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ABSTRACT

Physiological and genetic studies of leaf growth often
focus on short-term responses, leaving a gap to whole-plant
models that predict biomass accumulation, transpiration
and yield at crop scale. To bridge this gap, we developed a
model that combines an existing model of leaf 6 expansion
in response to short-term environmental variations with a
model coordinating the development of all leaves of a plant.
The latter was based on: (1) rates of leaf initiation, appear-
ance and end of elongation measured in field experiments;
and (2) the hypothesis of an independence of the growth
between leaves. The resulting whole-plant leaf model was
integrated into the generic crop model APSIM which pro-
vided dynamic feedback of environmental conditions to the
leaf model and allowed simulation of crop growth at canopy
level. The model was tested in 12 field situations with con-
trasting temperature, evaporative demand and soil water
status. In observed and simulated data, high evaporative
demand reduced leaf area at the whole-plant level, and
short water deficits affected only leaves developing during
the stress, either visible or still hidden in the whorl. The
model adequately simulated whole-plant profiles of leaf
area with a single set of parameters that applied to the same
hybrid in all experiments. It was also suitable to predict
biomass accumulation and yield of a similar hybrid grown in
different conditions. This model extends to field conditions
existing knowledge of the environmental controls of leaf
elongation, and can be used to simulate how their genetic
controls flow through to yield.
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INTRODUCTION

Because leaf growth is one of the first processes affected by
changes in temperature or plant water status (Boyer 1970;
Ong 1983; Saab & Sharp 1989), many physiological studies
have concentrated on short-term responses and associated
mechanisms. They have demonstrated the roles of cellular
processes such as controls of the cell cycle (Granier, Inzé &
Tardieu 2000; Rymen ez al. 2007), cell wall mechanical prop-
erties (Cosgrove 2005; Muller et al. 2007) or hydraulic prop-
erties of growing cells (Tang & Boyer 2002; Bouchabké,
Tardieu & Simonneau 2006). However, the genetic controls
of processes at this cellular level cannot be directly inte-
grated into whole-plant models (Tardieu 2003). The inter-
actions among these processes and their linkages to
responses at whole-plant level are insufficiently under-
stood, so that modelling each cellular response would result
in a large number of redundant mechanisms and an over-
parameterization of the model.

A gap has thus developed between the current knowl-
edge in plant physiology and the algorithms used in crop
models. The latter are nevertheless needed to evaluate the
effects of individual processes or genes on the seasonal
dynamics of crop water use and carbon assimilation
(Chapman et al. 2002; Yin, Struik & Kropff 2004). In crop
models, the amount of new leaf area appearing each day is
typically modelled either as a function of carbon availability
to leaves (Goudriaan & van Laar 1994; Lizaso, Batchelor &
Westgate 2003) or as a temperature-driven growth affected
by limiting stress functions (Hammer, Carberry & Muchow
1993). These procedures are appropriate to simulate yield at
large spatial scales or the effects of crop management (e.g.
Lyon et al. 2003), but they are not sufficiently accurate to
capture genetic variation in processes like leaf growth
(Hammer et al. 2006). Some crop models now propose
linkage between cultivar-specific parameters and associated
genes or QTL, but these approaches have been applied
either to constitutive traits (e.g. phenology; Chapman et al.
2003;Yin et al. 2005) or to binary traits related to environ-
mental triggers (e.g. flowering response to photoperiod,;
Leon, Andrade & Lee 2000; Hoogenboom, White &
Messina 2004).
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An approach has been developed to fill this gap for
maize leaf growth challenged by environmental conditions
(Reymond et al. 2003; Sadok et al. 2007). It consisted, firstly,
of expressing all rates per unit thermal time, thereby obtain-
ing temperature-independent rates (Granier et al. 2002;
Sadok etal. 2007). Secondly, the major environmental
conditions involved in leaf development were identified
for short time intervals (minutes to hours). Temperature,
evaporative demand and soil water deficit had an overrid-
ing effect on leaf growth rate, whereas light and plant
carbon balance had minor effects (Ben Haj Salah & Tardieu
1996, 1997; Sadok et al. 2007). Thirdly, response curves of
LER to temperature, evaporative demand and soil water
status were established, and the parameters of these
responses were analysed genetically (Reymond et al. 2003;
Welcker et al. 2007). This allowed simulation of leaf growth
in novel inbred lines as defined by their alleles at QTLs
(Reymond et al. 2003; Sadok eral. 2007). However, this
method was applied only to one leaf position (leaf 6) and
to simple environment scenarios, and therefore did not
capture the integration to the whole-plant level nor
complex interactions of plants with their environment (e.g.
feedback of leaf growth on soil water depletion).

The aim of this study was to scale up this single-leaf
model to the whole-plant and crop levels, and hence
provide the capability to predict crop level consequences of
the genetic variability in leaf growth response to environ-
ment. To achieve this, the single-leaf model was combined
with a model that co-ordinates growth of all leaves of a
plant, based on current knowledge of leaf development
and on field experiments. This modified model took into
account: (1) the parameters of response curves established
in controlled conditions; and (2) a field-based developmen-
tal model presented here and parameterized in one field
experiment. The resulting framework was implemented in
the generic crop model of the APSIM platform to introduce
dynamic feedback effects on leaf growth (via transpiration
and soil water uptake). The model was then tested in 12
field environments with contrasting temperature, evapora-
tive demand and water deficit conditions. Incorporating
these approaches to leaf growth and development within
the generic APSIM model also allowed prediction
of biomass accumulation and crop yield in three field
environments.

THEORY

Modelling the area of all individual leaves of a plant
requires estimation of the beginning, the rate and the end of
growth of each leaf, as well as the responses of these vari-
ables to environmental conditions. If only three environ-
mental conditions and one parameter for each variable
are considered (resulting in an oversimplification of the
model), this would result in nine parameters per leaf posi-
tion, i.e. 135 parameters for a 15-leaf plant. Hence, we seek
a more parsimonious approach based on existing knowl-
edge of leaf development.
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Timing of leaf elongation

Leaves are initiated on the meristem at regular intervals of
thermal time, i.e. time corrected for the temperature effect
(Granier & Tardieu 1998; Lafarge & Tardieu 2002). Leaf
elongation of monocotyledons is restricted to a zone near
the leaf insertion point (Schnyder, Nelson & Coutts 1987,
Ben Haj Salah & Tardieu 1995). As a consequence, leaf
elongation is exponential (i.e. with a rate proportional to
leaf length) until the elongating zone reaches its final
length, and linear (i.e. rate independent of leaf length) after-
wards, until final leaf length is achieved (for details, see
Muller, Reymond & Tardieu 2001). The first two working
hypotheses of our model were that (hypothesis 1) only the
parameters characterizing the linear phase are needed
because the exponential phase can be summarized by the
date of transition and the length of the elongating zone, and
(hypothesis 2) the dates of transition and end of expansion
are linearly related to thermal time for the successive leaves
of the plant.

In contrast to most existing studies, we considered the
whole period of leaf development from leaf initiation to
end of elongation, regardless of whether a leaf was visible
or hidden in the whorl. Leaf tip and ligule appearances were
therefore not considered per se in the simulation of leaf
growth. They were only used in the final model to estimate
the green leaf area for calculations of transpiration, light
interception and biomass accumulation.

Leaf elongation rate

LER is constant per unit thermal time in the absence of
environmental stresses (Sadok et al. 2007) because the dis-
tribution of the elongation rate in the growth zone is tem-
perature independent (Tardieu ez al. 2000). The maximum
LER would be unique for all leaves of a plant if the distri-
bution of growth within the elongating zone was common
to all leaves, and would otherwise differ among leaves.
Andrieu, Hillier & Birch (2006) showed that the maximal
LER depends on the leaf rank, but as far as we know, the
growth distribution within the elongation zone has never
been compared among leaf positions. We used here an indi-
rect method to simultaneously estimate the maximum LER
and the lag time between leaf initiation and beginning of
the linear elongation phase (duration of the exponential
phase), which both depend on the length of the elongating
zone.

Although the lamina and the sheath have different roles
in the mature leaf, they have a common growth behaviour.
In the developing leaf, the ligule crosses the elongating zone
without change in the growth distribution (Muller ez al.
2001). The transition from lamina to sheath expansion
therefore occurs with a decrease in lamina elongation rate
that is exactly compensated by the increase in sheath elon-
gation rate, so that the elongation rate of the whole leaf is
constant from the beginning of linear elongation until the
end of the sheath elongation (Lafarge, de Raissac & Tardieu
1998). Analyses of the environmental responses of LER
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were therefore performed for the entire leaf (lamina and
sheath) development period.

Previous studies have shown that changes in evaporative
demand affect LER linearly even in the absence of water
deficit (Acevedo et al. 1979; Ben Haj Salah & Tardieu 1996)
and that a water deficit affects LER proportionally to
predawn leaf water potential in the absence of evaporative
demand. These effects can be combined in Eqn 1, originat-
ing from Reymond ez al. (2003) with, in addition, the effect
of the leaf rank:

LER, = ou(T - Ty)(a+ bVPD, + c¥) (1)

where LER is the LER of the leaf of rank k, T is the
meristem temperature, VPD,, is the meristem to air VPD
corrected for the effect of light on stomatal conductance, ¥
is the predawn leaf water potential and 7j is the x-intercept
of the relationship between LER and temperature. For a
given leaf position, the parameters a, b and ¢ are genotype
dependent and unique across a range of experimental con-
ditions. The term o accounts for the effect of the leaf rank
(k).

The second set of working hypotheses for the model was
that (hypothesis 3) the elongation rate on a given day is
independent of that on the previous day (Sadok et al. 2007),
(hypothesis 4) the different leaves of a plant behave
independently from each other and (hypothesis 5) the sen-
sitivities to evaporative demand and to soil water status
(coefficients b and c) are common to all leaves of a plant.

MATERIALS AND METHODS
Plant material and growth conditions

Maize seeds (Zea mays L., single-cross hybrid Dea) were
sown in the field in Grignon (northern France; 48°51" N,

Table 1. Characteristics of the field experiments

1°58” W), Montpellier (southern France; 43°38" N, 3°52" W)
and Mauguio (southern France; 43°36” N, 3°58’ W) in deep,
loamy soils between 1992 and 1998 under well-watered or
water-deficient conditions (Table 1). In Montpellier and
Mauguio, plants of well-watered treatments were watered
so that their predawn leaf water potential never declined
below —0.1 MPa. No irrigation was needed in Grignon.
For water-deficit treatments, irrigation was stopped after
sowing in Montpellier and Mauguio (MP94jl, MP95jn and
MP95jl). In Grignon (GR92ap), a mobile shelter was
placed over the plants during rainy periods to prevent
water entry. In 1994, a crop was grown from 15 April to
end of June to deplete soil water in such a way that the
experiment sown in July (MP94jl) experienced an early
water deficit.

Three field experiments were carried out in Gatton
(Australia, 27°34” S, 152°20" E) on the hybrid Hycorn 53
(Pacific Seeds, Toowoomba, Australia) to test the model at
crop level. Plants were sown on three dates and were grown
under fully irrigated conditions (Table 1; Lemaire et al.
2007).

Maize plants were also grown in growth chamber and
greenhouse experiments to analyse the responses of ex-
pansion rate of leaf 6 to temperature, VPD and predawn
leaf water potential (non-destructively estimated from soil
water content). These experiments (Ben Haj Salah &
Tardieu 1995; Reymond 2001; Reymond et al. 2003) were
used to estimate the parameters of responses (parameters a,
b and c; Eqn 1) in the hybrid Dea.

Environmental measurements and variables

Air temperature and relative air humidity were measured
with a thermohygrometer (HMP35A; Vaisala Oy, Helsinki,
Finland) shaded from incident radiation and located in

Density Irradiance Rain Temperature VPD,...
Exp Location Sowing date Treatment (plm?)  (MJIm?) (mm)  (°C) (kPa)
GR92ap Grignon, France 27 April 1992 Well watered 9 21.1 62 15.6 1.10
GR92ap Grignon, France 27 April 1992 Water deficit 9 21.1 0 15.6 1.11
MP94jl Montpellier, France 19 July 1994 Well watered 9 20.7 30 24.8 2.55
MP94ijl Montpellier, France 19 July 1994 Water deficit 9 20.7 30 24.8 2.66
MP95ma Montpellier, France ~ 16 May 1995 Well watered 12 22.7 39 20.0 1.49
MP95jn Montpellier, France 20 June 1995 Well watered 12 239 13 24.0 1.95
MP95jn Montpellier, France 20 June 1995 Water deficit 12 23.9 13 24.0 2.05
MP95;jl Montpellier, France 10 July 1995 Well watered 12 21.6 88 24.7 2.07
MPI5jl Montpellier, France 10 July 1995 Water deficit 12 21.6 88 24.7 2.09
MA97ma  Mauguio, France 14 May 1997 Well watered 8 19.1 151 19.5 1.36
MA97jn Mauguio, France 18 June 1997 Well watered 8 21.3 65 22.0 1.60
MA98ma  Mauguio, France 20 May 1998 Well watered 8 23.0 47 21.1 1.70
GA99fv Gatton, Australia 19 February 1999 Well watered 6.7 16.6 106 234 1.36
GA99sp Gatton, Australia 16 September 1999  Well watered 6.7 10.4 156 20.1 1.28
GAOljv Gatton, Australia 4 January 2001 Well watered 6.9 21.6 204 25.6 1.71

Irradiance (short wave solar), temperature (air temperature), VPDy,, (vapour pressure difference between meristem and atmosphere) were
averaged for the period from sowing to flowering. Rain corresponded to cumulated rainfall from sowing to flowering.
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the fields. Meristem temperature was measured using
thermocouples (copper-constantan, 0.4 mm diameter)
located inside the stem near the meristematic zone of non-
measured plants. Incident light on plants was measured
using a PPFD sensor (LI-190SB, Li-Cor, Inc, Lincoln, NE,
USA). Measurements were logged every 20s and aver-
aged every 600s (CR10X; Campbell Scientific, Inc, Shep-
shed, UK). A corrected VPD between meristem and
air was calculated to take into account the effect of
the PPFD on stomatal conductance. At PPFD less than
500 umol m=s7!, the corrected VPD was proportionally
reduced to become 0 when PPFD was 0 (Reymond er al.
2003). Thermal time (°Cd) was calculated by integration of
the difference between the mean meristem temperature
and a threshold base temperature (79) of 10 °C (Ben Haj
Salah & Tardieu 1995). The average environmental con-
ditions corresponding to each field experiment are
presented in Table 1.

In water deficit experiments, the soil water characteristics
(upper and lower limits of plant extractable water) were
determined from records of soil water content when the soil
was fully wet, and after an extended period of extraction
(Meinke, Hammer & Want 1993).

Plant measurements and variables

In the field experiments MA97ma, MA97jn and MA98ma
(Table 1), 120 plants distributed in the field and more than
1 m apart were tagged at the three-leaf stage on one day.
These plants displayed similar developmental stages over
the whole period studied. On each plant, leaves 5 and 10
were marked soon after appearance to prevent any
mistake in leaf counting because of senescence of the first
leaves. Non-destructive measurements were recorded on
10 of these plants during the whole season. Their number
of visible and ligulated leaves were recorded every third
day. Their final lamina lengths and maximal widths were
measured at the 10-leaf stage for leaves 1-6, and at silking
for leaves 7-16. Destructive measurements were per-
formed on five to eight of the remaining tagged plants
every second or third day. These plants were dissected
under a microscope (Leica wild F8Z stereomicroscope,
Leica, Wetzlar, Germany) coupled to a video camera
(Sony, CCD-IRIS/RGB, Tokyo, Japan) to count the
number of leaves initiated (above 50 um in length).
Lamina lengths of all initiated leaves were determined
with an image analyser (Bioscan-Optimas V4.10,
Edmonds, WA, USA) for early developmental stages and
with a ruler once leaf length exceeded 4 mm. The dates of
beginning and end of the linear lamina elongation phase,
and the mean lamina elongation rate over this period
were determined for each leaf from a two-phase fit, thus
distinguishing exponential and linear phases as described
by Andrieu et al. (2006).

In the other experiments carried out in France (Table 1),
10 plants per treatment were tagged at the three-leaf stage,
and their leaves 5 and 7 were marked few days after their
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appearance. Numbers of visible and ligulated leaves were
recorded every third day, and their final leaf length and
width were measured as described earlier. Predawn leaf
water potential was measured every week in each treatment
with a pressure chamber (Soil Moisture Equip. Corp., Santa
Barbara, CA, USA).

In three experiments carried out in Australia, leaf, grain
and whole-plant biomass were sampled on 10 plants every
3-4 weeks from a 1.44 to 1.50 m?> quadrat. LAT was esti-
mated from these plants as the product of total leaf weight
(g m™) and specific leaf area (cm? g™'). The latter was deter-
mined on a subsample of leaves from leaf area measured
with an electronic planimeter.

Modelling

The model of leaf growth and development was based on
the experimental data collected in this study. Leaf initiation;
tip appearance; ligule appearance; and the beginning, rate
and end of linear expansion were estimated for each leaf
using data from the field experiments. The response of LER
to temperature, VPD and soil water deficit were determined
from experiments in the growth chamber and greenhouse.
Detail of the leaf growth and development model is pre-
sented in Results.

The leaf model was incorporated as a replacement
module for canopy leaf development in the APSIM-Maize
model of the APSIM platform (Wang et al. 2002; Keating
et al. 2003), version 5.2. The complete APSIM cropping
system simulation platform is documented at www.
apsim.info, and a detailed description and validation of the
maize model is given at www.apsim.info/apsim/Publish/
apsim/maize/docs/maize_science.htm. The incorporation of
the leaf model allowed simulation of traits at canopy level
and estimation of leaf environmental variables needed for
the leaf model. A new micrometeorological module was
added to APSIM to calculate weather data at an hourly
time step. The temporal profile of temperature was esti-
mated from Parton & Logan (1981). VPD was calculated
from hourly air temperature and a dew point temperature
estimated every day from minimum and maximum relative
humidity and air temperature. Daily meristem temperature
was input into the model for well-watered conditions.
Drought impact on meristem temperature was estimated
via a function depending on the hourly ratio of potential
water uptake from the soil to water demand of the plant,
which is an indicator of crop water status (Chapman,
Hammer & Meinke 1993). The simulated hourly values of
environmental variables closely resembled the actual data
(e.g. VPDeg, y =1.003, x — 0.017, r*=0.838). Predawn leaf
water potential (y, MPa) was estimated from the fraction of
transpirable soil water (FTSW) that was calculated from
the soil water balance in APSIM [y = min(-0.1,-0.06 + 0.25
In(FTSW)].

The ability of the integrated model to simulate canopy
leaf area development, biomass accumulation and grain
yield was tested using data from experiments conducted in
Australia (Table 1).
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RESULTS

First experimental base of the model: stable
patterns over a large range of environmental
conditions provide a time frame for

leaf development

The average calendar time necessary for two successive
leaves to reach a stage of development varied between
experiments. For instance, the time between the appearance
of two successive leaves ranged from 2.8 to 7.4d (Exp
MP94jl and GR92ap), because of large differences in tem-
perature among experiments (Table 1). However, all of the
stages occurred on a regular basis in terms of thermal time,
with timings common to all experiments (Fig. 1a). Succes-
sive leaves initiated every 21 = 2 °Cd, and emerged from
the whorl every 42 = 1 °Cd regardless of the experiment. In
the following, all rates are expressed per unit thermal time,
as allowed by the linear relationships between temperature
and LER (Fig. 2b) or leaf appearance rate (not shown).
Leaves began to elongate at a constant rate when they
reached a specific length, presumably that of the elongat-
ing zone, which increased from 4 to 10 cm with leaf rank
(Fig. 1c). The transition between the exponential and linear
phases occurred in successive leaves every 26 = 2 °Cd (con-
firming hypothesis 1 inTheory),i.e. arate slightly slower than
that for initiation. Hence, the lag time between leaf initiation
and beginning of linear elongation increased with leaf rank,
presumably because of an increase in the length of the

elongating zone. The elongation rate during the linear phase
increased with leaf rank for the first eight leaves, was
maximal for leaves 9-12, which are the longest leaves, and
decreased for the top leaves, which elongated as slowly as
50% of that of the longest leaves (Fig. 1b). The end of leaf
expansion preceded leaf ligule appearance with a constant
lag time, except for the first leaves in which this lag increased
with leaf rank. Its progression along the stem was slower for
the first eight leaves (0.020 leaf °Cd™") than for the following
five leaves (0.033 leaf °Cd™). In all experiments, the last four
leaves ceased elongating Imost simultaneously.

Overall, striking features were that the coordination
between the development of all leaves was common to
several experiments (Fig. 1a), and that leaf development
processes occurred at different rates (slopes of Fig. 1a)
resulting in longer development periods for intermediate
leaves than for older (bottom) and younger (top) leaves.

Second experimental base of the model:
responses of leaf growth to evaporative

demand and soil water deficit at leaf and
whole-plant levels

LER per unit thermal time decreased linearly with
meristem-to-air VPD in well-watered plants during the day
(Fig. 2¢). It also decreased linearly with predawn leaf water
potential in the absence of evaporative demand during the
night (Fig. 2d). Linear equations therefore accounted for
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Figure 1. Leaf development in well-watered conditions. (a) Timings expressed in thermal time of leaf initiation (red), beginning of linear
expansion (brown), leaf tip emergence (green), end of linear expansion (blue) and ligule appearance (purple) as a function of leaf rank.
Experiments: GR92ap (open circle), MP94jl (open square), MP95ma (open triangle up), MP95jn (open triangle down), MP95jl (filled
circle), MA97ma (filled square), MA97jn (filled triangle up), MA98ma (filled triangle down). (b) LER during the linear elongation phase,
normalized by the maximum value for the profile, as a function of leaf rank. Same symbols as (a). (c) Change with thermal time in length
of individual leaves from plant emergence, for leaves 6 (filled circle), 8 (open circle), 10 (filled square), 12 (open square) and 14 (filled
triangle up) in Exp MA97jn. Points, observed data; lines, fitted relationships. Error bars, standard deviations; n = 10.
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Andrieu et al. (2006) (open circle). (f) Final width of fully expanded lamina for all leaves of a plant. The model estimates the length (g)
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the leaf growth model. Same abbreviations as in Table 2. (b, ¢, d).
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the short-term response of leaf growth to VPD and
predawn leaf water potential in the hybrid studied here
(Eqns 8 & 9 in Table 2).

A large effect of evaporative demand on final leaf area
was observed in field experiments, consistent with the effect
on elongation rate in controlled conditions. Differences in
evaporative demand accounted for the differences in leaf
length among experiments for plants in well-watered treat-
ments. In particular, an increase in mean meristem-to-air
VPD of 1.1-2.6 kPa (averaged for the whole leaf develop-
ment period) induced a large decrease in final leaf length
(observed data points of Fig. 3).

Soil water deficit substantially reduced leaf length in four
experiments (observed data points of Fig. 4). A detailed

analysis of two experiments with different timings of water
deficit is presented in Figs 5 and 6. In the first experiment
(MP94jl), an early water deficit (characterized by the
predawn leaf water potential) increased in intensity until
250 °Cd after emergence (Fig. 5a), while leaves 6-10 were
developing with lamina either partly emerged or hidden in
the whorl (Fig. 5b). Plants were then rewatered, so leaves
11-13 grew with no or moderate soil water deficit, and the
last two leaves grew with an increasing water deficit. The
differences in length between well-watered and stressed
plants closely followed the timing of the water deficit
(Fig. 5c). A large reduction in length was observed for
young or old leaves that grew during the stress, whereas
intermediate leaves 11-13, which grew under favourable

Table 2. Equations used in the leaf development model with their corresponding parameters and origin (either experiments presented

here or references)

Process Eqn Equation Parameter Figure Origin
Tip appearance 2 Niip = agiptt + byip agp =0.024 °Cd! Fig.2a  MA97jn
bip=2
Beginning of linear expansion 3 Ngi. = max(Nyp, asy 1t + bpr) agL =0.039 °Cd™! Fig.2a MAY97jn
bBL = 02
End of linear expansion 4 ttgr =ty — lag [=80°Cd! Fig.2a  MAY97jn
From leaves 1-5,
lag=(NeL—1)o/(5-1)
From leaf 5 to Npa, lag =1
Ligule appearance 5 From leaf 1 to (Njna — 8), biL=03 Fig.2a  MA97jn
Nip=apitt+bry arp =0.016 °Cd!
From leaf (Nrma] - 8) to (Nrmal - 3), arin = 0.036 oCd71
NiL= (mea] - 8) + Niinal = 15 0r 16
apo(tt — tgnais)
From leaf (Ninai — 3) to Ninal, all
appear at the same time
(11 = ttngnai-s) With
ttnfinal-s = (NVginal — 8 — bri)/avi
,O_S(amnkfk ]2
Shape of LER profile 6 o=e  brank Apank = 5.24 Fig.2e  MAUY97jn, Andrieu et al.
brank = 9.64 (2006)
LER response to 7 7 LER =a(T - Ty) a=5.52 mm °Cd™! Fig. 2b  Reymond (2001)
To=10°C
LER response to VPD 8 LER=a+bVPD b=-125mm °Cd'kPa? Fig.2c Reymond (2001)
LER response to y 9 LER=a+cy ¢=6.5mm °Cd™ Mpa™ Fig.2d Reymond (2001)
Leaf length at beginning - Mean value, 8§ cm - MAY7jn, Andrieu et al.
of linear expansion (2006)
Final maximal leaf width 10 From leaves 1-3, W =15 mm Winax = 90 mm Fig.2f  Mean for all experiments

From leaf 4 to (Nmax — plateau/2),

W=15+ Awidth (N— 3)

From leaf (Nmax — plateau/2) to
(Nmax + plateau/2), W = Wi
From (Nmax + plateau/2) to Ninal,

W= Wmax — Qwidth (k - 3)
where ]Vmax =0.65 Nﬁnal
Plateau = 0.33 Njpa — 1.46

1t, thermal time since plant emergence; g1, ff11, thermal time at the end of the linear expansion or at ligule appearance, respectively; Nyp,
number of leaf tips appeared outside the whorl; N1, Ngi and Ny, number of leaves which have begun linear elongation, stopped elongating
or with appeared ligule, respectively; k, leaf rank; Njpa, final leaf number; W, final maximum width of the considered leaf; Wi, final maximum
width of the widest leaf of the plant; 7, meristem temperature; VPD, meristem-to-air vapour pressure difference; y, predawn leaf water

potential.
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Figure 3. Observed and simulated final lamina lengths in plants
grown with contrasting VPD. Data are for well-watered
conditions in experiments GR92ap (open circle) and MP94;jl
(filled circle), with mean meristem-to-air VPD of 1.1 and 2.6 kPa,
respectively, averaged during the vegetative period. Points,
observed data; lines, simulated data. Error bars, standard
deviations; n = 10.

conditions, showed small or no difference in length. In the
second experiment (M95Jn), plants experienced a later but
continuously increasing water deficit (Fig. 6). Consistently,
no reduction in leaf length was observed for leaves 1-8,
which grew under favourable conditions, whereas increas-
ing effect of the deficit was observed for leaves 9-15. These
observations indirectly confirm hypotheses inherent in the
model (see Theory): (1) during the linear elongation phase,
early developing leaves hidden in the whorl were as sensi-
tive to water deficit as visible leaves; and (2) there was no
‘after effect” of water deficit experienced by a given group
of leaves on the later-appearing leaves, because leaves
11-13 were not affected by a stress that reduced the lengths
of leaves 5-10 (Fig. 5).

Whole-plant model of leaf development
and growth

The model presented in Fig. 2 resulted from the combina-
tion of equations that coordinate the development of all
leaves of the plant (Fig. 2a,e; Eqns 2-6 in Table 2), with
equations for response of the leaf 6 elongation rate to envi-
ronmental conditions (Fig. 2b—d; Eqns 7-9 in Table 2). The
changes in environmental conditions as sensed by leaves
(meristem temperature, meristem-to-air VPD or predawn
leaf water potential) were simulated using the APSIM
model. Thirteen parameters were used for the model of leaf
development at whole-plant level (Fig.2a,e; Eqns 2-6 &
10). They were estimated from data of one experiment
(MA97jn), combined with those of Andrieu eral. (2006)
when possible. The four parameters of the environmental
responses at the leaf level (Fig. 2b—d; Eqns 7-9) were esti-
mated in greenhouse and growth chamber experiments,
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Figure 4. Observed and simulated final lamina lengths in plants
grown with contrasting soil water status. Data from experiments
GR92ap (a), MP94jl (b), MP95jn (c) and MP95jl (d). Points,
observed data; lines, simulated data. (open circle, continuous
line), well-watered conditions; (filled circle, dashes), water deficit
conditions. Error bars, standard deviations 0.05; n = 10.
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Figure 5. Observed and simulated effects of an early water deficit followed by watering on the final length of all leaves of a plant.

(a) Change with thermal time in predawn leaf water potential in well-watered (continuous line) and water-deficit (filled circle, dots)
treatments. Points, observed data; lines; simulated data. Observed data in the well-watered treatment are not shown for better legibility.
Error bars, standard deviations. (b) Simulated timing of lamina elongation within (thin line) or outside (thick line) the whorl as a function
of leaf rank. The vertical line indicates the time of watering. (¢) Reduction in leaf length between well-watered and water-deficit
treatments as a function of leaf rank. No observed data were available for the three first leaves. Bars, observed data; lines, simulated data.
The dashed line in (c) corresponds to a simulation in which a stress-induced delay in leaf development was forced into the model. Data
from MP94jl. The corresponding profile of final leaf length is presented in Fig. 4b. Error bars on predawn leaf water potential, standard

deviations, n = 8-10.
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Figure 6. Observed and simulated
effects of a late water deficit on the final
length of all leaves of a plant. (a) Change
with thermal time in predawn leaf water
potential in well-watered (continuous
line) and water-deficit (filled circle, dots)
treatments. Points, observed data; lines;
simulated data. Observed data in the
well-watered treatment are not shown for
better legibility. Error bars, standard
deviations. (b) Simulated timing of lamina
elongation within (thin line) or outside
(thick line) the whorl, as a function of
leaf rank. (c) Difference in leaf length
between well-watered and water deficit
treatments as a function of leaf rank.
Bars, observed data; lines, simulated data.
The dashed line in (c) corresponds to

a simulation in which a stress-induced
delay in leaf development was forced
into the model. Data from MP95jn. The
corresponding profile of final leaf length
is presented in Fig. 4c. Error bars on
predawn leaf water potential, standard
deviations, n = 8-10.
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independently of the field experiments. Other parameters
of the APSIM model were unchanged compared with the
current version 5.2 and can be found in www.apsim.info/
apsim/Publish/apsim/maize/docs/maize_science.htm.

Leaf growth was calculated every hour for each leaf with
the period of elongation restricted to the linear elongation
phase, and with an initial length set at the estimated length
of the elongating zone as proposed in Theory (hypothesis
1). The beginning of linear expansion and the end of elon-
gation were determined via linear equations on thermal
time (Fig. 2a; Eqns 3 & 4). The elongation rate of each leaf
was calculated according to Eqn1 (Fig. 2b—e), with the
coefficient o (Eqn 1) which depended on leaf rank, and
was determined via an exponential relationship (Fig. 2e;
Eqn 6). Altogether, these equations allowed estimation of
the change in leaf length with thermal time. Leaf width was
estimated for each fully expanded leaf from the maximal
leaf width value for the plant (maximal width of the largest
fully expanded leaf, W) and from the number of leaves
(Fig. 2f; Eqn 10). Leaf width growth was considered to
occur during the linear elongation phase. Finally, lamina
area (Fig.2h) was calculated as the product of lamina
length by maximal width, corrected by a shape factor of 0.75
(Zhang & Brandle 1997). The green leaf area (visible part of
the leaf) was calculated every day as a fraction of the total
leaf area by using the rates of leaf appearance and ligule
appearance (Eqns 2 & 5). It was multiplied by plant density
to calculate LAI, which was used by the APSIM model to
simulate biomass accumulation and water use.

Simulation of leaf length profiles under
contrasting environmental conditions

The model was used to simulate (with a single set of param-
eters) the final area of each leaf of a plant in the 12 experi-
mental situations (Table 1). The experiments had a range
in daily mean temperature of 15.6-24.7 °C, daily mean
meristem-to-air VPD of 1.1-2.7kPa and predawn leaf
water potential of —0.05 to —0.4 MPa. Examples of simula-
tions of final leaf length profiles are given for contrasting
VPDs (Fig. 3) and water deficits (Fig. 4). Overall, the model
adequately simulated the final lamina length (Fig. 7a) for
the effects of both the environment and leaf position on the
stem. The environmental effects are presented in Fig. 7a
inset for the final length of a given leaf and in Fig. 7b for the
total LAI. The model slightly underestimated the length of
the first five leaves (Figs 3,4 & 7), which collectively repre-
sented less than 6% of the final leaf area of the plant.

The simulations accurately reflected the experimental
pattern of reduction in leaf length resulting from changes
with time in soil water potential. In particular, only leaves
exposed to water deficit during their development had a
reduced final area in the model as in field experiments
(Figs 5 & 6). However, compared with observed data,
simulations of stress effects on leaf length were biased
towards the bottom of the leaf profile. On inspection of the
experimental data, there was a slower development rate in
plants under water deficit compared with well-watered
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Figure 7. Comparisons of simulated versus observed data for
final lamina length of all leaves (a), of leaf 10 only (a, inset) and
of the total LAI (b) for well-watered (green open symbols)

or water-deficit (red close symbols) conditions, with low
meristem-to-air VPD (>2 kPa) (triangle down) or high
meristem-to-air VPD (>2 kPa) (triangle up). Fits: (a), y =1.018 x,
?=0.922, CVe = 0.147; (b), (a), y = 1.034 x, » = 0.574,

CVe =0.144. Dots, 1:1 line.

plants. This delay in development was not inserted in the
model because of a current lack of biological basis, and to
avoid the introduction of extra equations and parameters.
Consequently, water deficits affected leaves at a later stage
in the model than in the experiments. When the stress-
induced delay in development was forced into the model,
the observed and simulated differences in leaf length
coincided.

The leaf growth model allowed calculation of
crop biomass accumulation and yield via its
interface with APSIM

The model was tested over the crop cycle in three experi-
ments carried out in Australia with the hybrid Hycorn 53
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Figure 8. Simulation of plant development and growth of maize
canopy in well-watered conditions. (a) Change with time in LAI,
plant biomass and grain biomass. Points, observed data; lines,
simulated data. (b,c) Comparison of simulated versus observed
data for plant biomass and grain biomass (b) and LAI (c). Data
from experiments GA99fv, GA99sp and GAO1jv. (filled circle),
LAI (open square), plant biomass; (filled triangle up), grain
biomass. Fits, (b), plant biomass (dashes), y =0.839 x, r* = 0.955,
CVe =0.177; grain biomass (continuous trait), y = 0.986 x,
?=0.849, CVe = 0.432; (c), LAL y =0.919, r* = 0.619, CVe = 0.347.
Dots, 1:1 line.

(Fig. 8). This genotype had leaf growth similar to the hybrid
Dea, but with longer lamina for the first leaves. The inter-
face of the leaf model developed here with the crop model
APSIM allowed estimation of integrated phenotypes at

canopy level (Fig.8a). The model adequately predicted
LAI (y=0919 x, r»=0.619, CVe=0.347), vegetative
biomass (y = 0.839 x, > = 0.955, CVe = 0.177) and grain yield
(y=0.986 x, r»=0.849, CVe =0.432) under well-watered
conditions that varied in seasonal temperature and VPD
profiles across contrasting sowing dates.

DISCUSSION

The model integrated short-term mechanisms
into a crop modelling framework

Connecting models with different levels of integration
(temporal and spatial scales) is the object of a long-lasting
debate in the plant scientific community (Passioura 1996,
2007). Responses to environmental conditions often differ
if they are considered over some hours, days or weeks, so it
has been argued that each time scale is associated with its
own set of overriding mechanisms, e.g. hydraulic processes
over minutes to hours, carbon status over days, develop-
mental processes over weeks (e.g. Munns et al. 2000). If this
were true, it would be difficult to build an effective model
that crosses time scales, so models designed to evaluate the
consistency of known short-term mechanisms should be
distinguished from those designed to make predictions and
help in decision making at crop level (Passioura 1996).
However, the study presented here shows that it is possible
to integrate a leaf growth model with a time scale of hours
into a canopy model with a time scale of months. This was
possible because the models at short and longer time scales
were specifically designed for this integration.

The model of leaf growth accounts for short-term
changes in elongation rate as a response to environmental
conditions, but does not attempt to directly include mecha-
nisms such as changes in cell division, cell wall properties or
hydraulic processes which cannot yet be scaled up (Tardieu
2003). The connection to physiological and molecular
mechanisms is thus done a posteriori, via genetic analyses
of individual responses to environmental conditions
(Reymond et al. 2003; Welcker et al. 2007), or analyses of
the contributions of traits such as turgor maintenance
(Bouchabké et al. 2006), abscisic acid (Voisin et al. 2006) or
expansins (Muller et al. 2007) to the changes in leaf growth.

The leaf developmental model predicts the beginning
and end of linear elongation for each leaf and the variation
in LER among leaves of the plant (parameter oy; eqns 1 &
6). It therefore fixes the time frame of expansion, while the
leaf growth model simulates the LER as affected by envi-
ronmental conditions. Interfacing models would not have
been possible if we had used a standard developmental
model that only predicted the increase in green leaf area
based on leaf tip and ligule appearances (e.g. Zur, Reid &
Hesketh 1989; Keating et al. 2003).

The crop model APSIM, which has a thermal-time-driven
programme of plant development, is compatible in its
principles with the new leaf model. It was enhanced by
introducing several novel features, namely (1) algorithms to
derive hourly values of the environmental conditions based
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on daily values; and (2) procedures to calculate microme-
teorological variables and predawn leaf water potential
from standard meteorological data interfaced with the
model predictions of water use and crop water status. The
crop model could therefore simulate the predawn leaf
water potential (via soil water status), leaf temperature and
evaporative demand at the time step required for the leaf
growth model.

Stable patterns of leaf development allowed
estimation of plant leaf area at whole-plant and
canopy levels in contrasting environments

Models of development such as that presented in Fig. 2
have been applied in different species and for both repro-
ductive and vegetative development (Zur et al. 1989; Ney &
Turc 1993). A novelty of the model presented here lies in
the developmental stages taken into account. A constant
thermal time elapsed between the transition of the expo-
nential to linear elongation phase for successive leaves. This
validates hypothesis 2 of Theory. It is noteworthy that the
estimated leaf length at which the transition occurred is
compatible with published lengths of the elongating zone
(Muller et al. 2001; Rymen et al. 2007). The pattern for ces-
sation of elongation was more complex, probably because
of the increasing influence of reproductive organs over
plant development. The thermal time between the cessation
of elongation in successive leaves decreased for leaves
growing after floral transition. It was nullified for the top
leaves, which developed during rapid growth of reproduc-
tive organs, consistent with data of Lafarge & Tardieu
(2002) and Andrieu et al. (2006).

Several other novelties of the model are worth mention-
ing. (1) The responses to environmental conditions are
unique for a given genotype in a wide range of experimental
situations including field, greenhouse or growth chamber
(Ben Haj Salah and Tardieu 1995; Reymond et al. (2003).
Contrary to statistical stress functions usually used in crop
models, these responses can therefore be considered as
physiological traits with biological bases and be related to
stable QTLs. (2) This is the first time to our knowledge that
the direct effect of evaporative demand has been reported
and used to simulate final leaf area. (3) Consistent with
experimental results, leaves are considered as sensitive to
their environment during the whole period of linear elon-
gation, while they are either hidden in the whorl or emerged
above it. This suggests a minor role of the exponential elon-
gation phase in leaf developmental responses to water
deficit compared to the linear phase, consistent with
hypothesis 1 of the Theory. (4) The expansions of different
leaves of the plant are considered as independent (hypoth-
esis 3). This was consistent with the experiment presented in
Fig. 6, where the reduction in growth of the first 10 leaves
because of water deficit had no influence on the growth of
the following leaves which grew under well-watered condi-
tions. There was, therefore, no cumulative effect of the water
deficit (hypothesis 4), which would have been expected if
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the reduction in leaf growth by the water deficit was
because of a reduced carbon availability, as in the model of
Lizaso et al. (2003).

Finally, we acknowledge that leaf width was less accu-
rately modeled than leaf length, although its environmental
variation is lower than that of leaf length (Reymond, Muller
& Tardieu 2004).

Towards a model to estimate how genetic
variability affects yield in a range of
climatic conditions

Most of the parameters used in the leaf model are stable
characteristics of the considered genotype, encapsulate
the environmental effects and can be related to QTL
independent of environment (Reymond eral 2003;
Welcker etal. 2007). This enables avoidance of com-
plex QTL x environment interactions that are commonly
observed for more complex traits such as leaf area or
biomass accumulation (Yin etal 1999; Reymond et al.
2004). Presently, the list of ‘stable’ traits related to leaf
growth and development in maize includes the duration of
the vegetative phase (Yin et al. 1999); leaf width (Reymond
etal. 2004); and the maximum elongation rate and its
responses to temperature, soil water status and evaporative
demand (Reymond ez al. 2003; Welcker et al. 2007). Other
characters of the model, such as the duration of elongation,
may be dissected genetically in the future. This study opens
the way for modelling genetic variability at the whole-plant
scale under fluctuating conditions. Hence, it should help in
the evaluation of the contribution to yield of QTL for indi-
vidual leaf traits, and thus contribute to breeding for these
types of environments.
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