
development discretizes the growth process. The number of CDs
from day (d) is given by the formula that drives the kinetics of
plant development: CD = (0.13/0.95) ⁄ d.

is equivalent to estimations of the meristem functioning of b1 estimated from a pair of second and third order axes. Given this degree
of accuracy, it is reasonable to simplify all the Bernoulli values to
the average b = 0.90.

3.2. Identifying plant development parameters

Although the parameters of the equation that control the delay
in expansion should be optimized together with the whole set of
parameters, it is possible to directly assess their empirical values
by adjusting the simulated results with observations of plants
made at different stages of development (Fig. 7). First order
branches remain in the embryonic stage on the stem until CD 8
of plant growth, waiting for expansion to begin. A corresponding
visual effect is found for parameters gL,I
2 = 0.5 for leaves and internodes of second order branches and gF2 = 0 for the terminal inflorescence. The development of branches involves a delay in the
direction of the apex (i.e. acropetal) and the development of the
inflorescence begins immediately. The development of the third
order branches is delayed and basipetal (gO3 = 2).

It will be recalled that the aim of plant crown analysis is to
obtain the probabilities (b1, b2, b3, a1, a2) that control plant development (Fig. 5). The variation in the length of branches and the
number of branches observed in a sample plant results from the
stochastic behavior of the model (Fig. 6). This analysis can be conducted only in the experiment with no water stress that results in a
normal plant structure. In the case of water stress, the visible
development of the branches is not sufficient to apply formula
(4). Even if the hidden development is normal, the phytomers
remain in the state of primordia.
Statistical data from 35 plant tops are given in Table 1. The analysis stops after rank 6 from the top, because longer stems are rare.
Although the number of branch phytomers did increase from the
top, which is a typical feature of panicle inflorescences, the value
XK (phytomer number of axes at K node from the main stem top)
is not the same because the development is stochastic. Thus two
branches belonging to the same pair do not necessarily develop
in the same way (seen by vK). Because the observed probability
of ramification on the stem is a = 0.8, then some branches do not
develop. Interestingly, the branches ranked K = 6 have the same
mean as those ranked K = 5. This means that the last pair of
branches (K = 6) stopped developing when terminal flowering
occurred, whereas all the other branches stopped developing synchronously. Using Eq. (4) gives the values of b1 and b2 at rank K
(from 1 to 5) from the top of the stem (Table 2). It should be noted
that Eq. (4) gives another estimation of parameter b1. Depending
on the choice of the primary axis, b1 and b2 can be probabilities
of first, second or third order axes in the plant architecture. For
instance, b2 estimated from a pair of first and second order axes

3.3. Functions of the delay in branch expansion

3.4. Computing hidden source and sink parameters
Fitting the organic series provides a trace of the dynamic process from the static observations of the plant architecture. The
measured organic series are fitted simultaneously, using the same
set of parameters. Four set of plants of four different sample dates
were fitted with the same set of parameters in order to limited the
variability during the growth period.
The supplementary secondary growth of the internodes is visible on the first ranks on the stem, which can be seen if one compares the data of internodes and leaves. Leaves rapidly stop
expanding, while the internodes continue to increase their girth.
The weights of the compound series decrease from the bottom of
the stem upwards for internodes and leaves because the length
of the lateral branches decreases. However, fruit weight resulting
from the acropetal trend is more stable (Fig. 8).
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Fig. 6. Simulated stochastic topology of Spilanthes. Only the stem (blue) and the branches (green) are represented. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 1
Plant top analysis: mean and variance of the number of phytomers in the secondorder branches according to their rank from the top of the main stem. MK and VK are
respectively the mean and variance of branch length (in the number of phytomers) at
rank K from the top, vK is a local variance between two branches with the same rank.
Rank K

MK

VK

vK

1
2
3
4
5
6

1.46
2.16
2.65
3.06
3.50
3.60

0.25
0.62
0.38
0.30
0.46
0.66

0.00
0.16
0.18
0.03
0.38
0.21

Table 2
Results of stochastic topological model fitting of
branches of different orders (Order 1, 2, 3 and 4).
Growth probability of the parent axis (b1) and axis (b2):

Order1/2
Order 2/3
Order 3/4

b1

b2

0.87
0.96
0.90

0.94
0.88
0.90

3.5. Computing total biomass production and its partitioning
In this study, the total weight of the plant and of the biomass
compartments was not used as input data to fit the model. Only
organic series were measured and fitted (Fig. 8). However, during
the fitting process of the organic series, the model computed the
internal variables of the system as total organ demand, i.e., the
total biomass produced at each CD, and its partitioning among
competing organs. It was therefore possible to check that the computed biomass of compartments matched the measured biomass.
Biomass production and its partitioning are well calculated during
the growth process, using both meristem development parameters
and optimized source and sink parameters (Fig. 9). Comparison
of observed and fitted results for fresh biomass at plant scale at
different ages showed that both total plant biomass and compart-

ment biomass of organs fitted well in the wet season. In the dry
season, the model tended to underestimate biomass production
with a large error in the first cycle of development (Fig. 9). This
may be because measurements were more difficult because the
plants were dry.

3.6. Effect of drought on plant architecture
It can be seen that plant plasticity is high in the different seasons. In the dry season, the effect of water stress reduces growth
and changes the resulting architecture. Plant growth stops at 9
CD instead of at 12 CD in plants growing in the wet season. The
total biomass of the plant in dry conditions is ten time less than
that in wet conditions, so the organs are much smaller than those
of a plant growing in the wet season (Fig. 10). Second order
branches have no terminal inflorescence, third order branches do
not even develop. The parameters that control the growth delay
are different from those in the well-watered conditions. We empirically set the parameters at gL2 = 2 for the leaves, and gI2 = 1.2 for the
internodes, i.e. higher than those of a plant growing in the wet
season.
The leaf resistance factor of plants grown in the dry season is
higher than that of plants grown in the wet season (Table 3). Crops
growing in the dry season have fewer branches, the branches are
shorter and bear less flowers. The sink strength of the internode
of the main stem and branches is lower in crops growing in the
dry season. The organ sinks have relative values compare to the
sink of leaf set to 1. The sink strength of the flowers on the main
stem and the beta law parameter of flowers are higher relatively
to leaf sink strength in plants growing in the dry season than in
those growing in the wet season.
Biomass production was much lower in plants growing in dry
season conditions than in plants growing in wet season conditions.
Biomass production became significant in the 5th cycle of development in plants growing in dry season while it became significant in
the 8th cycle of development in plants growing in the wet season.
The hydric conditions affected the dynamics of biomass production
by the organs.
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Fig. 7. Comparison of the organogenesis and expansion of Spilanthes. The organogenesis is hidden as the preformed part in the meristems until the CD 8. At CD 8, the lowest
branches begin to grow. When the terminal inflorescence (red symbol) appears, the second-order axes (green) grow quickly in an acropetal way, while the third-order axes
(red) follow in a basipetal way. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Multiple fitting from results of Spilanthes (well watered experiment) at the organ level (left, single organic series) and compartment level (right, compound organic
series) with the GreenLab model according to the rank of the phytomer starting from the base of the plant. About 130 measurement data are available for 12 hidden
parameters. Data from 6 figures representing 3 types of organs, and 6 histograms representing the growth stages (not shown here) are fitted together with GreenLab, by the
software Gloups (http://pma.cirad.fr/GreenLab/). Symbols correspond to observations and dotted lines correspond to theoretical results.

4. Discussion
In FSPMs like L_Peach (Lopez et al., 2008), or L_Kiwi (Ciestak
et al., 2011) most of the model parameters are set manually. They
are not the result of a model calibration fitted using optimization
algorithms, computed and observed data taken from the plant

architecture. Unlike a mathematical model, this method does not
allow identification of the parameters and equations of the model,
nor to study the behavior of the model, simulate and calibrate the
model from data assimilation, carry out statistical analysis of the
model and possibly to explore model validation through several
experiments.
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Fig. 9. Observed (symbols) and theorical (lines) cumulative fresh mass dynamics of
the plant for the different organ compartments (leaves: lozenges; internodes:
squares; fruit: triangles) and for whole plant (circles) in wet season (above) and in
dry season (below).

On the other hand, it does not seem to be possible to build a
mathematical plant growth model with such plants as orchard
trees (maple, peach tree) or kiwi vine. They belong to the Champagnat model (Hallé et al., 1978). The plant development schedule
is seriously disrupted by the local gravity effect. Moreover, the

common pool of biomass is obviously unsuitable on woody plants
when the path between source and sink organs is too long
(Heuvelink, 1996). Meanwhile on herbaceous plants assimilates
seem partitioned from one common assimilate pool (no influence
of phloem transport resistance on partitioning). Bending of
branches depending on the situation of fruits modifies the branching patterns and cause meristem abortions. The global concepts
like physiological age and common pool of biomass can be applied
on the many species to most crops, even to trees with a regular
shape and with stiff axes, like poplar, cherry, or conifers. Then
crowns and organic series within the plant architecture can be
identified, which makes it possible to work out the data assimilation needed for inverse methods. In turn, this makes it possible
to build the equations of a mathematical model driving both plant
development and plant growth. Moreover the number of parameters required is small because the goal is initially limited to computing biomass production and biomass partitioning during
growth using simple notions such as light use efficiency and net
photosynthesis. This is the point of view adopted in the GreenLab
model.
A breakthrough was achieved in this study with the calibration
of Spilanthes using the stochastic FSPM GreenLab. Until now,
although the stochastic processes of the meristem functioning
are well mastered, estimation of the source and sink parameters
was only possible for deterministic plants (or average plants). Thus
the first version of the GreenLab model was able to compute the
source and sink parameters of tomato (Kang et al., 2008), maize
(Guo et al., 2006), cotton, pine trees (Wang et al., 2012), but in
plants like the coffee tree, whose stochastic meristem functioning
is mastered, these parameters were not available. This new release
was developed specifically for this purpose.
The calibration of an FSPM model on plant crops needs to be
done in several steps. One step is the choice of the cycle of development (CD), linked to thermal time. The growth process is measured in CD, and this opens the model to the stochastic processes
of the plant development. At each CD, each meristem can produce
a new phytomer, with a probability that characterizes its Bernoulli
process. This CD is also a growth cycle, during which biomass production and partitioning occurs among competing organs. The
cycle of development concept enables a stand-alone study based
on step-by-step growth independent of the environmental parameters, within the limits of reasonable variations around their
means. The parameter SP (surface area of production per plant) in

Fig. 10. 3D simulations of Spilanthes architectures in the wet and dry season, at several stages of growth: from 1 to 12 cycles of development (CD). The effect of acropetal
branching is clearly visible. Visualization using Qingyuan software developed in CASIA.
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Table 3
Parameters used in the model and source and sink parameters from multiple fitting at
Cycle of Development (CD) 4, 6, 8, 10, and 12, on organic series of Spilanthes in the wet
and dry season.
Parameters

Wet
season

Dry
season

From plant data
SLW
Specific leaf weight (g cm2)
Ta
Duration of leaf functioning (CD)
Tx
Duration of organ expansion (CD)
Q0
Initial plant biomass (g)

0.02
12
5
0.1

0.02
12
5
0.1

Estimated by the model
r
Leaf resistance factor
SP
Projection leaf area (cm2)

13.99
15370

33.28
3000
(fixed)
2.06

B leaf1
B
parameter
of
internode
B flower1
SC
P1L
P2L
P1I
P2I
P1F
P2F
C.V.

Description

Beta law parameter of leaf
internode1
3.68

3.04
Beta law
4.16

Beta law parameter of flower
Sink strength of secondary growth
Sink strength of leaf of main stem
Sink strength of leaf on branches
Sink strength of internode of main
stem
Sink strength of branch internode
Sink strength of flower on main stem
Sink strength of flower on a branch
Coefficients of variation of
parameters

4.26
0.19
1.00
0.50
1.31

18.21
0.35
1.00
0.21
0.39

0.65
5.52
7.22
0.14

0.09
30.74
No flower
0.14

the production equation solves light interception by the leaves of a
single plant. Using the inverse method, it gives the functioning leaf
surface area SP that equalizes the equation with the total leaf surface area A of the plant with the biomass production Q based on
stable radiation use efficiency (Eq. (10)). For normal crop densities,
the computed SP, is close to the inverse of the density (beetroot,
tomato, maize), which is proof of the relevance of this approach.
In addition, this efficient generic method avoids computing light
interception from the 3D plant architecture. This needs for each
growth step, to build up a 3D mock up faithful to the plant architecture, and to use sophisticated methods as radiosity get the light
interception used to compute photosynthesis (Soler et al., 2001).
This increases the complexity of calibration process.
One of the major issues in plant architecture modeling is collecting the data from field experiments needed for the identification of the parameters using inverse methods. What
measurements should be made on complex plant architectures
and how to deal with stochastic behavior? Data should be not
too difficult to obtain and should contain all the necessary information. Methods of measurement need to be generic, and more
or less independent of plant structure. In the case of Spilanthes,
even though many phytomers are produced, the meristems have
only three physiological ages. Plant crown analysis gives the
stochastic parameters of meristem functioning from statistics that
are easy to obtain from plant measurements.
The number of types of organic series is the same as the number
of physiological ages multiplied by the number of types of organs
(leaves, internodes, flowers), which does not add up to many. All
the tops of axes of the same type are synchronous, so the same
top down organic sequence is repeated everywhere in the plant
architecture. Collecting organic series is easy and more or less
independent of the architectural model. In the case of herbaceous
plants like Spilanthes, the delayed expansion of branches interrupts
the organic series of their axes, but combining organs in compartments creates compound series of branches on the stem and hence
solves the problem.
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The calibration of a functional-structural model advances our
understanding of plant response to drought. Water is the main limiting environmental factor for plant growth in our study region.
The water deficit in the dry season affects meristem functioning
in Spilanthes acmella as already shown in Vitis vinifera (Pallas
et al., 2013).
Influence of the architectural model on the biomass production
can be understood using FSPM (Letort et al., 2012). At the beginning of growth when all leaves are separated from each other, biomass production is proportional to leaf area and the architectural
model as no influence on the growth. But further when leaves have
overlapping, biomass production becomes proportional to the projection surface of leaves on the ground. Then if the density d is
high, this surface reaches 1/d and the biomass production becomes
constant per unit of time. The functioning of GreenLab model follows this way.
Comparing wet and dry season shows a strong impact on both
development and growth (see Fig. 10). The number of CD for development falls from 12 to 9. Branch expansion is strongly reduced
and the pattern changes from basipetaly to acrotony. On Fig. 9
one can see the drought changes strongly the plant biomass:
6000 cg wet season, 300 cg dry season. This is the result of plant
transpiration that fall done with water shortage. The impact on
the model is to multiply by 3 the leaf resistance factor Leaf resistance factor to transpiration (Table 2). In humid season the weight
of plant compartment of organs (leaves, internodes, fruits) are similar. Meanwhile in dry season the compartment of leaves is two
times the weights of compartments of internodes and fruits that
are similar. Unfortunately no data were collected about the root
system compartment.
Our results show that the sink strength of the internode
decreases relatively from the wet to the dry season. The sink
strength of an internode corresponds to the internode pith or to
the size of the meristem. However, the sink strength of secondary
growth increases from the wet to the dry season. But the sink
strength of the main stem inflorescence was higher in dry conditions. These results show that the allocation of biomass between
reproductive and vegetative compartments was sensitive to the
dry season. This result is confirmed by the study on the annual
populations of Plantago coronopus in which the drought treatment
involved more investment in reproductive tissue (Hansen et al.,
2013). The leaf resistance factor, a proxy for plant water use efficiency, increased with a decrease in rainfall. Less biomass is produced at the equivalent transpiration rate in the dry season.
5. Conclusions
A stochastic functional-structural GreenLab model was developed to simulate developmental variability and plant response to
environmental factors. First, plant crown analysis provided functioning parameters for the meristem. Second, the organic series
provided the source and sink parameters. Third, all these parameters made it possible to simulate plant development, plant growth,
finally yield. In the future, the analysis of several provenances of
Spilanthes should help breeding by controlling the key components
of yield.
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