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Abstract. Two field experiments using maize (Pioneer 31H50) and three watering regimes [(i) irrigated for the whole
crop cycle, until anthesis, (ii) not at all (experiment 1) and (iii) fully irrigated and rain grown for the whole crop cycle
(experiment 2)] were conducted at Gatton, Australia, during the 2003—04 season. Data on crop ontogeny, leaf, sheath and
internode lengths and leaf width, and senescence were collected at 1- to 3-day intervals. A glasshouse experiment during
2003 quantified the responses of leaf shape and leaf presentation to various levels of water stress. Data from experiment
1 were used to modify and parameterise an architectural model of maize (ADEL-Maize) to incorporate the impact of water
stress on maize canopy characteristics. The modified model produced accurate fitted values for experiment 1 for final leaf
area and plant height, but values during development for leaf area were lower than observed data. Crop duration was
reasonably well fitted and differences between the fully irrigated and rain-grown crops were accurately predicted. Final
representations of maize crop canopies were realistic. Possible explanations for low values of leaf area are provided. The
model requires further development using data from the glasshouse study and before being validated using data from
experiment 2 and other independent data. It will then be used to extend functionality in architectural models of maize. With
further research and development, the model should be particularly useful in examining the response of maize production
to water stress including improved prediction of total biomass and grain yield. This will facilitate improved simulation of
plant growth and development processes allowing investigation of genotype by environment interactions under conditions
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of suboptimal water supply.

Additional keywords: functional-structural plant modelling, internode extension, leaf extension, Zea mays.

Introduction

Key processes in the development of crop canopies are the
extension of the stem, which affects vertical distribution of leaf
area, leaf area index and light interception, and ultimately
production and distribution of assimilate among vegetative and
reproductive growth, thus influencing final yield of crops. Most
models of crop canopy production do not consider the dynamics
of vertical growth of plants and treat the canopy as a
homogeneous entity, providing insufficient detail and resolution
to account for plant and canopy architecture (Fournier and
Andrieu 1998, 1999). Recently, considerable progress has been
made in developing an architectural model of maize (ADEL-
Maize; Fournier and Andrieu 1999) and in quantifying
processes of internode and thus stem (Fournier and Andrieu
2000; Birch et al. 2002) and leaf extension in maize (Birch et al.
2007). These additional capabilities introduce functionality into
the structural model and, therefore, ultimately to applications in
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simulation of the effect and efficiency of diverse agricultural
inputs, e.g. fertilisers, sowing rates and pesticide application
(Room et al. 1996, 2000). These studies have contributed
important understanding of processes involved in canopy
production in maize and provided an analytical framework
capable of adaptation to other crops, e.g. wheat (Fournier et al.
2003; Evers et al. 2005) and rice (Watanabe et al. 2005). The
capabilities being developed will be increasingly important as
agricultural production adopts concepts of enhanced
sustainability through site specific management with reduced or
variable rate of inputs to accurately reflect local variability in
resources and plant performance.

Much of the agricultural land currently or potentially useable
for crop production receives inadequate rainfall to meet crop
water requirements. Both short-term transient and longer-term
water stress limits crop growth and yield. Short duration water
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stress events, especially around silking, may reduce maize yield
from a potential 5-8 t/ha to 2 t/ha or even cause total crop loss
(Westgate and Boyer 1985; Muchow 1989; Meyer et al. 1993)
and are an important limitation to crop production in the
semiarid tropical and subtropical regions of Asia, Africa and
Australia. When this occurs during grain filling, crop failure in
otherwise well-grown crops can result due to exhaustion of soil
water reserves (Grant et al. 1989; Muchow 1989). This
exhaustion is usually due to unsustainable leaf canopy
production and thus transpiration during the vegetative stage
coupled with low rainfall during grain filling. This combination
of circumstances occurs widely in all semiarid tropical and
subtropical regions. Consequently, crop production in these
regions is highly variable and in areas of high population
pressure (Africa and Asia) contributes to food shortages. Water
stress limits crop yield and constrains the areas in which maize
can be grown using current technology.

Water stress limits cell expansion and hence stem and leaf
growth. The consequent reduction in leaf area (Muchow and
Carberry 1989) reduces light interception and thus daily growth,
ultimately lowering economic yield. These principles are well
established from observation of the final size of organs and the
yield of plants grown under water stress, but the dynamics of
leaf initiation, appearance and extension, and sheath and
internode extension in response to water stress have rarely been
quantified. Plants also respond to water stress by changing leaf
shape and/or inclination (Trenbath and Angus 1975). The
curling of leaf edges reduces the leaf’s presentation width (the
width of the lamina that is exposed to radiation). Leaf angle of
inclination (or presentation angle, the angle between a lamina
and the stem) declines, and the rate of senescence increases
(Muchow and Carberry 1989).

Study of the dynamics of organ extension will enable the
relationship between rate of extension, timing of stress events,
and final size and shape of organs to be quantified. This will
lead to a better understanding of which organs are conserved
(undergo preferential growth), and which are not, during water
stress. Further, most crop models use empirically derived
‘discount’ factors to reduce leaf area production, canopy area,
light interception and photosynthesis in response to water stress.
Replacing ‘discount factors’ by functions derived from study of
organ response to water stress may improve the accuracy of
prediction by crop models making them more useful in research,
as well as in strategic and tactical on-farm management.

Most modern-day crop models consider very few parameters
or dynamic properties at the individual plant level and focus on
the crop on a macro-scale. Such models are analogous to
considering the whole crop as a single unit with inputs and
outputs. In recent work, Hanan and Hearn (2003) followed a
top-down approach, using a higher-level physiological crop
model that captures reproductive structure initiation and
abortion to drive apical development in a lower-level,
individual-based, architectural model of cotton. The work
reported here is a first step in extending this idea, investigating
the provision of feedback from the individual plant model to the
crop model (Hanan 1997), including those that contain water
stress adjustments (McCown et al. 2002; Muchow and Sinclair
1991). Capturing the three-dimensional (3D) relationships
between individual plants and their micro-environment over
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time, how stresses affect canopy architecture, photosynthetic
efficiency, and therefore crop yield, can be investigated.

The aims of this research are to enhance our understanding
of the impact of water stress on the production of maize canopy
structure and to develop and test an individual-based,
structural—functional model of a maize plant under water stress
with a view to discovering the effect on dynamic canopy
architecture and plant—plant interactions. This paper reports on
aspects of the field experimentation and the consequent
modification of the model, and indicates the direction of future
research to enhance the utility of the modified model.

Materials and methods

The research consisted of a glasshouse experiment and two field
trials and further development of an existing model for
predicting canopy production using data from one field trial and
some data from the glasshouse trial, with remaining data
retained for subsequent validation of the modified model.

The glasshouse trial was conducted to obtain data on changes
in leaf shape, presentation and inclination due to water stress.
Maize plants were grown in 25 cm pots arranged in a 50 X 50 cm
pattern with three levels of water supply: non-stressed,
moderately stressed and severely stressed. Leaf length, width,
shape and presentation angle were measured with a sonic
digitiser (Freepoint 3D, Scientific Accessories Corporation/
GTCO CalComp, Hertfort, CT) and Floradig software (Hanan
and Room 1997).

The field experiments were conducted at Gatton, Australia,
on a moderately fertile vertosol (Lawes series) soil (Schafer
et al. 1986) that had 195 mm plant available water to 1.8 m
(Dalgleish and Foale 1998). Populations of maize cultivar
Pioneer 31H50 were sown on 10 November 2003 (experiment 1)
and 27 January 2004 (experiment 2) into soils that were wet to
1.8 m and were fully irrigated from planting to physiological
maturity (both experiments), irrigated until anthesis
(experiment 1) and non-irrigated (both experiments). The
populations were thinned to produce established plant
populations of 7 plants/m2. Nutrients were applied at rates to
ensure non-limiting conditions, and weeds and pests rigorously
controlled.

Detailed data on hourly average and daily maximum and
minimum air temperatures, vapour pressure deficit, incident
radiation, rainfall and evaporation, soil temperature at 5 cm and
1 cm deep, 5 cm above ground, and hourly average temperatures
at the plant apex until the apex was 40 cm above ground were
collected (as in Birch et al. 2002). Plant data were collected by
a combination of destructive and non-destructive sampling for
crop development stages at emergence (coleoptile visible above
ground), establishment (three leaves visible on 75% of plants,
tassel initiation as in Moncur 1981). Data included times of
tasselling, silking, and physiological maturity, total and fully
extended leaf number (including microscopic primordial
leaves), leaf lamina and sheath status (extending, fully extended,
senescing), visible length of laminae and sheaths, total and
presentation leaf width (the latter allowing for rolling of leaves
when water stressed), utilising manual and automated data
collection as appropriate to the data being collected.

The modelling study used a plant modelling language
(Prusinkiewicz et al. 2000) developed to provide the capability
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of simulating 3D structural growth based on L-system
(Lindenmayer 1968) specifications at any required level of
detail (Prusinkiewicz 1998; Watanabe et al. 2005). The first step
was to extend the capability of an existing structural functional
model of maize, ADEL-Maize (Fournier and Andrieu 1999) to
accurately model the impact of water stress on maize canopy
architecture. For this, data from experiment 1 was used for
parameterisation of the model.

Results

Effective individual leaf area tended to be greater in fully
irrigated than rain-grown conditions at 60 days after sowing
(Fig. la). The differences though were not great, as the soil
profile was wet to field capacity (plant available water capacity
to 180 cm = 195 mm; Dalgleish and Foale 1998) at sowing, and
rainfall during leaf production and stem extension. In
experiment 1, 90.8 mm was received during emergence to
30 days after emergence (DAE). In experiment 2, the respective
rainfall amounts were 140.4 mm and 66.4 mm. Lesser amounts
(46.0 mm and 66.4 mm were received from 31 DAE to 60 DAE
in experiments 1 and 2. Therefore, water stress only developed
in the latter part of vegetative growth. Leaf lengths, except for
those near the top of the plant, were mostly unaffected by water
regime, though presentation widths of leaves were reduced in
the rain-grown treatment, reducing effective leaf area.
Internodes above leaf 10 that extended after water supply
became limiting in the rain-grown treatment were consistently
shorter in the irrigated crop (Fig. 15). Below leaf 10, there was
some evidence of unexpected variation in length of specific
internodes, e.g. internodes 7-9 longer in rain-grown than
irrigated. The reason for this is not clear, and is reflected in total
plant height of the rain-grown treatment being slightly greater
than irrigated treatments at the time that these internodes were
extending. However, internodes higher on the plant and total
plant height in data after internode 10 had extended were shorter
in rain-grown plants.

Modlifications to the model

The major changes were modifications to parameters that
control the size of individual leaves and internodes, allowing the
simulation of the rain-grown and irrigated plants as observed in
the experimental data. At this stage of our research, we elected
to take an empirical approach, defining organ lengths directly.
Parameters for leaf laminae and sheath length and internode
length are specified at the beginning of the model run,
depending on which growing condition the user opts to
simulate. ADEL-maize has the facility to use either data for
each fully expanded organ length or to generate a set of organ
lengths given a maximum lamina or internode length, with a
relationship between these maximum lengths and the position of
a given organ on the plant. Cardinal temperatures in the model
for calculation of thermal time were retained. Thermal time is
used for schedules of initiation and expansion of leaves and
identification of phonological events in crop life.

The key parameters that differ from the original model are:
lamina, sheath and internode lengths; maximum number of
leaves per plant (and therefore the progressive and final length
of the main stem); and the ratio of full lamina width to lamina
length. These changes represent both cultivar-specific
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differences in, for example, parameters describing leaf
initiation, appearance and expansion, between the original
model and the current iteration, and developmental responses to
the different growing conditions experienced at the Gatton field
site in general, and between the water supply regimes in
particular. Leaves above position 7 on the plant were found to
present less than their full width once mature whether water
stressed or not. To capture these differences from the original
parameterisation of the model, a simple multiplier for width is
applied to the calculation of lamina presentation width from
lamina length: for irrigated plants, the multiplier is 0.84; for
rain-grown plants the multiplier is 0.57, derived from the
glasshouse and field experiments; the large difference being
attributed to rolling of leaves in water stressed treatments.

An empirical representation of leaf senescence was added to
the model. Data on the number of leaves that had senesced were
collected from just before silking to physiological maturity.
Senescence of leaves commencing near the base of the plant and
progressing up the stem was modelled empirically by defining
the number of leaves senescing per day for dates where data
were collected for the irrigated and rain-grown treatments
independently, but only to 80 days after sowing, during which
no senescence of upper leaves occurs. The model uses the data
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Fig. 1. Median (a) effective leaf area (cm?) and (b) internode length (cm)
at 60 days after sowing in maize grown under fully irrigated (solid symbols)
and rain-grown (open symbols) conditions at 7 plants/m? at Gatton,
Australia.
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to determine which leaf should be removed from the plant on a
day. It produces leaf laminae in three sections: a section with a
parabolic curve, a section with an elliptical curve and a leaf tip.
An angle of bending separates each section. Changes were
made to the model to prevent unlikely leaf bend angles
occurring by constraining the calculated angles to upper limits
such that the angle of any leaf section did not recurve past
vertical. The upper limit values were determined by assessment
of simulation output.

Observed and fitted leaf area — field experiment

Observed total leaf area production (i.e. accounting for
reduction due to senescence) followed the expected increase
until anthesis 60 days after sowing in the two treatments that
were fully irrigated until anthesis, but in the non-irrigated
treatment, maximum leaf area occurred around 10 days earlier
(Fig. 2). This was later than expected, as substantial rainfall was
received in early December delaying the onset of water stress
during the vegetative stage. Fitted leaf areas per plant follow a
similar pattern, as they are derived directly from plant leaf area.
These show that the model provides an expected pattern of
increase in plant leaf area (Fig. 2). However, it has not indicated
the earlier occurrence of maximum leaf area in the water
stressed treatment evident in Fig. 2 and has expanded leaf area
too slowly before 40 days after sowing and then too rapidly to
produce final plant leaf areas and leaf area indices close to
observed values in both treatments.

Plant height

Fig. 3 shows the progressive increase in observed and fitted
plant height (cm), calculated as the sum of internode, peduncle
and tassel lengths for the fully irrigated and rain-grown
treatments. Plant height continued to increase for several days
after full expansion of the flag leaf, as the final internodes and
peduncle extended to their full length, and was similar in the
fully irrigated and irrigated to anthesis treatment, but rain-
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grown plants were shorter. As with leaf area, final plant height
is reasonably accurately fitted by the model. However, it does
not increase sufficiently rapidly early in plant life, but increases
very rapidly just before the end of leaf growth around 60 days
after sowing to be close to observed values at this time.
Subsequent increase in plant height, due to further extension of
the upper internodes and peduncle and elevation of the tassel
produce slightly taller plants than observed, and is an area of the
model that requires attention to confine extension to a period
that represents accurately the few days after full expansion of
the final leaf during which stem extension continues.

Canopy prediction

The model produced predictions of the canopy at anthesis that
were realistic representations of the canopy (Fig. 4a, b). The
visualisations, as expected, are quite similar, as the LAI values
in the experimental dataset at tasselling were 5.1 (irrigated) and
4.2 (non-irrigated), both being sufficient for near full light
interception. Plant heights are correctly shown as shorter by
around 25 cm for the rain-grown crop.

Discussion

This research is focussed on quantifying maize development
and leaf area production under non-limiting and limiting
conditions of water supply, with the intention of introducing
functionality into structural models of maize. In order to
introduce functionality into structural models, it is necessary to
adequately document rates of processes of canopy production
and senescence and quantify the response to water stress. Once
these are adequately documented, inclusion of functionality
such as light interception, dry matter production and
distribution and final yield accumulation can be considered. To
introduce functionality, the structural model could be used to
analyse components of an existing crop model to assess its
accuracy or inform a crop model of daily leaf area, for instance,
and then utilise the routines in a crop model to predict dry matter
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Fig. 2. Observed and fitted total plant leaf area (cm?/plant) from sowing to the end of extension in maize
grown under full irrigation and rain-grown conditions at 7 plants/m? at Gatton, Australia.
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Fig. 3. Observed and fitted increase in plant heights (cm) from sowing in maize grown in irrigated and

rain-grown conditions at Gatton, Australia.

accumulation and distribution. Alternatively, the structural
model provides the temporal and final structure of plants and
functionality, e.g. modelling of growth, calculated by running
the model in inverse mode could be used. In inverse mode
canopy, structure is modelled as the initial step and functionality
imposed later, rather than concurrently (Yan et al. 2004). The
approach selected will depend on the purposes to which the
model is used — essentially analytical for process understanding
or predictive for estimating plant productivity.

The virtue of the approach used here is detailed description
of how water stress impacts on the structure of the canopy and
decorrelation of the effect on light interception from that on leaf

photosynthesis. It is evident that the model provides credible
terminal predictions of leaf area and plant height, as it should
have as final organ size data were provided empirically. Final
3D structure, which is also credible (Fig. 4), is predicted in the
model from rates of processes of leaf production and stem
extension using protocols for positional relationships of leaves
around the stem. In our current research, data on the relative
position of one leaf to another on the maize stem was not
collected, so the protocols in the model were retained.

This approach makes it possible to simulate the time course
of structural development from a final size dataset. In this way,
we hope to explore the relationships by which water stress

Fig.4. Visualisation showing prediction of canopies for (@) fully irrigated and () rain-grown maize crop grown at Gatton, Australia (Scale: box height=3.1 m).
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impacts on productivity. However, temporal predictions are not
sufficiently accurate to be used reliably in assessing
requirements for and effects of agronomic inputs as proposed in
Room et al. (2000) and Birch et al. (2003). It is likely then that
one or more functions in the model are producing intermediate
variables that are not applicable in environments represented by
Gatton or that the mechanisms of the response to water stress are
not included at a sufficient level of resolution. The challenge
now is to locate the causes of low predictions of leaf area and
plant height early in plant life and make the necessary
modifications. Changes in rates of processes such as cell
expansion and thus leaf and internode extension and leaf rolling
will not be constant through the life of the crop, varying
according to time of occurrence and severity of water stress.
Therefore, it will be necessary to more accurately model these
changes in a mechanistic way that accommodates physiological
processes rather than take an empirical approach of applying
constants as multipliers (as used here for calculation of lamina
presentation width from lamina length) and parameter values
that do not respond to timing and severity of the stress
experienced by plants. For this purpose, crops grown with water
stress of varying severity applied for specific periods to
examine organ production, extension and expansion will be
needed. In the field experiment used for parameterisation in this
study, the impact of water stress was limited to later stages of
canopy production and stem extension due to rainfall during
these processes. Greater effects would be expected had the
plants been subject to more severe water stress. Nevertheless,
the approach used here has identified areas of the model that
need modification — more severe water stress is unlikely to have
led to different conclusions, but will be included in subsequent
research to relate rates of processes of leaf and canopy
production and stem extension to severity of water stress. This
work is currently being undertaken under field and glasshouse
conditions and will yield results that can be combined with data
from experiment 1 to further develop the model. The model will
then be validated using data from experiment 2. Also, inclusion
of modelling of leaf senescence is necessary. This aspect will be
developed and validated in a similar manner.

ADEL-Maize produced acceptable predictions of individual
leaf area for maize plants with 16 leaves and a maximum leaf
area of 600 cm? and provided sound fitted values for dry matter
accumulation up to 50 days from emergence for differing
populations in France (Fournier and Andrieu 1999). That
predictions of cumulative leaf area and plant height early in crop
life in the present study were inaccurate (low) while terminal
values are close to observed values indicates that one or more
plastochron, phyllochron and extension rate are inappropriate.
Phyllochron varies with temperature and/or photosynthate
supply (Birch et al. 1998; Hunt et al. 2001; Padilla and Ortegui
2005) and differences among cultivars in phyllochron and
plastochron have been reported (Padilla and Ortegui 2005).
Initial estimates of plastochron (24.3 and 25.9 degree days) and
phyllochron (34.8 and 37.8 degree days) in experiments 1 and 2,
respectively, are similar (plastochron) or lower (phyllochron)
than those for other tropically adapted cultivars at Gatton (Birch
1996). Taken with the larger plants in this study [22 leaves and
maximum individual leaf areas of 720 cm? (irrigated)] than in
Fournier and Andrieu (1999) referred to above indicates that it
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is probable that differences in values of parameters describing
plastochron, phyllochron and leaf expansion are responsible for
trends in fitted values found here. These factors have been found
important to the performance of canopy-based models,
requiring either specific input or embedded predictive equations
to accurately predict them (Muchow and Sinclair 1991; Birch
et al. 1998) and findings here indicate that similar inclusions
may be required in architectural models.

Unsatisfactory prediction of leaf area and plant height early
in crop life suggests that constants and equations for leaf
expansion and internode extension that are embedded in the
model should be examined with more cultivars covering a range
of maturity types. Higher linear extension rates for internodes
(Birch et al. 2002) and phyllodes (laminae plus sheaths) (Birch
et al. 2007) have been found for maize grown under non-
limiting conditions of water supply in Australia (where higher
temperatures prevail) than in France (Fournier and Andrieu
2000; Birch et al. 2002). Routines need to be incorporated in the
model to accommodate these differences that are also related to
ordinal and normalised leaf position and total leaf number. The
simple procedures used for prediction of peduncle and tassel
length need revision to be related to measures of water severity
of stress and its duration so modelling can reflect physiological
processes. To improve the fitted values and permit assessment
of the performance of the model on independent datasets with
final leaf numbers ranging from 18 to 24, sensitivity analyses of
key constants, coefficients and variables in the model supported
by additional analysis of existing data and further
experimentation will be conducted in our continuing research.
To further the capability of the model, data from the glasshouse
trial will be used to provide initial parameters for modelling of
the impact of water stress on effective (presentation) leaf width
and leaf shape. Values for relative extension rates and linear
extension rates of internodes and phyllodes for maize with 20 to
24 leaves grown under water non-limited conditions at Gatton
(Birch et al. 2002; Birch et al. 2007) will also be incorporated
in the model, along with daily weather data, including diurnal
trends in temperature) rather than the single daily mean
temperature currently used. Curvilinear equations for extension
of peduncles and tassels will be developed from available and
future experimental data. On completion of these steps, the
performance of the revised model will be assessed on
independent datasets for a wider range of cultivars grown under
irrigated and non-irrigated conditions, including the second
field experiment referred to here, and data in Madhiyazhagan
(2005), Birch (1996), Birch (1991), Karanja (1993) and Birch
et al. (2007).
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