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ABSTRACT

In the context of climate change and agrosystem complexification, process-based models of the reproductive
phenology of perennial grasses are essential to optimize the agronomic and ecologic services provided by grass-
lands. We present a functional-structural model called L-GrassF, which integrates the vegetative and reproductive
development of individual Lolium perenne plants. The vegetative development in L-GrassF was adapted from a pre-
vious model of perennial ryegrass where leaf elongation and tillering dynamics partially result from self-regulated
processes. Significant improvements have been made to this vegetative module in order to deal with the whole
growing cycle during which plants are exposed to contrasting temperatures. The reproductive module is a new
functionality describing the floral induction of the individual tiller from daily temperature and photoperiod as well
as its phenological state. From the interactions between the vegetative and reproductive developments, L-GrassF
simulates the dynamics of plant architecture, the floral transition and heading date (HD) at tiller level. A sensitivity
analysis was performed on L-GrassF and showed that parameters controlling the kinetics of leaf elongation and
leaf appearance rate have a significant impact on HD. After calibration, L-GrassF was able to simulate the HD on
seven L. perenne cultivars grown in a broad range of environmental conditions, as provided by an independent data
set. We conclude that L-GrassF is a significant step towards better prediction of grassland phenology in contrasted
conditions.
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1. INTRODUCTION (Rouet et al. 2021). In spring, an increase of plant growth is commonly
The reproductive phenology focuses on the series of periodical events ~ observed, which cannot only be explained by temperature conditions
occurring during the reproductive development of plants. In peren-  and was related to the phenological state of the plants (Davies 1971;
nial grasses, it deeply affects plant morphogenesis, biomass produc- ~ Parsons and Robson 1980). The acceleration of forage biomass pro-
tion in terms of quantity and quality, as well as grassland perenniality ~ duction goes along with a decrease of biomass quality mainly due to
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an increased proportion of internodes in the biomass, which lowers
digestibility for ruminants (Chapman et al. 2014). The tiller demog-
raphy, defined as the number of tillers per unit area and their charac-
teristics (age, phenological state...), is also affected by reproductive
phenology as the reproductive tillers die at the end of the reproductive
development, while vegetative ones survive and ensure plant peren-
niality (Matthew et al. 2000). The heading of reproductive tillers, i.e.
the appearance of the spike tip outside the pseudo-stem formed by the
sheaths (Gillet 1980; Thomas 1980), usually occurs in late spring in
temperate regions. It is an easily observable phenological state used
as a routine indicator for grassland management and ranking cultivar
earliness.

Heading of reproductive tillers results from processes which start
several months before. First, the transition of the tiller from a vegetative
to reproductive development is subordinated to the floral induction of
its terminal apex. In Lolium perenne, a major temperate perennial grass,
the floral induction follows dual induction with two strictly successive
phases: (i) the primary induction requiring several weeks of exposure
to low temperatures and short photoperiods, (ii) the secondary induc-
tion requiring a few days of exposure to long photoperiods and high
temperatures (Heide 1994). In all cases, the floral transition occurs at
the end of the secondary induction and determines the start of repro-
ductive development. After floral transition, the length of the apex
increases as well as the rate of primordium production (Cooper 1950;
Gonthier and Francis 1989; Kemp et al. 1989). The primordia accumu-
lated at the apex after floral transition forms the last leaves of the tiller
for the most basal ones, while the most distal ones will form spikelets
(Gonthier and Francis 1989). Heading takes place only after all leaves
have expanded and is the result of the combined growth of the spike
and the peduncle below it.

It appears that the reproductive phenology of perennial grasses is
the result of a complex interaction between the effect of environmen-
tal conditions on floral induction and growth processes, both exhib-
iting high genetic variability (Aamlid et al. 2000; Keep et al. 2020).
Computer modelling is required to understand and predict peren-
nial grass phenology, which will further help to optimize grassland
management and the related ecosystem services (Durand et al. 2016;
Kipling et al. 2016). Existing grassland models are highly empiri-
cal about phenology, which is a constraint for generic usage, as they
should potentially be recalibrated for each genetic X environment
combination (for a review, see Rouet et al. 2021). In these models, phe-
nology is either dependent on thermal time (Bonesmo and Bélanger
2002; Jouven et al. 2006; Jégo et al. 2013) or is regulated according to
a fixed calendar provided in inputs (Fiorelli et al. 2001; Barrett et al.
2005). In the current context of climate change and agrosystem com-
plexification, phenological models of perennial grasses have to better
consider the environmental drivers of reproductive development, the
genetic variability of the response to these signals at the biologically
most relevant scale.

The aim of this study is to propose an original and generic model
of perennial grass phenology, which accounts for the interactions
between the environmental factors, floral induction and tiller morpho-
genesis. We developed a functional-structural plant model (FSPM)
named L-GrassF which represents the complete development of indi-
vidual tillers from their initiation to heading. One of the main features

of the model is to consider the interactions between the reproductive
and vegetative development. The model simulates the main reproduc-
tive stages (floral transition, heading date [HD]) and morphological
variables (e.g. final leaf number and dimensions, number of spikelets
per spike). Here, we analysed the behaviour of L-GrassF and its abil-
ity to simulate the HD of different cultivars of L. perenne grown under
contrasted natural conditions. To this purpose, a sensitivity analysis
was performed in order to determine the parameters with the highest
effect on the HD. The most sensitive parameters were then estimated
for seven cultivars on a subset of a data set provided by GEVES, the
French Variety and Seed Study and Control Group. Finally, L-GrassF
was evaluated for its ability to predict the HD on the second subset of
data. The present analyses were performed on the main stems of plants
only, as the available data did not allow us to assess the ability of the
model to simulate the proportion of reproductive tillers.

2. MATERIALS AND METHODS
2.1 Model description

2.1.1 Model overview. L-GrassF is an FSPM of perennial grasses inte-
grating the reproductive phenology as the result of the interaction
between the vegetative development, the reproductive development
and environmental factors. The visible expression of reproductive phe-
nology, used to manage grasslands or describe the species variability is
heading, which is the main phenological prediction for which we cali-
brated the model in the present study. L-GrassF therefore simulates, in
relation to environmental conditions, the vegetative (appearance and
elongation of leaves, tillering) and reproductive development (floral
inductions, floral transition, internode and spike production, head-
ing) of individual tillers from their initiation to heading. L-GrassF
was developed from L-Grass, an existing FSPM which describes the
aerial vegetative development in L. perenne (Verdenal et al. 2008;
Verdenal 2009).

Briefly, the initial version of L-Grass describes the dynamics of
leaf growth and tillering, as well as the effects of defoliation for each
individual plant of the canopy. In L-Grass, the plant is seen as a set of
individual tillers, each being represented as a succession of phytomers,
i.e. an internode, an axillary bud and a leaf (made of a lamina and a
sheath). The successive nested sheaths constitute a so-called pseudo-
stem through which the leaves grow before they emerge. The above-
ground morphogenesis was implemented as a self-regulated system:
(i) the rhythm of leaf initiation is coordinated with leaf emergence,
(ii) leaf elongation rate and final dimensions depend on the time spent
growing in the pseudo-stem and (jii) the rhythm of tiller emergence is
coordinated with that of the leaves on the mother tiller, while the prob-
ability of tiller emergence is negatively regulated by the leaf area of the
plant and its direct neighbours. The model was calibrated for L. perenne
and is able to produce contrasted phenotypes from turf to forage types.
The model is based on the L-system formalism, which allows a 3D and
botanic representation of plant dynamics (Prusinkiewicz 2004). It was
implemented in L-Py, an L-system framework in Python distributed in
the OpenAlea platform (Boudon et al. 2012).

L-GrassF was built upon the version of L-Grass implemented in
the L-Py framework. The decomposition of the plant into individual
tillers and organs was kept identical to that of L-Grass (Fig. 1). The

Zz0z ¥snbny og uo Jasn 151d - AvdIO A9 6662€£99/2 L 02eIP/Z/y/o1oe/s)ue|dodl|isul/wod dno-dlwepede)/:sdiy wody papeojumod



- e e e =

L-GrassF: a model of perennial grass phenology « 3

- e e e e e e e e e

- ~
I/ Phenological model Temperatur \\
, e ple ature ‘
| I
! ©] @ |
: Aindlyg, |
! 1
: PPR. :
% % |
: : ¥ |
1 < 3 |
' |
1
! T T T PP !
: Temperature Daylength X
! 1
1 - |
! § \ / @ Final leaf 1
1 g |
! g @l Apex functioning | 'numb.er/ !
X = Final spikelet |
! g number !
\\ a.-_ ,l
\\ .

] I
LV

\ Temperature

—_ e e e e e e e e, e, e —— -

Figure 1. Overview of L-GrassF functioning. L-GrassF accounts for tillering as well as leaf initiation, elongation and emergence
for each tiller in relation with air temperature (1, 2). A phenological model was developed, it calculates the rate of primary

and secondary induction according to temperature and photoperiod (3, 4). The progress of floral induction defines the rate of
primordium initiation at the apex (5). Once the floral induction is completed, the floral transition is carried out and the final
number of leaves is defined. The final number of spikelets is defined when the last leaf starts to elongate (6). Finally, after the
elongation of all leaves is complete (7), the model simulates the heading of the spike from the ligulation date of the flag leaf of the

tiller (8).

main principles used to model the vegetative development in L-GrassF
were derived from L-Grass, which however required several adaptions
in order to extend L-GrassF to the reproductive stages. Briefly, we had
to adapt two main aspects: (i) the time unit of the model was converted
from thermal time to astronomic time and temperature-dependent
processes were adapted by integrating a non-linear response function
to temperature (Section 2.1.2; see Supporting Information—Fig.
S$1) and (ii) the kinetics of leaf growth prior to its emergence and the
determination of the final leaflength were adapted to account for plants
that remain vegetative for long periods, while the initial model was lim-
ited to 1500 °C day (Verdenal et al. 2008), which is not long enough to
represent the complete reproductive development in natural temper-
ate conditions (Section 2.1.3.2). In order to account for the transition
from vegetative to reproductive stages, a new submodel of floral induc-
tion was developed at tiller scale and implemented in L-GrassF. Floral

induction is represented as two successive phases: primary induction
depending on temperature (Section 2.1.4.1; Fig. 1.3) and secondary
induction depending on photoperiod (Section 2.1.4.2; Fig. 1.4). Floral
induction dynamically affects tiller morphogenesis (Section 2.1.5;
Fig. 1.5, 6, 7) thereby determining the final morphology of the tiller
(final number of leaves, number of long internodes and spikelets).
Because the dynamics of internode and spike elongation are poorly
documented for perennial grasses, we chose to approximate the HD
as the date of ligulation of the flag leaf rather than from geometrical
calculations (Fig. 1.8). L-GrassF was calibrated on L. perenne but the
underlying processes implemented are generic to grasses. The code of
the model is open source, available on GitHub (https: //github.com/
openalea-incubator/ lgrass), and released under a CecILL-C license.
The archive of the code used to generate the present results is available
at https://doi.org/10.5281/zenodo.6873725.
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2.1.2 Time unit of the model and temperature effects. In L-GrassF,
the time unit is astronomical time (expressed in hours), contrasting
with the initial version of the model which was based on thermal time.
Since the model is intended to be used in contrasting environments
with variable temperature ranges and some processes like floral induc-
tion are directly dependent on temperature, it appears that thermal
time based on the sum of daily temperatures is no longer a relevant
time unit (Bonhomme 2000). Temperature-dependent processes were
adapted by integrating a non-linear function of temperature (Yan and
Hunt 1999; Zaka et al. 2017, pers. comm.).

Briefly, the kinetics of leaf elongation and senescence now depend
on leaf physiological age (Ages; h), which accounts for a non-linear
effect of temperature on leaf ageing. Leaf physiological age increases
as a function of temperature as described in Equation (1) and
Supporting Information—Fig. S1.

dage, [ (Ffme ) x (Tt if Tp < T(t) < T
& o else

(1)

where T(t) is the mean temperature of the day (°C), T .andT  are
the minimum and maximum temperatures below and above which
leaf age does not increase, g is a shape parameter and T, is the ref-
erence temperature (Table 1). According to the observations of Zaka
(2016), we assumed that cardinal temperatures were identical for all
genotypes, which is consistent with previous findings in a wide range

of cultivated species (Parent and Tardieu 2012).

2.1.3 Vegetative morphogenesis. This section describes tiller func-
tioning during the vegetative stages. Although this part of the model
is mainly based on the initial L-Grass model, we had to adapt the
functions of leaf elongation in order to further extend the model to
reproductive stages.

2.1.3.1 Dynamics of apex functioning. In L-GrassF, each tiller has a
module called ‘apex’ declared in the L-system string which represents
the terminal apical meristem. During the vegetative stages, the tiller
apex initiates a new phytomer of rank n (leaf, internode and axillary
bud) at the emergence of leaf n — 1 (Fig. 2). Thus, the phyllochron and
plastochron are equal but they depend upon the time taken by the leaf
to exceed the length of the pseudo-stem, which usually corresponds to
the sheath length of the previous leaf.

2.1.3.2 Leaf elongation. The elongation of each leaf is divided into two
distinct phases: from leaf initiation to leaf emergence (‘hidden phase’)
and from leaf emergence to the end of leaf elongation (‘visible phase’).
Hidden phase

The length of a leaf n (Y, mm) is initiated to 1 mm and increases
following a ‘dual’ function depending on leaf age (Equation (2A)).
While leaf age is lower than a threshold (Age , h), leaf length fol-
lows a beta function (Equation (2B)) which tends to Y3 (mm), as
proposed in the initial version of L-Grass (Verdenal et al. 2008). If
leaf age exceeds Age , leaf length then increases linearly with leaf age
(Equation (2A)). The slope of the linear function is equal to the beta
function derived at Age .

ax

for Age, < Agemax
X (Agen(t) — Agemax) + Beta(Agema);  for Age, > Agemay

(24)

Beta(t);
Yu(t) = | dbeta(agens)
dt

o LED® — Age,,(t)) (Age,,(t) ) D e
Beta(t) = Y,, (1 * LED® — Agena / \ LED? (2B)
where Y2 (mm) is the asymptote of the beta function which is reached
at LED® (h) (Table 1).
Leaf emergence and final length determination
The leaf emerged when it exceeds the length of the pseudo-stem.
The length of the pseudo-stem is calculated as the length of the long-
est sheath of the tiller. At leaf tip emergence, the final length of the
leaf (Ym) is defined as well as the duration of its elongation (LED,)
(Verdenal et al. 2008).
First, final leaf length (Ym,, mm) is assumed to increase with the
time spent growing in the pseudo-stem until a maximum is reached, if

this duration exceeds Age (Equation (3)).

Ym, = C x (Tmekn(min(Agen(ten)r Agema)+Th1) _

Tozekz (min(Age"(tEn ), Agemax)-‘rThz) _ L) (3)

where Cis a scaling factor, Age,(tg,) (h) is leaf n age at emergence and
T, (mm), T, (mm), k, (h), k, (h™), Tb, (h), Tb, (h) and L (mm)
are parameters fitted to data (Verdenal et al. 2008). Parameters were
taken from Verdenal et al. (2008) except for time related ones (k,, k,,
Tb, and Tb,) which were converted from degree days to hours (Table
1). In contrast to the original version of L-Grass, we also assumed that
final leaf length reaches a maximum if the duration of leaf elongation
during the initial phase exceeds a threshold. With the exception of Y,
all parameters were set to constant values between cultivars in the fol-
lowing simulations (Table 1).

Second, leaf elongation duration (LEDO) is assumed to increase
with the sheath: lamina length ratio, which is itself calculated as a lin-
ear function of leaf age (for more detail, see in Verdenal et al. 2008).
Visible phases

After leaf emergence, leaf length is calculated from the beta
function defined in (Equation (2B)) using the parameters Y and LED
in place of Y and LED®, respectively. Leaf elongation stops when leaf
length reaches Y .

2.1.3.3 Cutting. One of the main features of grassland management is
their frequent cutting. The cutting module implemented in L-GrassF
is similar to that described in (Verdenal et al. 2008): every organ seg-
ment located above a horizontal plane, mimicking the cut height, is
removed. If the cutting shortens the pseudo-stem of a given tiller, it
will affect the emergence dates and final lengths of the non-emerged
growing leaves of the tiller. If an apex is located higher than the cutting
height, it will trigger the death of the tiller.

2.1.4 Floral induction. The floral induction proceeds in two independ-
ent phases, each explained by a single variable. This accounts for the
observations on the floral induction in a sufficiently realistic way and
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Figure 2. Dynamics of apex functioning during the floral induction process in L-GrassF. In this schematic representation of

the apical zone, light green circles are leaf primordia, dark green structures are leaves growing in the pseudo-stem, light grey
structures are mature leaves emerged from the pseudo-stem, yellow circles are spikelet primordia and yellow ovals are spikelets.
Dotted red lines indicate newly formed structures. Before the secondary induction, phyllochron and plastochron are equal,

i.e. one leaf primordium is produced at each leaf emergence. From the start of the secondary induction, plastochron decreases
relatively to phyllochron, and then p primordia (p > 1) are produced per newly emerged leaf. All primordia produced before
floral transition will become leaves, while primordia produced after floral transition will become spikelets. Primordia production
ceased when the last leaf primordia is differentiated (for colour figure refer to online version).

at the same time avoids ‘overparameterization’ of the model compared
with our quantitative knowledge of the processes (Heide 1994). Each
induction phase is represented by a variable (indIR, indHR, respectively)
ranging from 0, at apex initialization, to 1 when the induction require-
ments are completed. These variables are incremented daily according
to the average temperature and photoperiod of the day, respectively.
Both induction phases are irreversible and modify the apex status
(Equation (4)). The consequences of the floral induction and con-
secutive floral transition on apex dynamics and leaf elongation are
detailed below.

R
vegetative if indﬁpm W <1
R
apexi®™s =q  primary induced  if indipex’ =1 @)
R
reproductive if indfl;ex’ =1

2.1.4.1 Primary induction. Although the photoperiod could modu-
late the effect of low temperatures (Heide 1994), the primary induc-
tion is assumed to be dependent only on temperature in L-GrassF. In
the literature, the primary induction is generally characterized by three
cardinal temperatures: a minimum, optimum and maximum (He et al.
2012; Woodward et al. 2020).

The daily increment of the primary induction of an apex n (Aind{f,
Equation (5)) linearly increases with mean air temperature from the

. R
minimum temperature (775, °C) to a maximum (AindZ ) reached

R LR
for the optimal temperature Tﬁpt. Above that temperature, Aind"

R
linearly declines down to zero at the maximum temperature (T' ., °C,

ax’
Fig. 1.3).

0; for T(d) < TL, or TL . > T(d)
R T(d)—=Th ® ®
Aindflk(d) _ ) Aind % T(.f,‘fz)*TiIE,‘.n; Jor Thyn < T(d) < Thy
R T(d)—T ® ®
Aindly x 9T for T, < T(d) < TH,

opt — *max

(8
where T(d) is the mean dai}zy temperature (°C). The progress towards
full primary induction (ind’ ) is simulated as a time integral (Equation
(6)), Day 1 being the start of the simulation.

R d R R
indl, = S Aindl, with ind, €[0,1]
day=1 (6)

2.1.4.2 Secondary induction. The secondary induction only starts when
the primary induction is complete and at least one leaf of the tiller has
emerged. The latter condition reflects the need for photoperiod-sensi-
tive organs to perceive the signal. The secondary induction increases at
a constant rate above a minimal photoperiod (Equation (7); Fig. 1.4).
Also, we assumed that the maximal rate of secondary induction is only
reached when a minimum number of leaves have fully emerged.

Nind " (d) = ; for PP(d) < PPuin
indy (d) =4 (PPRM, PPRM x £Ne): for PP(d)> PPun

(7)
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where PP(d) is the photoperiod of the day (h), PP (h) is the mini-
mum photoperiod for secondary induction, PPRM is the maximal daily
increment of the secondary induction, LN is the number of emerged
leaves of the tiller n and LNM is the minimum number of leaves above
which the secondary induction increment is maximal (PPRM).

The progress towards full secondary induction ( indflIR) is simulated
as a time integral Equation (8), day x being the first day after the end
of the primary induction.

d
ind = S Aind", with ind" € [0,1]
day=x (8)

R
When the secondary induction is complete (ind) = 1), the floral
transition occurs, meaning that the apex switches from vegetative to
reproductive development.

2.1.5 Reproductive morphogenesis. This section describes tiller func-
tioning during the reproductive stages. After the floral transition of a
tiller, L-GrassF assumes that (i) the rate of primordium initiation by
the apex is increased, (ii) the primordia initiated by the apex progres-
sively produce spikelets instead of leaves, (iii) leaf elongation is faster
and (iv) long internodes start to elongate. The heading of the spike is
approximated from the date of flag leaf ligulation and therefore results
from both vegetative and reproductive developments.

2.1.5.1 Dynamics of apex functioning. Until the secondary induction
begins, primordia are initiated at the same rate as leaf emergence and
they will later develop into leaves (Fig. 2) (Hay and Kemp 1990). As
soon as the secondary induction begins, the rate of primordium ini-
tiation is increased (Gillet 1980; Thomas 1980; Gonthier and Francis
1989): p-primordia are produced at each leaf emergence, with p > 1
(Table 1). This is in accordance with experimental studies which
report accumulation of primordia at the apex level during the floral
induction (Gonthier and Francis 1989).

All primordia initiated during the secondary induction will develop
into leaves, while those initiated after the secondary induction, i.. after the
floral transition, will later develop into spikelets (Fig. 2). Consequently,
the final number of leaves is determined at the time of floral transition, i.e.
the end of the secondary induction. After floral transition, the initiation
of primordia remains coordinated with leaf emergence and continues at
the same pace, forming spikelets, until the last leaf starts to elongate. The
cessation of primordium initiation marks the death of the terminal apex

and no supplementary organ will then be produced.

2.1.5.2 Leaf elongation. There has been a debate in the literature
about whether the increase in leaf elongation, frequently observed in
spring in temperate climates, was directly caused by floral transition or
whether these two processes were affected independently by common
factors, leading to synchrony in most growth conditions (Davies 1971;
Parsons and Robson 1980). Davies (1971) finally concluded that
an acceleration of leaf elongation could be observed in non-induced
plants, which leads to the conclusion that the acceleration of leaf elon-
gation was not only caused by floral transition.

In the model, the increase of leaf elongation rate is triggered after
the completion of a dual induction described by the same equations

L-GrassF: a model of perennial grass phenology —« 7

as for the floral induction (Equations (5-8)). The thresholds to
be reached for each phase completion are given by two parameters
(indexff s indexf,IR). For the sake of simplicity, these indices were set
to 1 in the following analyses, assuming exact synchrony between leaf
growth increase and floral transition in the explored environments.
The increase in leaf elongation rate is implemented by using a multi-
plicative factor, kY;, applied on Y9 (Equation (2B)), which affects the
rate of leaf elongation, the duration of the hidden phase and final leaf
length ultimately leaf elongation rate. As an example, kY3, < 1 increases
the initial rate of leaf elongation and then decreases the duration of the
hidden phase (earlier emergence). Consequently, kY? < 1 will decrease
final leaf length and therefore increase the rate of leaf elongation out-
side of the pseudo-stem.

2.1.5.3 Internode elongation. The floral transition has been shown to
trigger the elongation of internodes (Gillet 1980). However, the num-
ber of long internodes, the kinetics of their elongation and their final
dimensions are poorly described in the literature for perennial grasses.
Although internode extension dramatically increases plant height and
apex position (Hazard et al. 2006), it does not affect the HD, at least
geometrically, as the distance between the spike tip and the highest
ligule is not affected by the extension of the internode located below
the apex (Rouet et al. 2021). As a consequence, internode elongation
is extremely simplified in L-GrassF, with the main objective to pro-
vide realistic 3D representations of reproductive tillers. Coordination
rules between internode and leaf elongation were used as proposed
for wheat and maize (Vidal and Andrieu 2009; Gauthier et al. 2020):
internode n elongation requires the flower transition to be induced and
starts at the ligulation of leaf n. Internode length increases linearly until
its final length equals that of sheath n.

2.1.5.4 Heading of the spike. The heading of a tiller is defined as the
emergence of the terminal spikelet from the pseudo-stem (Gillet 1980;
Thomas 1980). In a majority of cases, the pseudo-stem at this time
corresponds to the length of the last sheath of the tiller. Therefore, the
date of the terminal spikelet emergence depends on the length of the
flag leaf sheath but also on the elongation of the peduncle bearing
the spike, the number of spikelets and the elongation of the short inter-
nodes which bear each of the spikelets. As for internodes, the literature
on peduncle and spike elongation is very sparse. Instead of simulat-
ing the heading of the spike from geometrical calculations involving
uncertain elongation rules of the different organs cited above, we pre-
ferred to use the flag leaf ligulation as a proxy for heading.

2.2 Experimental data set
The model was evaluated using a data set which describes the HD of
several cultivars of L. perenne for several locations and years. The data
set was obtained by GEVES, the French Variety and Seed Study and
Control Group, which is responsible for the evaluation of candidate
cultivars for their insertion in the French catalogue of cultivars. The
assessment criteria of the cultivars include the HD, measured by
GEVES as the first date when at least 10 spikes are visible per linear
metre on row trials. The measurement consists of a visual assess-
ment of the number of headed tillers every 3 days in six different sites
in France. The HD of a cultivar corresponds to the average of three
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replicates. The sward management follows the National protocol
(GEVES 2006) repeated in all locations and years. Seeds are sown in
spring in common gardens, in 6-m-long rows (S g per linear metre)
with three repetitions per cultivar. The rows are mowed during the first
summer and the early winter. Plants are fertilized with N during their
whole development to avoid nutritive stress.

In the present study, we selected seven forage cultivars with con-
trasting HD and used as control varieties by GEVES (Bronsyn, Indiana,
Bargala, Lactal, Milca, Carillon and Escal). The detailed characteristics
of these cultivars and indicative values for the variables of interest are
given in Table 2. The data set covers a period of 17 years (2001-17)
in six French locations (Table 3; see Supporting Information—
Fig. S2). However, not all combinations of cultivar x location X year
are available in the data set. Because the model does not account for
drought effects, the data set was restricted to environmental conditions
where water resources before heading were not limiting. Environments
where the water shortage would have potentially affected plant growth
were identified using a water balance approach as follow. The soil rela-
tive water content (SRWC) was considered maximum (value of 1) on
1 December 2000 for all sites and updated daily considering rainfalls
and evapotranspiration (after Kunrath et al. 2015). In accordance with
FAO (Allen et al. 1994), each day when SRWC was lower than 0.4 was
considered detrimental for the development of L. perenne. Finally, a
site—year combination was removed from the data set when the period
between the start of regrowth in spring and the HD (Table 2) included
atleast 25 % of days with SRWC < 0.4.

2.3 Model evaluation

Given the available data, the calibration and evaluation of the model
were performed for main stems only; the proportion of reproductive
tillers was therefore not assessed in this study. As a first step, a sensitiv-
ity analysis was performed to identify the parameters affecting the HD
of the main stems the most. Then, these parameters were calibrated
for each of the seven cultivars using a subset of the data set described
above. Finally, the model was evaluated for its ability to simulate the
genetic diversity of the HD across all locations and years using a second
subset of the data set (Tables 2 and 3; see Supporting Information—
Figs S1and S2).

2.3.1 Model inputs and initial conditions of simulations. L-GrassF
was used with an hourly time step to simulate the HD of seven L. per-
enne cultivars over 14 years and six locations (situations without water
shortage). To date, very little is known on the HD variability between
tillers of the same plant and this aspect of the model has not been
assessed yet. Therefore, the 10th tiller to head in each experimental
trial was simulated in L-GrassF. Virtual sowing was carried out on 15
September and a cut at S cm height was performed on 15 November in
all locations. The virtual sowing was set later than the actual sowing to
reduce the simulation time, assuming that this would not affect the sim-
ulation of HD. Mean daily temperatures from spring to 15 September
were higher than the maximum temperature allowing for the primary
induction (12 °C). So simulating plant development during that period
would not have modified the floral status of the apices. Concerning the
vegetative development, the 2 months between the sowing and the
cutting date in our simulations allowed the tillers to reach a permanent

Table 2. Characteristics of the cultivars of Lolium perenne used for model evaluation. The trials were conducted by the GEVES institute and measurements were carried
out on lines. Registration year is the year of the cultivar registration in the French catalogue. Start of regrowth in spring is the first date from 1 January when the height of

stretched leaves exceeds 20 cm. Heading start is the first date from 1 January when at least 10 spikes are visible per linear metre.

Number of observations

Heading start (doy)

Start of regrowth in spring (doy)

Registration year ~ Ploidy

Breeder Country

Cultivar

3S

124
135
135
142
145

68-98

82-98

82-92
92-105
92-105
92-112

2n

2001

Nz

Agriseeds Ltd

Bronsyn

36
32

2n

2004
2000

FR/DK
NL

Force Limagrain SA/DFL Trifolium
Barenbrug Holland BV

RAGT/R2n

Indiana

4n

Bargala
Lactal

Milca

26
27
26
23

4n
2n

2004
1996

FR
FR

Carneau Freres SA

159

2n

2002
2005

FR
FR

Carneau Freres SA

R2n

Carillon
Escal

4n

DK: Denmark; FR, France; NL, Netherlands; NZ, New Zealand.
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Table 3. Growth conditions of the seven Lolium perenne cultivars used for model evaluation. Temperatures and rainfall are means calculated for the period from 2001 to

2017.

Annual

rainfall (mm)

Soil available
capacity (cm)

Photoperiod at
summer solstice (h)

Mean spring
temperature (°C)

Mean winter
temperature (°C)

Longitude Altitude

Latitude

Location

(m)

755

S0

16.2

9.8
10.9

4.5

205

0.126°
2.097°
0.119°
—4.328°

48.759°
48.771°

Exmes

577
787
1152

190

16.2

4.7

161
150

Guyancourt

15.8 166
161

11.1

S.1

46.418°

Lusignan

10.4 16.1

7.2

85
830

48.504°
45.723°

Ploudaniel

Theix

800

S0

16.0

6.9

12

3.018°

L-GrassF: a model of perennial grass phenology —« 9

leaf production regime. Cutting the plants on 15 November as in real
practice reduced the pseudo-stem length to 5 cm, leading to plant
architecture close to that of the data set. Meteorological data used for
the simulations were collected from the INRAE weather network (data
available in the CLIMATIK database; https://intranet.inrae.fr/clima-
tik_v2) or from the 8-km gridded Météo France ‘SAFRAN’ database
when the test site was too far from an INRAE weather station. From
these databases, we extracted mean daily temperatures (which affect
plant development and primary induction) as well as daily rainfall and
potential evapotranspiration to exclude drought situations from the
data set. The daily photoperiod was calculated by using the Python
package ‘ephem’ (https://pypi.org/project/ephem/). L-GrassF was
run in a high-performance computing centre (MESO@LR, Université
de Montpellier, France).

2.3.2 Sensitivity analysis. A sensitivity analysis was performed on
seven parameters selected for their role in leaf elongation (Y3, kYS),
apex dynamics (p) and floral induction (Aind{nzx, PP, PPRM,
LNM). To optimize the number of simulations of the sensitivity analy-
sis, we used a screening method based on a fractional factorial design
(Morris 1991). Each of the seven parameters studied had six possible
values around a value obtained by preliminary tests (not shown). The
method uses a set of model runs called trajectories, each composed of
successive simulations which differs by a unique parameter value (One
at A Time—OAT), and each parameter varying once in a trajectory. In
our case, a trajectory corresponded to 8 simulations (an initial random
run and 7 simulations corresponding to the successive variations of the
7 parameters). Overall, 40 trajectories were performed, which made
320 simulations instead of 279 936 simulations (6”) with a complete
factorial design.

The effect of each parameter on the HD was estimated by comput-
ing the main effect indices (") and the sensitivity indices for second-

order interactions (07;), calculated using Equation (9).

_HD (T7_,) —HD(T})

Al
' 0
1R
= — AT
TR
lR
= 330 187 ©

where HD is the HD predicted by L-GrassF, T is the trajectory r, R
is the number of trajectories and J is the step between two levels of
parameter i.

The same sensitivity analysis was performed for three contrasted
environmental conditions to test the independence between the
results of the sensitivity analysis and the environmental conditions.
Since the photoperiod was not significantly different between the sites
of the data set, the three environments were chosen to account for
temperature variability: a cold environment (Theix 2009-10), a tem-
perate environment (Ploudaniel 2009-10) and a warmer environment

Zz0z ¥snbny og uo Jasn 151d - AvdIO A9 6662€£99/2 L 02eIP/Z/y/o1oe/s)ue|dodl|isul/wod dno-dlwepede)/:sdiy wody papeojumod


https://intranet.inrae.fr/climatik_v2
https://intranet.inrae.fr/climatik_v2
https://pypi.org/project/ephem/

10 « Rouetetal

(Ploudaniel 2015-16). The daily temperature variations in these envi-
ronments are given in Supporting Information—Fig. S3.

2.3.3 Calibration and validation of the model. The objective was to
identify sets of parameters which would be able to simulate the HD
of seven cultivars in any occurrence of the experimental data set. The
data set was divided randomly into two independent subsets: 60 %
(n =120) of the data set was used for calibration and the remaining
40 % (n = 85) for model validation. The calibration was done only on
the three most sensitive parameters revealed by the sensitivity analysis
(Y2, kY2 and PPRM). The other parameters were set to the mean value
of the range used in the sensitivity analysis (Table 4). A complete fac-
torial plan with six levels for Y2, kY2 and PPRM was set up, leading to
216 scenarios (6*) which were run in each site—year combination. For
each cultivar, the root-mean-square deviation (RMSE) was calculated
between the observed and the simulated HD for each combination of
parameters and environments. The final set of parameters selected for
each cultivar was the one which minimized the RMSE on HD. By map-
ping RMSE values in three-dimensional space (Y2 kY2 and PPRM),
we checked if this RMSE value corresponded to the global minimum
of the space explored.

The final sets of parameters identified for each cultivar were used
for model validation. We evaluated the ability of the model to simulate
the observed HD by calculating the RMSE and the R? from the second
subset of the data set.

2.3.4 Statistical analyses. Analyses of variance and non-linear regres-
sion were performed with R software (R Core Team 2021). Analyses
of variance (ANOVAs) were performed following a one-factor linear
model as Equation (10).

i =p+Ct+e (10)
where y is any dependent variable, y is the mean value of y, C, is the
effect of cultivar i and ¢ is the random error.

Normal distributions of the residuals of ANOVAs were tested
using the Shapiro-Wilk test. Homoscedasticity was checked by ran-
dom distribution of the residuals.

The root-mean-square deviation (RMSE) was calculated as
Equation (11).

(11)

where 7 is the number of individuals, S, and O, are, respectively, the
simulated and observed value of individual i for the HD.

3. RESULTS
The geometrical interpretation of the L-system provided 3D views of the
plant architecture at different stages of development (Fig. 3A). L-GrassF
also produced original insights in the dynamics of the floral induction
and leaf ligulation in relation to the environmental conditions (Fig. 3B).
Simulating floral transition allows us to estimate the final number of
leaves of the tiller, as well as tiller demography since reproductive tiller
dies after flowering. Finally, the integration of the interactions between

Table 4. Model parameters used for the sensitivity analysis and calibrated for each cultivar.

Unit

Range of values for

Range of values for sensitivity

Description

Parameter

calibration

analysis

Dimensionless

h

0.0425

0.015-0.07

Maximum daily rate of the primary induction

IR
max

Aind,
PP

11

10-12
15-25

Minimum photoperiod for secondary induction

min

Dimensionless

20

4.5
80-120

0.05-1.5

Minimum number of leaves for secondary induction at maximum daily rate

LNM

Primordium per leaf

Dimensionless

2-7
80-120
0.05-1.5

Number of primordia initiated at leaf emergence
0
m

Maximum leaf length before emergence

Multiplicative factor of

0
e

p
Y,

Dimensionless

0.1-1

0.1-1

Maximum daily rate of the secondary induction

PPRM
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Figure 3. Dynamic 3D representations of plant architecture and numeric outputs from L-GrassF. The model was run in the
environmental conditions of Lusignan, with sowing on 15 September 2010, cutting at S cm on 15 November 2010. In this
simulation, tillering was activated for illustration only as the present study focused on the main tiller. (A) Snapshots of the 3D
representation of four development stages of a virtual Lolium perenne (1,2, 3 and 4). Green structures are leaves, red structures
are internodes and purple structures are spikelets. (B) Daily numeric outputs of the model for the main tiller. Stages 1, 2, 3 and 4
are the same as in (A). Blue dashed line is the primary induction variable ind" and yellow dashed line is the secondary induction
variable ind'", Light green line accounts for the cumulated number of ligulated leaves from tiller appearance, HD being consider
as occurring at last leaf ligulation. Dark green line represents the cumulated length of all leaves (sheath and lamina) from tiller
appearance, without senescence (for colour figure refer to online version).
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the vegetative and reproductive developments provided estimates of the
leaf area which is harvestable at each date according to the temperature,
photoperiod and stages of development (Fig. 3B).
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Figure 4. Morris sensitivity indices for the HD. Mean effects
(4*) and standard deviation of the elementary effects ()

of the parameters studied in the three sensitivity analyses,
corresponding to three environmental conditions (blue dots:
Theix 2009-10, orange triangles: Ploudaniel 2009-10, red
diamonds: Ploudaniel 2015-16) (for colour figure refer to
online version).

3.1 Sensitivity analysis: the predominant effect of
leaf growth and photoperiodic-related parameters
Three main groups of parameters were identified through the sensi-
tivity analysis (Fig. 4): Y, and kY}, were highly sensitive parameters,
PPRM, PP_ and p had a moderate effect on HD while LNM and
Aind{nﬂax little affected the HD. This pattern was similar across the

three tested environments.

The parameters Y,?, and kY,(; , which are involved in the determina-
tion of final leaf length, presented a strong principal effect of, respec-
tively, 52 and 66 days on HD, whatever the environment. kY, positively
affected the HD (i.e. later heading) for all the values in the tested range
(0.05-1.5). Y2 positively affected the HD for values ranging between
80 and 96 and showed a plateau beyond this range (Fig. S). Second-
order interactions were also significant for the two parameters, reflect-
ing a crucial interaction between the parameters (oY), = 34 days
and okY? = 21 days). The maximal rate of the secondary induction
(PPRM) had a smaller mean effect than Y2 and kY2 on the HD but this
effect was still significant in the three environments, ranging from 23 to
32 days (Fig. S). However, the effects of PPRM were mainly observed
for a narrow range of values (between 0.1 and 0.28; Fig. 5). In addi-
tion, the HD occurred earlier with increasing PPRM values since this
parameter controls the rate of the secondary induction. The parameter
PP__appeared to have a strong mean effect (y* = 25 days) in all envi-
ronments. The mean primary effect of the maximum primary induc-
tion rate (Aind{:ax) on HD was low (=10 days). The sensitivity of
Aind,ﬁ:;x increased with increasing mean temperature, meaning that
in warm environments, the rate of the primary induction has a stronger
impact on the HD than in cold environments, where the primary
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Figure 5. Relations between HD and the three more sensitive parameters Y;),
are outputs of the sensitivity analysis. For each of the three most sensitive par

and PPRM HD values presented in the figure
ters, all simulations of the sensitivity analysis are

considered. Therefore, not all combinations of parameters have been studied. Tukey’s style: —1.5 * interquartile range (IQR), first

quartile, median, third quartile, +1.5 *IQR.
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induction is very soon regardless of Aind In the three sensitiv-
ity analyses, the main effect of LNM was low, which can be explained
by the fact that most of the plants had developed a large number of
leaves at the completion of the primary induction, which led to a maxi-
mal rate of secondary induction whatever the values of LNM. This
suggests a weak effect of this parameter in natural conditions where
sowing is often carried out long before the flowering period, while this
parameter could be useful to simulate experimental results obtained in
artificial conditions. In the following, our study is limited to the three
parameters that affected the HD the most: Y? and kY2 and PPRM.

3.2 Comparison of simulated and observed HD for
contrasted environments and cultivars

The analysis of the data set revealed that the cultivars presented a
wide range of HD values between 2001 and 2017, with over 1 month
between the earliest and the latest ones (Fig. 6). A considerable vari-
ability of the HD was also observed between sites and years, as shown
by the boxplots (SD =23 days for Escal to 36 days for Indiana).
Despite the environmental variability, cultivar ranking according to
their earliness was similar regardless of the environmental condi-
tions (results not shown). Therefore, predicting the HD in L. perenne
requires consideration of the genetic effect (supported by the cultivar),
the environmental effect and their interactions (Keep et al. 2020).

The calibration of the model allowed us to identify a combination
of parameters for each of the seven cultivars of the data set (Table 4).
Using the optimal set of parameters for each cultivar, L-GrassF satis-
factorily simulated the diversity of HD of the training set (Fig. 7, grey
dots). Overall, the RMSE was lower than 8 days, but the coefficients
of determination obtained from the linear regressions between simu-
lated and observed HD were low (<0.60) (Table 5). This is due to
the small amount of data available and the low temporal range of HD
observed within cultivars. For cultivars Escal and Carillon, we found
the same set of parameters, which is in accordance with their close
observed HD (Fig. 7).
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Figure 6. Diversity of the HD of seven cultivars of Lolium
perenne as observed in GEVES network for six locations [see
Supporting Information—Fig. $2] and 14 years. In this plot,
HD corresponds to the definition used by GEVES, i.e. the first
date when at least 10 spikes are visible per linear metre of trial
lines. Number of observations were Bronsyn: 35, Indiana:

36, Bargala: 31, Lactal: 26, Milca: 27, Carillon: 26, Escal: 23.
Cultivars were not represented in all environments. Anova with
model Y, =y + C, + ¢; F: 63.918, P < 0.05.

L-GrassF: a model of perennial grass phenology « 13

The validation of L-GrassF on the independent data set showed
variable results depending on the cultivar (Fig. 7). In Bronsyn, Indiana,
Lactal, Carillon and Escal, the model provided good overall estimates
of the HD (RMSE < 10 days) but the coefficients of determination
were low. This could be explained by the narrow range of observed
HD for these cultivars, especially for Carillon. For Milca, the elevated
RMSE was partly explained by one environment (Lusignan 2014-15)
for which the model clearly overestimated the HD (172 instead of
137) (Fig. 7E). Calculating the RMSE without taking this into account
reduced it from 12.17 to 5.72 days (53 %). For Bargala, the RMSE
was higher (16.67 days) and the determination coefficient was very
close to zero (0.08), meaning that the model was not able to give bet-
ter prediction than the mean observed HD (Fig. 7D). Without taking
into account the environment (Ploudaniel 2014-15) where the model
clearly overestimated the HD (173 instead of 128) reduced it from
16.67 to 10.79 days (-35 %). We did not find any clear explanation
for the model’s behaviour in these situations which were not charac-
terized by unusual environmental conditions. Considering all cultivars
together highlighted an overall efficient prediction of the HD (RMSE
~ 10 days) and a good representation of cultivar earliness (R* = 0.48).

4. DISCUSSION
The environmental factors responsible for the floral induction, mainly
temperature and photoperiod, have been well identified in perennial
grasses (Heide 1994). Despite their importance for the success of
reproductive development and the consequences on the functioning
and management of grasslands, attempts to mechanistically predict
their effects on reproductive phenology are sparse (Rouet et al. 2021).
In this study, we developed a sequential two-phase model of floral
induction, as proposed for L. perenne by Heide (1994). This kind of
representation is similar to the propositions made by Woodward et al.
(2020) for forage grasses and to the model Sirius developed for wheat
(Brooking 1996; Jamieson et al. 1998; He et al. 2012; Brown et al.
2013). Unlike the latter models, the floral induction in L-GrassF occurs
independently for each tiller, although this aspect was not evaluated in
the present study. Based on the literature, we assumed that in L. per-
enne, the primary induction is mainly dependent on temperature and
the secondary induction on photoperiod (Heide 1994). Nevertheless,
some interactions between these two factors were observed during
the induction process (Heide 1994; Aamlid et al. 2000). For primary
induction, short photoperiods are known to increase the effect of low
temperature. For secondary induction, high temperatures increase
the effect of photoperiod. Some authors even suggested that specific
secondary induction conditions could compensate for incomplete pri-
mary induction (Cooper 1960; Heide 1994). If the qualitative effects
of the temperature, the photoperiod and their interactions during each
phase are well known, there is a lack of quantitative assessments of flo-
ral induction response to temperature and photoperiod, in particular
in natural conditions. Furthermore, in all environmental conditions
of our data sets, periods of low temperature were always concomitant
with periods of short photoperiod, respectively, long photoperiod and
high temperatures. For primary induction, the cardinal temperatures
(Equation (S)) were identical for all cultivars and only the maximum

i R
induction rate (Aind’

l11ax) Was considered variable. This hypothesis

was supported by studies on floral induction (Aamlid et al. 2000; Paina
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model calibration and validation, respectively.

Table 5. Values of parameters identified by calibration. Parameters Aindg1 ax? PP,..» LNM and p were calibrated with the
sensitivity analysis.

Cultivar Y2 kY? PPRM Aind! Z . PP LNM p RMSE R
Bronsyn 112 0.05 0.1 0.0425 11 20 4.5 6.67 0.57
Indiana 104 0.34 0.1 0.0425 11 20 4.5 6.28 0.57
Lactal 96 0.63 0.1 0.0425 11 20 4.5 7.19 0.32
Bargala 120 0.34 0.82 0.0425 11 20 4.5 7.20 0.49
Milca 112 1.21 0.82 0.0425 11 20 4.5 S.75 0.45
Carillon 104 0.63 0.1 0.0425 11 20 4.5 6.20 0.24
Escal 112 0.63 0.1 0.0425 11 20 4.5 5.03 0.51

et al. 2014) which showed that cultivars of contrasting geographical

origins could be induced by exposure to the same temperature but

that the exposure duration was critical. For secondary induction, a

threshold photoperiod is generally observed but with different dura-
tion requirements (Heide 1994; Aamlid et al. 2000). This justifies our
choice to have secondary induction controlled by two parameters, a
threshold (PP__ ) and an induction rate (PPRM).

4.1 Importance of morphogenesis in HD prediction
The main originality of L-GrassF is to account for the interactions

between floral induction processes and morphogenesis. The sensi-

tivity analysis of the model revealed that two of the morphogenetic

parameters (Y9 and kYp) had the greatest influence on the HD simu-

lation. Y2, and kY2 are parameters affecting leaf elongation rate and

the rhythm of leaf emergence. High values of Y, and kY3 produce

long leaves with long sheaths. Because of the self-regulation rules

implemented in the model, this increases the time spent by leaves

inside the pseudo-stem, which delays the initiation of the next leaves.

Therefore, for a given number of leaves to produce before heading,

the expanding of all leaves will take longer with high values of Y3 and
kY}, and HD will be delayed. Delayed HD for cultivars producing long
leaves is in opposition with the observations made by Hazard (2006)

on short and long leaf morphotypes. This may be due to different apex

dynamics resulting in different final number of leaves. Further inves-

tigations with monitoring of the number of leaves would be required
to establish the relationship between the final leaf length and HD. The
parameter Y}, played a central role in the first stages of leaf morpho-

genesis, similarly to that in the initial version of L-Grass, controlling

leaf elongation rate before leaf emergence (Verdenal et al. 2008). With

the objective to predict the HD of unknown cultivars, Y and kY3, are

parameters of interest to be calibrated, as they can easily be estimated

by measuring the leaf profiles (final lengths of laminas and sheaths)
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in winter for Y}, and in late spring for kY3. Given the importance of
morphogenesis on heading, it appears necessary to integrate the main
factors controlling morphogenesis in L-GrassE. In particular, recent
progress in the field of FSPMs has been made on the interactions
between leaf morphogenesis and the trophic and hydraulic status of
plants (Coussement ef al. 2018; Albasha et al. 2019; Gauthier et al.
2020).

4.2 L-GrassF satisfactorily predicted HD despite

many unknowns on the data set
L-GrassF was calibrated and validated in a range of environments
which correspond to those of the North-West of France. Therefore, the
range of latitudes explored by the data set did not provide any signifi-
cant differences in photoperiod between the sites. The climatic contrast
between the trials thus lays mainly in temperature range and distribu-
tion. In addition, our data set was limited to trials that had not been
exposed to water stress or lack of mineral elements. Consequently, the
model validity is only ensured for environmental conditions similar to
the study. As shown by Blanco-Pastor ef al. (2019), the genetic diver-
sity used for the selection of new cultivars was mainly derived from
natural ecotypes originating from North-West Europe only. The area
fully encompasses the extension of our study area. Therefore, it would
be of interest to verify that the model is also able to accurately simulate
the behaviour of genotypes from geographic areas with very different
climates and photoperiodic conditions like in the Northern Europe,
where HD is delayed after snow melting, or the Mediterranean area,
where HD occurs early to avoid drought (Heide 1994; Barre et al.
2017; Rouet et al. 2021).

Under the trial conditions used for this study, the HD was always
observed, meaning that floral induction was always reached by at least
10 tillers per linear metre (see Materials and Methods). As the absence
of floral induction was not observed, our data set did not allow us to
discover what the behaviour of the model would be on the same cul-
tivars grown under environmental conditions which would not allow
floral transition, for instance with winter temperatures too high to
complete primary induction. Owing to an explicit implementation of
the floral induction, our model should be able to simulate plant behav-
iours in these critical situations. Nevertheless, it would be of interest to
conduct trials in more contrasted sites.

Although all trials of our data set were theoretically managed
according to a common protocol, there was significant uncertainty
about the practical application of this protocol for each year and loca-
tion. The sowing dates in spring may have been different according to
the local climatic conditions. For instance, it may have been delayed
if the soil was not dry enough to allow access to farm machinery. By
initializing L-GrassF just before the first autumn (instead of the pre-
vious spring), we considered that the period preceding that date had
no effect on the floral induction, in particular because during that
period, temperatures were too high to induce the primary induction
and because the development only affected the size of the vegeta-
tive organs. In order to homogenize organ sizes, a virtual cutting was
made on the tillers on 15 November for all conditions. The cutting
was analogous to the regularization cutting generally made by GEVES
just before the winter (no precise date available). In practice, GEVES

L-GrassF: a model of perennial grass phenology —« 15

cutting was however unevenly made between the trials depending on
plant height and weather conditions.

Despite all these unknowns, L-GrassF was overall able to simulate
the genetic and environmental variability in HD between cultivars,
years and locations with a precision of circa 9 days (all locations, years
and cultivars together). However, due to the lack of measurements at
tiller scale, we could not compare all output variables produced by the
model (final leaf number, leaf emergence date, spikelet number). With
such variables available, an improvement of the prediction accuracy
could be expected. In comparison with existing empiric models, the
main gain of the calibration of L-GrassF is expected to cover a wide
range of conditions and to be independent from the calibration data
set.

4.3 Perspective of use

From this study, L-GrassF has shown interesting performances in pre-
dicting the HD of L. perenne cultivars. In the current climatic context,
where interannual temperature variations are limited, the use of simple
prediction models (function of thermal time or indicative dates pro-
vided by GEVES) already provides a sufficiently accurate prediction
of the HD. The current version of L-GrassF is a heuristic tool which
can be used for testing ecophysiological hypotheses (synchronization
between tillers, implementation of response laws...) and designing
original grassland agrosystems. As a first step, we presented here the
ability of L-GrassF to simulate the HD for contrasted environments
and cultivars which is a prerequisite before using more aspects of
the model.

The individual representation of tillers in L-GrassF is particu-
larly useful for studying their life cycles and the consequences on
tiller demography. First, it would help to predict the variations
observed in tiller demography (Matthew et al. 2000) and discrimi-
nate tillers dying due to their floral development from tillers dying
due to competition with others tillers (Ong et al. 1978; Colvill and
Marshall 1984; Matthew et al. 2000). It could also possibly be used
to understand the determinisms of aftermath heading, i.e. a sec-
ond or third period of tiller heading occurring later in the season
(mid-summer to autumn) and after cutting of the first period of
heading. Indeed, this phenomenon is generally associated with late
heading cultivars but the determinants remain unknown (Sampoux
et al. 2011; Arojju et al. 2016). In L-GrassF, the simulation of each
individual tiller and its floral induction coupled to the possibility of
simulating cutting give all the keys to test hypotheses about the till-
ers concerned by aftermath heading and the links to environmental
conditions.

In comparison to other existing grassland models, L-GrassF sim-
ulates a detailed structure of perennial grasses, including the number
of spikelets. The possibility of simulating the quantity and timing of
spikelets and grain production (Byrne et al. 2009) as a function of
the environmental conditions is a significant step towards coupling
between ecophysiological and genetic models. Therefore, coupling
an advanced version of L-GrassF (including flower, pollen and seed
production) with a model of genetic crossing would allow simula-
tion of the evolution of the genetic structure of the population in
grasslands.
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SUPPORTING INFORMATION
The following additional information is available in the online version
of this article—
Figure S1. Increment of the physiological age in relation to
temperature.
Figure S2. Location of the GEVES study sites in France. (1) Erdre-
en-Anjou, (2) Exmes, (3) Guyancourt, (4) Lusignan, (S) Ploudaniel
and (6) Theix
Figure $3. Daily temperatures and mean photoperiod, between 15
September and 30 July, in the three environmental conditions used
for the sensitivity analysis (blue: Theix 2009-10, orange: Ploudaniel
2009-10, red: Ploudaniel 2015-16, black: photoperiod in all sites).
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