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Abstract

Intimate relationships exist between form and function of plants, determining many processes governing their
growth and development. However, in most crop simulation models that have been created to simulate plant growth
and, for example, predict biomass production, plant structure has been neglected. In this study, a detailed
simulation model of growth and development of spring wheat (Triticum aestivum) is presented, which integrates
degree of tillering and canopy architecture with organ-level light interception, photosynthesis, and dry-matter
partitioning. An existing spatially explicit 3D architectural model of wheat development was extended with routines
for organ-level microclimate, photosynthesis, assimilate distribution within the plant structure according to organ
demands, and organ growth and development. Outgrowth of tiller buds was made dependent on the ratio between
assimilate supply and demand of the plants. Organ-level photosynthesis, biomass production, and bud outgrowth
were simulated satisfactorily. However, to improve crop simulation results more efforts are needed mechanistically
to model other major plant physiological processes such as nitrogen uptake and distribution, tiller death, and leaf
senescence. Nevertheless, the work presented here is a significant step forwards towards a mechanistic functional-

structural plant model, which integrates plant architecture with key plant processes.

Key words: Assimilate allocation, crop model, functional-structural plant model, photosynthesis, shade avoidance, tillering,

Triticum aestivum, wheat.

Introduction

Simulation models of crop growth and development are
instrumental in predicting biomass accumulation and yield
as driven by, for example, incoming solar radiation. In the
case of wheat (Triticum aestivum), several of such process-
based crop models have been developed in the past
(Jamieson et al., 1998; Van Ittersum er al, 2003; Yin and
Van Laar, 2005). In most of those modelling approaches,
plants are not described individually; rather the area of
leaves per unit soil surface area is simulated, which
intercepts light based on exponential attenuation of radia-
tion in relation to canopy depth (1D or the one-dimensional
approach). Canopy photosynthesis rate is calculated using
photosynthesis-light response curves or an even simpler
radiation use efficiency approach is used. Several crop
fractions are introduced representing, for example, the

leaves, roots, spikes, etc., which receive growth substrates
according to fixed or dynamic assimilate partitioning frac-
tions. For the purpose of yield prediction, this approach
proves rather robust, albeit dependent on the choices made
in the implementation of the model and on model calibration
(Jamieson et al., 1998).

However, the 1D approach can be too simple. There are
many examples in which plant structure is a determinant
factor, such as the impacts of leaf angle as influenced by
genotype or water status, herbivory by insects, crop—weed
competition, cutting and pruning, biocide spraying, and
variation in plant population density. Systems in which such
impacts are crucial are now increasingly being simulated
using the concept of a functional-structural plant model
(FSPM; Room er al, 1996; Godin and Sinoquet, 2005;
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Fourcaud et al., 2008; Vos et al., 2009). An FSPM is a plant
model that explicitly takes into account plant structure in
three dimensions (3D). Plant components such as leaves and
stems and their geometrical properties like surface area,
shape, and angle, are explicitly spatially represented in 3D.

In the recent past, members of the Poaceae family
(grasses and cereals) have been rewarding subjects of
research in the field of functional-structural plant modelling
(Fournier et al, 2007). Poaceae species usually exhibit
a particularly regular and co-ordinated development mak-
ing them particularly suitable for an FSPM. The models
that have been reported up to now range from primarily
descriptive (e.g. Buck-Sorlin, 2002; Evers et al, 2005;
Watanabe et al., 2005; Dornbusch ez al., 2007) to (partially)
mechanistic (e.g. Fournier and Andrieu, 1999; Guo et al.,
2006; Drouet and Pages, 2007; Verdenal et al., 2008). Our
current study is based on an existing wheat model,
ADELwheat (Fournier et al., 2003; Evers et al., 2005). This
model is not an FSPM sensu stricto, since the model merely
gives a detailed description of the three-dimensional de-
velopment of wheat structure without taking into account
the underlying mechanisms. Adding aspects of plant func-
tioning would make the plant structure an emerging
property of the model, rather than an input.

Therefore, the objective of this paper is to integrate the
key aspects of plant functioning into the descriptive
ADELwheat architectural model, by adding key processes
of 3D-specific plant growth: (i) interception of photosyn-
thetically active radiation by each individual phyto-element;
(i1) assimilate acquisition based on a coupled biochemical
photosynthesis—stomatal conductance model depending on
organ-level intercepted radiation, temperature, and nitrogen
content; and (iii) assimilate partitioning to those organs that
require assimilates for growth. This results in an innovative
model of wheat growth that simulates a feedback loop in
which above-ground plant structure determines local light
interception, which determines local photosynthesis and
individual organ growth, which in turn determine above-
ground plant structure. This upgraded model integrates key
aspects of above-ground form and function of wheat plants,
and simulates plant growth and development based on key
exogenous and endogenous processes occurring at the level
of the plant organ.

Materials and methods

Experiments

In order to parameterize the functional part of the model, two
experiments were conducted. In experiment 1, spring wheat (cv.
Minaret) plants were grown in a climate-controlled walk-in growth
chamber of the phytotron of the Centre for Crop Systems Analysis
of Wageningen University, at a population density of 508 plants
m~2. The soil per container had 3.47 g N, and was mixed with 28 g
P,Os5 and 8.4 g K,O. N was added twice: 5.13 g before sowing and
2.16 g at stem elongation per container. The chamber lamps had
an irradiance of 550-650 pmol m™2 s~! at canopy level. The
photoperiod was 15 h d~', the relative humidity was 75%, and
temperature was 16/11 °C (light/dark period) until the third leaf
stage and 21/16 °C thereafter. Details on the experimental set-up

and the measurements can be found in Yin er al (2009).
Experiment 1 was used to gather data on (i) photosynthesis rates
of individual wheat leaf blades allowing photosynthetic parameters
for the model to be derived subsequently (see section ‘the wheat
model’ below), and (ii) paired data of leaf nitrogen concentration
and SPAD value (index for chlorophyll content, gathered in
experiment 2) to determine a calibration curve estimating leaf N
concentration from the SPAD reading.

Experiment 2 was performed outdoors under natural climatic
conditions in Wageningen, the Netherlands (51° 58’ N) from April
to August 2006. Wheat plants were grown at three plant
population densities: 100, 262, and 508 plants m~> The exper-
imental set-up was similar to the ones in experiments described by
Evers et al. (2006, 2007b). Experiment 2 was used to collect data
on (i) leaf SPAD values (SPAD-502, Minolta Camera, Tokyo,
Japan) to estimate leaf nitrogen concentration (g m~2); (ii) plant
organ length and mass to parameterize the sigmoid length-mass
relationship of leaves (see section ‘plant organ development’
below) and the sink strength functions (see section ‘assimilate
allocation’ below), and (iii) individual tiller appearance and leaf
and tiller senescence.

The wheat model

The point of departure was an existing descriptive model of wheat
architectural development called ADELwheat (Fournier er al,
2003), which has been implemented using the plant modelling
software cpfg (Méch, 2004; Prusinkiewicz et al., 2000), parameter-
ized for spring wheat cv. Minaret and validated for several
growing conditions (Evers ez al, 2005, 2007b). Figure 1 shows
a visualized example of a small simulated wheat plot. To transform
this descriptive wheat architectural model into a photosynthesis-
based FSPM of spring wheat, functionality has been implemented
at the level of the individual plant organ. This included the
calculation of photosynthesis, respiration, and transpiration rates
as influenced by local incident radiation, temperature, nitrogen
content, vapour pressure deficit, and CO, concentration. Also,
provisions were implemented for the calculation of assimilate
distribution within the plant structure and for subsequent bud
outgrowth and organ growth. The model was able to simulate
development up until plant maturity.

Most of the concepts used here are well established and widely
used. A significant part of the routines have been adapted from
our GECROS crop model; see Yin and Van Laar (2005) and
references therein. The equations related to photosynthesis,
stomatal conductance, organ microclimate, and global environ-
ment, their relationships to leaf nitrogen content and temperature,

Fig. 1. Visualization of a virtual wheat canopy using the current
model, illustrating the level of detail in plant structure that is
considered in this modelling study.

0T0Z ‘9z |udy uo Areiqi dn uabuiuabepn 1e Bio speuinolpioyxo gxly/:dny wol papeojumoq


http://jxb.oxfordjournals.org

>~
c
3¢
i)
@)
[aa]
g9
=
o=
<%
e
)
¥
=
=
Gy
o
e
=
~
=
@)
—

v i e e ok dijleniam allls Seinq)

and their variables and parameters have been described in the
Supplementary data at JXB online (equations S1 to S39) as they
have been published previously in various papers by our own
group (Goudriaan and Van Laar, 1994; Yin et al., 2004, 2009; Yin
and Van Laar, 2005; Yin and Struik, 2009) and by other groups
(Monteith, 1973; Farquhar et al., 1980; Matthews and Hunt, 1994;
de Pury and Farquhar, 1997; Bernacchi et al, 2002). Equations
related to radiation absorption, assimilate allocation, and plant
organ development are outlined below. All variables and parame-
ters described in this paper (including those used in the Supple-
mentary data available at JXB online) are listed in Table 1, with
their units.

Absorbed radiation

Variables I, (equation S16) and I, (equation S28) were
calculated for individual leaves using the Nested Radiosity light
model (NR) (Chelle and Andrieu, 1998), in combination with
a mathematical description of the global incoming radiation 7
(equation S35). NR calculated the light absorbed by each
individual plant organ, for any wavelength or set of wavelengths.
In the current wheat model a plant organ such as a leaf was
defined by a set of polygons, the vertices of which determine their
positions in space. Absorption, reflection, and transmission of light
at the level of a module, for example, a leaf blade, were calculated
by summing the contributions of the polygons that comprise the
module. This was done internally in NR, i.e. the output of NR was
at the whole-leaf level.

In the current implementation, the source of the incoming light
was a virtual hemisphere, approximated by 36 point sources (see
Fig. 1 in Evers et al., 2007a). A global incoming radiation of 1
(arbitrary rate unit) was assumed in NR, and NR subsequently
estimated relative absorbed radiation by a leaf (Inr) taking into
account the optical properties of all neighbouring leaves (trans-
mittance f, and reflectance f;, obtained from measurements on
leaves of separately grown wheat plants using an Ocean Optics
SD2000 spectrometer (Ocean Optics, Dunedin, Florida, USA).
This resulted in a valueof Iyg between 0 and 1 for each leaf. I,
was then calculated by:

Tps = I X Ing (1)

where I is incoming radiation (W m~2; see equation S35 at JXB
online). The combination of this calculated incoming radiation and
the simple virtual hemisphere as described above, basically
mimicked diffuse light (i.e. light coming from all directions) at an
intensity comparable to normal daylight at the latitude of the
Netherlands. Atmospheric transmissivity (t), which was used in the
calculation of I (see equation S35 at JXB online) and of leaf net
absorbed radiation (see equations S28 and S29 at JXB online), was
calibrated such as to ensure correspondence between simulated
and observed daily radiation for the duration of experiment 2. In
addition, calculations were made with a more realistic sky; see
section ‘model sensitivity’ below.

Variable I,,s was used to calculate leaf temperature (see
equation S28 at JXB online). To calculate electron transport rate
(see equation S16 at JXB online), only the PAR fraction of I,
was considered, and the value was converted from W m~2 into
pumol m~2 s~! [factors of 0.55 and 4.55, respectively; both from
Goudriaan and Van Laar (1994)]. Furthermore, the value was
corrected for the light absorption of the leaf, since calculation of
electron transport requires incident rather than absorbed radiation
(see equation S16 at JXB online):

IinC:IabsXO.55><4.55 2
1=fi=fi
For leaf sheaths and internodes, procedures regarding organ
microclimate were identical with one exception. Sheaths and inter-
nodes, represented in the model by a stem segment (cylinder), were
defined as opaque objects, i.e. objects not transmitting any light.
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Assimilate allocation
1

The net photosynthesis rate A per unit leaf area (umol m 2 s~ !; see
equation S1 at JXB online) was converted into an hourly rate per
leaf (A4y, in pmol leaf~! h™') by:

Ap=AX3600xw (3)

where w is the surface area of the leaf (m? derived from plant
architecture). Hourly mitochondrial respiration rate of a leaf (R4 1)
was calculated identically. Using A4, and Ry, daily gross
assimilated CO» per leaf (4, in pmol leaf ™! d™!) was calculated by
adding the hourly rates of net photosynthesis rate and mitochon-
drial respiration of one day, based on the calculated day length
(see equation S39 at JXB online). The values of A; of all leaves
were summed to arrive at the daily gross assimilated CO, by the
whole plant (Ag in pmol plant™' d™!). Subsequently, the daily net
substrate available for growth (By) was estimated using the
following equation:

BN: (mCOz ><AG><1073—rm><mp1am) Xfc02+BP (4)

where mco, is CO, molar mass (g mol’l), and ry, is the fraction of
total plant mass (#pin, in mg) that is subtracted from the amount
of available substrates and used by the plant for maintenance
respiration per day (0.016 g CO, g ! plant mass d~! at 20 °C,
using a Qo value of 2 to calculate the effect of temperature on ry,;
Penning de Vries et al., 1989). Multiplying by 10~ converts pg to
mg. Variable Bp is the pool of substrates (stored as sugars) that is
available for growth (mg), and fco, is a conversion factor from
grams of CO, to grams of wheat biomass, of which the value
(0.6067) was derived following equation 5:

. 12/44
Jeo: =333 (3)

where 12/44 is the carbon mass fraction in CO, and 0.45 is the
carbon mass fraction in wheat biomass (Vos, 1981).

The available substrate (By) was distributed among all growing
organs (leaves, internodes, panicles, roots) using the relative sink
strength principle (Heuvelink, 1996):

D;

DfAI Z:zzl Di (6)
where Dy ; is relative sink strength of an organ i (dimensionless),
D; is its absolute sink strength (expressed as potential growth rate
in mg substrate organ~! d~!), and # is the total number of sink
organs. An important assumption of the relative sink strength
principle is that all assimilates anywhere in the plant are equally
available to all competing sinks.

D; is calculated according to a bell-shaped curve based on the
first derivative of the beta growth function, a flexible sigmoid
three-parameter function that can represent various (asymmetric)
sigmoid patterns (Yin ez al., 2003). Here, the beta growth function
was simplified using the assumption that the time of maximum
growth rate equals half the final elongation duration of an organ
(tm= 0.5¢.):

D¢ t(te=t)

T—r, 0252 1<t
Di = { . e ¢ tz;e (7)

where ¢, is the final elongation duration of an organ (°Cd), ¢ is the
amount of thermal time that has passed since the start of organ
elongation (°Cd), r, is the fraction of potential substrate lost to
growth respiration, and D, is the maximum sink strength, defined
as (Yin et al., 2003):

1. max
D, = 1 W max (8)

le
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Table 1. List of model variables and parameters, their definitions, and their units

Variable/parameter Definition Unit
A Net photosynthesis rate pmol CO, m~2 leaf s~°
a4 Empirical parameter in the 1,4 equation -
Ac Gross assimilated CO, by the plant pmol plant~" d~’
An Net photosynthesis rate per leaf pmol leaf~" h~"
a Parameter related to season-dependent solar shift -
A Gross assimilated CO, per leaf pmol leaf~ " d~*
ay Slope parameter in the linear relationship between ko) and N, mol e m~2 leaf mol~" photons g~' N
= b4 Empirical parameter in the 7,4 equation kPa~'
c b Parameter related to season-dependent solar amplitude -
- Bn Net substrate available for growth mg plant™" d~"
— Bp Pool of substrates mg plant™’
(@) by Intercept parameter in the linear relationship between ky () and Ny mol e mol~" photons
/M C CO, concentration of the air pmol mol™ Y
. Ca COy partial pressure of the air pbar g
fao} Cc CO, chloroplast partial pressure pbar QO_-’
= Ci Intercellular CO, partial pressure pbar %
- C; Intercellular CO, compensation point ubar e
o cpn Cumulative phytomer number phytomers o
E d Day of the year d i
8 De Maximum sink strength mg substrate organ~" d~" .g
D) Dy Relative sink strength of an organ / - =
@ D, Absolute sink strength of an organ i mg substrate organ™' d~ é
P Dy, Deactivation energy of Jmax J mol™? g
] Ep Potential leaf transpiration mm s~ g
e €s(Ta) Saturated vapour pressure of the air kPa el
©) esm) Saturated vapour pressure at the leaf kPa 5
Tu Ex Activation energy for parameter X (with X being either Jmax, Rd, Vorc, Vo,maxs Kmc OF Kmo) J mol™ %
o folear Fraction of net absorbed radiation accounting for sky clearness - Q
— fco, Conversion factor from grams of CO, to grams of wheat biomass - g
g f, Leaf radiation reflectance - %
— fi Leaf radiation transmittance - )
fuap Fraction of net absorbed radiation accounting for vapour pressure - %
fupd Lumped parameter representing the VPD effect on stomatal conductance - %
90 Residual stomatal conductance for CO, at the light compensation point mol m~2 leaf s~ bar™’ L%
Im Mesophyll conductance for CO, diffusion mol m~2 leaf s~ bar™’ é
Js Stomatal conductance for CO, diffusion mol m~2 leaf s bar™" Py
h Hour of the day in the sun height equation h g
H Crop height m §
Paawn Hour of sunrise h ‘;
= Nausk Hour of sunset h ;
— i Hour of the day in the air temperature equation h ©
(@) / Incoming radiation W m~2 ground z
U; labs Amount of absorbed radiation W m~2 leaf o
—_— line Amount of PAR intercepted pumol photons m~2leafs~' B
@ INR Relative absorbed radiation - '5
S J Rate of electron transport pmol ™ m~2 leaf s~
= Imax Maximum electron transport rate at saturating light levels pmol e~ m~2leaf s~°
© jsp Supply/demand ratio threshold for bud outgrowth -
T Kmc Michaelis-Menten constants for CO» pbar
FE Ko Michaelis-Menten constants for O, mbar
®) Kn Slope parameter in the IV, equation -
S lat Latitude °
é mco, CO, molar mass gmol™
. Mplant Total plant mass mg
O N, Total organic leaf nitrogen g N m~2 leaf
» Nip Minimum amount of leaf nitrogen below which photosynthesis rate is zero gN m~2 leaf
= (0] Oxygen partial pressure of the air mbar
B Pa Slope parameter in the SPAD equation °Cd = phytomer™’
=
=
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Variable/parameter Definition Unit
Pb Intercept parameter in the SPAD equation °Cd~®
Ja Slope parameter in the SPAD equation °Cd~? phytomer™’
oS Intercept parameter in the SPAD equation °Cd™2
R Universal gas constant J K™ mol™!
Ia Slope parameter in the SPAD equation °Cd~" phytomer™"
IS Intercept parameter in the SPAD equation °Cd™"
oh Boundary layer resistance to heat sm™’
> low Boundary layer resistance for water sm™!
c Ry Mitochondrial respiration rate pmol CO, m~2 leaf s~
P Ran Net respiration rate per leaf pmol h™
) Iy Fraction of potential substrate lost to growth respiration -
© RH Relative humidity of the air -
/M Im Fraction of total plant mass used for maintenance respiration gmass g~' CO,
. R, Net absorbed radiation Jm2s7"
fo] lsw,p Stomatal resistance to water transfer sm™’
= I Turbulence resistance to heat sm™!
- IS Combined turbulence and boundary layer resistance for CO, m? leaf s bar~" mol™"
o N Slope in the relationship of saturation vapour pressure to temperature kPa K
E Sa Slope parameter in the SPAD equation phytomer™
: Sp Intercept parameter in the SPAD equation -
) sc Solar constant W m~2 ground
@ Scio Relative CO./O, specificity factor for Rubisco mbar pbar~"
P Sy Entropy term in the equation for Jmax JK " mol™!
=] t Amount of thermal time that have passed since The start of organ elongation °Cd
Gy Ta Temperature of the air °C
o te Final elongation duration of an organ °Cd
) tilt Tilt of the earth axis °
g T Leaf temperature °C
— Trnax Maximum daily air temperature °C
g Tenin Minimum daily air temperature °C
— tt Thermal time since plant emergence °Cd
u Wind speed ms™!
Vv Vapour pressure of the air kPa
Ve max Maximum carboxylation rate pmol CO, m—2s~!
Vo Ratio of maximum oxygenation to carboxylation rate of Rubisco -
VPD, Vapour pressure deficit of the air kPa
VPD, Leaf-to-air vapour pressure difference kPa
w Leaf surface area m?
w) Leaf blade width m
- Winax Maximum final organ biomass mg organ~"
— V4 SPAD value -
@) B Height of the sun °
U; Y Psychrometric constant kPa K™
— ™ CO, compensation point ubar
@ d Declination of the sun °
S 0 Convexity factor for the electron transport rate equation -
= KoL Conversion efficiency of incident PAR into electron transport at limiting light levels mol &~ mol~" photons
o A Latent heat of vaporization of water J kg™ " water
= pcp Volumetric heat capacity of air Jm2 K
FE c Stefan-Bolzmann constant Jm2s T K™
®) T Atmospheric transmissivity -
S % Slope parameter in the linear relationship between Jihaxos and N, pmole g™ ' N s~
é AV Slope parameter in the linear relationship between V; maxos and N, pumol CO, g7 "N s™
(e
>~
é where Wy is maximum final biomass (mg organ™') for leaves, taken from the original ADELwheat parameterization (Fournier
internodes, panicles, and roots. Values for parameter W, of the ez al, 2003). To estimate the daily amount of substrate that was
E various organ types were taken from experiment 2; 7. values were allocated to a sink organ (B;), the following equation was used:
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B;=min(Dg; X By, D;) 9)

If D¢;xByn (representing substrate available to the organ) is
higher than sink strength D;, the difference was added to a plant-
wide substrate pool (Bp) which was added to By the next day (as
shown in equation 4). B; was added daily to organ biomass m; after
subtracting potential substrate lost to growth respiration (ryxB;).
The substrate pool (Bp) and m; values of all organs were added
daily to arrive at total plant mass (7p1an), used in equation 4.

Plant organ development

Dimensions of leaves were calculated using an empirical sigmoid
relationship between leaf mass and leaf length, derived from
experiment 2. The supply/demand ratio (S/D) of the plant each
day was used to determine outgrowth of buds into tillers. The
value of S/D was calculated as:

S/D:BN/Zn: D; (10)

S/D is dimensionless, since both nominator and denominator are
expressed in units of mg substrate plant™' d~!. After having been
initiated (i.e. after a new phytomer has been formed by the apex),
buds were allowed to grow out only if S/D was larger than
a threshold value js;p. This check was performed daily. Therefore,
if bud outgrowth was suppressed on one day, outgrowth could still
occur the next day, if S/D was higher than jgp that day. The
ability of a bud to grow out was removed when the internode of
the preceding phytomer started to extend; this is in accordance
with personal observations and literature (Williams and Langer,
1975). Buds that remained at soil level (i.e. that did not have an
extending internode below it) maintained the possibility to grow
out in favourable conditions. This allows for tiller regrowth,
a phenomenon that can be observed in wheat, for example, when
mature stems lodge. Tiller and leaf senescence were not modelled
mechanistically but implemented using input tables (for time of
senescence and in the case of tillers also for the probability of
senescence), based on empirical data from experiment 2. Remobi-
lization of carbon was not taken into account at this stage.

Simulations

Each simulation comprised calculation of growth and development
of 16 wheat plants, arranged in a 4x4 grid, resulting in n=16 per
data point. There was no simulation of neighbouring plants
outside this grid, so the simulated plot was exposed to light at all
of its edges. Simulations were done using plant population
densities similar to those used in the outdoor experiment (100,
262, and 508 plants m~> ground). Seed orientation was chosen
randomly. Starting day of the simulations was 1 April. The time
steps of the model were 1 h for the calculation of photosynthesis,
and 1 d for the calculation of assimilate allocation and updating of
plant structure. For computational reasons, calculation of light
distribution in the 3D canopy was done using a daily time step
instead of an hourly time step (see section ‘absorbed radiation’
above), assuming plant structure does not significantly change
from hour to hour, but only from day to day.

To evaluate model performance in terms of canopy photosyn-
thesis rates and biomass accumulation and distribution, parameter
jsp was set to a default value of 0.500 in the first instance.
Subsequently, values for jg;p of 0.250 and 0.375 were used as well
to analyse the effect on bud outgrowth and subsequent tiller
production. In the results section model, output is shown mainly
as m~2 of ground area [canopy gross assimilation rate, canopy
sink strength, canopy shoot mass (increment)], based on plant
population densities of the experimental plots. Exceptions are net
photosynthesis rate, potentially allocatable substrate and sink
strength (organ level) and number of living tillers (plant level).

Sensitivity analysis

In order to assess model output in response to changes in input
parameters, a sensitivity analysis was performed on several key
model parameters which were expected to have a significant
influence on model output: atmospheric transmissivity (t) which
heavily depends on degree of cloudiness of the sky; growth and
maintenance respiration (r, and ry, ); and maximum organ biomass
(Wmax)- These parameters were decreased and increased by 10%
and 20% of their default values, and variation in output was
recorded for two output variables: final above-ground canopy
biomass and maximum number of tillers produced per plant. If
possible, the degree of sensitivity to input modulation was
expressed as a linear regression of the relative change in output on
the relative change in input; this served to check for systematics in
the effect of variable change. The slope of the regression line (the
elasticity), represented the relative change in model output per
amount of the relative change in the value of the input parameter.
If the relative effect was larger than the relative change (i.e. if
elasticity was larger than 1), a small change in the input variable
had a disproportionate effect, which means that the calibration of
the variable in question has to be done very accurately. Sensitivity
analysis was done using a plant population density of 262 plants
m~2 and a jg/p value of 0.5.

Also the sensitivity to the complexity of the virtual sky was
investigated. Standard simulations used a virtual hemisphere as
described above. Additional simulations were performed using
a more realistic hemisphere (M Chelle, personal communication)
representing the situation at 51°58’ N at 1 May (Fig. 2a, b, c). This
virtual hemisphere contained (i) light sources which together
represent diffuse light (open bubbles), of which the relative light
intensity depended on their location in the sky, and (ii) direct light
sources representing the course of the sun (filled bubbles).

Results
Assimilation and allocation of assimilates

Photosynthesis rates ranged from approximately —0.5 to
20 pmol CO, m 2 s~ ! (Fig. 3). Every spike in the diagrams
represents one day (the top of the spike occurring around
solar noon). The progressive widening of the daily
photosynthesis spikes caused by the increasing air temper-
ature as the season progressed, is obvious. Generally,
a slight decrease in photosynthesis rate during the lifetime
of most leaves could be observed, caused by increased
shading by neighbouring leaves as well as by declining
nitrogen content (and the associated photosynthetic capac-
ity) of the leaves themselves. In agreement with general
observations on grasses and cereals, Fig. 3 indicates that,
commonly, four leaves were active at any time, except after
the cessation of leaf appearance when the crop senesced.
Maximum canopy gross assimilation rate was ¢. 125, 175,
and 240 g CO, m~2 ground area d~! for 100, 262, and 508
plants m 2, respectively (Fig. 4). For 100, 262, and 508
plants m 2, canopy sink strength reached peak values of c.
60, 75, and 115 g m 2 d~', respectively (Fig. 5). Maximum
values were ¢. 53, 78, and 105 g m~—2d~!, for 100, 262, and
508 plants m 2, respectively (Fig. 6), reaching shoot mass
values of ¢. 1500, 2200, and 2900 g m >, respectively (inset
in Fig. 6).

An example of how the assimilates were allocated to
individual organs is shown in Fig. 7. Allocated substrate
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Fig. 2. (a, b, ¢) Configuration of the light sources of the virtual
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represent the X, Y, and Z co-ordinates of the light sources; the size
of the bubbles indicates the relative intensity of the light source it
represents. The filled bubbles represent direct light (solar trajec-
tory), the open bubbles comprise diffuse light coming from all
directions.

(i.e. growth) of the organs was always the smaller of either
potentially allocatable substrate or sink strength (see
equation 9). Figure 7 depicts both sink strength and
potentially allocatable substrate (according to equation 6)
for internodes 5-9 of the main stem. In the case of
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internodes 5-8, substrate potentially allocatable to an organ
was lower than the sink strength of that organ. An
exception can be observed in the case of internode 9.

Final values of two output variables were calculated.
Harvest index, the proportion of grain mass in final shoot
mass, decreased with increasing plant population density
(values were 0.41, 0.43, and 0.49 for 100, 262, and 508
plants m2). Final radiation use efficiency, which expresses
the amount of biomass formed MJ~! of PAR absorbed,
decreased with increasing population density: values were
1.99 (100 plants m~2), 1.84 (262 plants m~2), and 1.77 g MJ~!
(508 plants m ).

Outgrowth of buds into living tillers was affected by plant
population density and the value of js;p as shown in Fig. 8a,
b, and c. At 100 plants m > (Fig. 8a), the effect of
alternative values of jgp in the simulations resulted in
differences in the moment at which the number of tillers
increased to its maximum value, rather than in the
maximum number of tillers. A jgyp value of 0.250 was
closest to the experimental data. Across all jg/p values, tiller
number was lower at 262 than at 100 plants m 2. At 508
plants m~2 (Fig. 8c), qualitatively the simulated output in
terms of tiller numbers was comparable to that at 262 plants
m 2. The moment of appearance of individual tillers was
affected by the value of jgp (Fig. 9): an increase in jgp
resulted in delayed tiller appearance. This trend was notice-
able for all tillers but t1 and t2 (i.e. first order tillers no. 1
and 2, respectively), due to the seed reserves not having
been depleted at the time of bud outgrowth. In addition to
delay of appearance, a reduction in frequency of appearance
due to increase in jgp could also be observed in the
simulation output.

Model sensitivity

The simulated final canopy biomass responded to changing
the value of the maximum organ biomass parameter (W ,.y)
with an elasticity of 0.74 (R*=0.82): every per cent change
in the value of W, caused a change in final biomass of
0.74% on average, in the same direction. In terms of
maximum number of tillers produced per plant, elasticity
was highly sensitive at —2.5 (R*=0.94). Modulating atmo-
spheric transmissivity (t) resulted in an elasticity value of
—1.2 (R*=0.85) for maximum tiller number; final biomass
showed a non-systematic irregular response to variation in
7, therefore elasticity could not be calculated reliably.
Variation in growth respiration (r,) resulted in elasticity
values of —0.41 (R*=0.69) for final biomass and —1.8
(R?=0.72) for maximum tiller number. Variation in mainte-
nance respiration (r,,) on either final biomass or maximum
tiller number was not systematic.

Using the more complex, realistic virtual sky yielded
remarkable results. Using default simulation settings (pop-
ulation density of 262 plants m 2, and a js/p value of 0.500),
the more realistic sky resulted in a considerable increase in
light interception compared with using the standard sky (an
increase of 39.9% on average). However, canopy gross
assimilation rate and canopy biomass were only slightly
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Fig. 3. Simulated net photosynthesis rate of individual leaves 1-9 on the main stem, versus thermal time from seedling emergence. Plant

population density was 262 plants m~2; n=16.

higher using the realistic sky compared with the standard
sky (9.7% and 11%, respectively). As a result final
radiation use efficiency was lower: 1.45 g MJ~! using the
realistic sky, compared with 1.84 ¢ MJ~! for the standard
sky.

Discussion
Evaluation of model performance

Simulated net photosynthesis rates of the individual leaves
(Fig. 3) generally agreed with values found experimentally
and are comparable with values found for wheat (Dreccer

et al., 2000; Yu et al., 2002) and barley (Miiller ez al., 2008).
The somewhat abrupt end of leaf photosynthesis (Fig. 3) is
due to the chosen implementation of leaf death (an
empirical relationship with thermal time). The amount of
allocated assimilates to individual organs was almost
always lower than the demand for assimilates by the
organs, as exemplified in Fig. 7. Only in the case of the
topmost leaves did assimilate supply exceed organ de-
mand. This was caused by the relatively large contribution
of large well-lit leaves present in the canopy (top and
penultimate leaves of most stems) leading to peaks in
assimilation rate (Fig. 4) and ultimately an excess in
acquired assimilates.
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Fig. 5. Simulated canopy sink strength in grams of substrate m—2

ground area d~' versus thermal time, for three plant population

densities (100, 262, and 508 plants m~2); n=16.

Crop-level output such as grain mass, above-ground bio-
mass, and harvest index largely agree with values reported in
the agronomic literature. Shearman er al (2005) presented
results on eight winter wheat cultivars grown at c¢. 200
plants m~2, reporting values of 900-1100 g m~2 of grain
mass, 1700-2000 g m > of above-ground mass, with resulting
harvest indices ranging from 0.42 to 0.50. For winter wheat
grown at the same plant population density of 200 plants
m 2, Darwinkel (1978) reported values of 830 g m > grain
mass and 2024 g m 2 of above-ground mass (harvest index
0.41). Tripathi et al. (2004) reported average values of 860 g
m > grain mass and 1730 g m 2 above-ground biomass
(harvest index 0.44) for 16 genotypes grown at 200-300 plants
m 2. Values from the current study (in the case of 262 plants
m 2, which is closest to standard agricultural practice of the
three plant population densities used) were 940 g m 2 of grain
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Fig. 6. Simulated canopy shoot mass increment in grams of
biomass m~2 d~" versus thermal time, for three plant population
densities (100, 262, and 508 plants m’z); n=16. The inset shows

simulated canopy shoot mass in kg m—2.
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Fig. 7. Simulated potentially allocatable substrate and sink
strength (both in mg substrate internode™" d~") for main stem
internodes 5-9 versus thermal time. Plant population density was
262 plants m~2; n=16. The numbers above the peaks indicate the
phytomer rank to which the data below it belongs.

mass, 2200 g m 2 of above-ground mass, and a resulting

harvest index of 0.43. Therefore it is concluded that for this
moderate plant population density, crop output variables were
realistic. However, Darwinkel (1978) showed that population
densities higher than 200 plants m 2 hardly increase grain
mass and above-ground mass, due to lower grain numbers per
ear at higher population densities. This effect of plant
population density on grain number per ear was not taken
into account in the current model implementation. The rather
rigid sink strength function for ear growth used in this study
therefore caused unrealistic crop-level output at high plant
population densities. Improvements are needed on this aspect
of plant development in relation to plant population density.
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Fig. 8. (a, b, c) Number of living tillers per plant versus thermal
time, for 100 (a), 262 (b), and 508 (c) plants m~2 (h=16) and three
source/sink threshold values for tillering (0.25, 0.375, and 0.5); the
open circles indicate experimental data (‘exp’) taken from Evers
et al. (2006) (h=20).

Qualitatively, bud outgrowth dynamics were simulated
well compared with the experimental values provided for
the three different population densities, both in terms of
tillers number per plant (Fig. 8) and moment of tiller

appearance (Fig. 9). Clearly, the output depended heavily
on the value chosen for jgp (the bud outgrowth threshold
level of the source/sink ratio of the plants). The appropriate
value for this parameter is difficult to determine experimen-
tally. Dingkuhn ez al. (2005) used an optimization method
to find this threshold value in the case of rice (see also
Luquet et al., 2006). Their value of 1.0 or higher, depending
on the rice cultivar and growing conditions, seem to be too
high for wheat. A jgp value of 1.0 or higher would mean
that buds would only grow out when assimilate supply is
equal to or in excess of assimilate demand. In wheat, tiller
production appears to be much more opportunistic, even at
conditions of high competition for resources, judging from
the fact that wheat produces many tillers that do not
survive to become grain-bearing shoots (Evers ez al., 2000).
This phenomenon of tiller senescence seems to occur to
a smaller extent in rice (Pasuquin er «l, 2008) than in
wheat, suggesting contrasting strategies to optimize final
tiller number between rice and wheat. However, simulation
of the tiller life cycle (from bud outgrowth to tiller death)
could be improved considerably by replacing the current
empirical implementation of tiller senescence with mecha-
nistic rules (e.g. Sparkes et al, 2006), enabling tiller
senescence to be simulated more realistically in diverse
scenarios.

Bud outgrowth is not possible without resources. Hence,
assimilate dependency of bud outgrowth, as implemented in
the current study, is probably the most obvious putative
mechanism: if supply of assimilates is sufficient, buds will
develop into tillers, otherwise they do not. However, based
on the literature, it is quite unlikely that assimilate de-
pendency alone determines bud outgrowth in plants like
wheat and other grasses and cereals. For example, experi-
ments have shown that tiller production can be severely
decreased by treating plants with additional far-red light
(Casal, 1988; Skinner and Simmons, 1993). The existence of
the light quality mediated shade-avoidance syndrome
(Franklin, 2008) in itself is evidence that environmental
signalling plays a decisive role in bud outgrowth. It seems
sensible to suppose that environmental signals such as a low
red to far-red ratio affect the way assimilates are distributed
throughout the plants (Kasperbauer and Karlen, 1986)
regulated by plant hormones (Leyser, 2009). Nevertheless,
if shading does occur in spite of shade avoidance, a decrease
in assimilation rate may cause further cessation of bud
outgrowth. A next step in this research is to incorporate
bud response to light quality through the way assimilates
are distributed throughout the plants.

Modelling crop growth

One question arising from the work presented is whether
FSPM is a suitable methodology to simulate and predict
crop characteristics such as grain yield in wheat. A well-
parameterized FSPM of wheat can be used for the same
purposes as the more classical wheat crop growth models
(e.g. Jamieson et al, 1998; Van Ittersum et al., 2003; Yin
and Van Laar, 2005), in which leaf area, plant biomass, and
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Fig. 9. Moment of tiller appearance, expressed as thermal time (dd) since plant emergence, for 262 plants m~2 and three source/sink
threshold values for tillering (0.250, 0.375, and 0.500); the white bars (‘exp’) indicate data taken from the experiment described in this
paper. The number at the bottom of each bar indicates the number of tillers that particular bar represents (i.e. sample size). Tiller codes:
tx represents first order tillers originating from main stem phytomer x; tx.y represents second order tillers originating from phytomer y on

tiller tx.

crop yield depend on resource capture (light, nutrients,
water). However, if the modelling is motivated from such
agronomic purposes, the classical models are more efficient
tools to use than an FSPM because the parameter re-
quirement of the latter is much larger than that of the
former. FSPMs are therefore particularly suited to be used
in cases where plant and canopy structure play an essential
role in the research question. Examples of such cases are
competition for resources between individual plants of the
same or different species (for example, crop—weed competi-
tion in Cici et al, 2008), manipulation of canopy structure
such as plant cutting (Verdenal et «l, 2008) or pruning
(Buck-Sorlin et al., 2007), and the analysis of plant response
to environmental conditions such as light (current study,
and also Gautier et al., 2000; Chelle et al., 2007; Evers et al.,
2007a; Buck-Sorlin et al., 2008). However, conclusions from
such model studies are only relevant for a crop situation if
the model can be shown to represent that reality sufficiently.
We conclude that this is the case for our model.

Model sensitivity

Of the model input parameters tested, the sensitivity of final
canopy biomass to changes in maximum organ biomass
(Wmax) and growth respiration (r,) appeared to be only
moderate (i.e. absolute elasticity was smaller than 1). The
sign of the response (positive or negative) was in accordance
with expectations: a higher W, resulted in higher biomass
production as growth was apparently not limited by the
amount of light available for growth, within the range of
Wmax values tested. A higher r, resulted in lower biomass
production due to more substrates being used for growth
respiration. The maximum number of tiller produced per
plant appeared sensitive to modulation of Wi, T, and 7.
Therefore, the value of these parameters needs to be chosen
accurately if tiller production is the output variable of
interest. Note that the sensitive response of tiller production

to the three parameters did not affect biomass production in
a similarly sensitive way.

The negative elasticity of tiller number to modulation of
Wmax could be explained by the effect of W« on the
source/demand ratio (S/D) of the plants during growth:
a higher Wy, caused a higher total plant demand (equation
8), resulting in S/D values being more often below the
threshold for tiller outgrowth, jsp, which subsequently
leads to fewer tillers per plant. Similarly, a high r, caused
a higher total plant demand (equation 7), resulting in
a negative effect on number of tillers produced. This
simulation result implies the hypothesis that fewer tillers
are produced in wheat cultivars with relatively large leaves
compared to cultivars with small leaves. Perhaps the
hypothesis can be extended to gramineous species with
small leaves and many tillers (e.g. annual bluegrass: Poa
annua) and those with large leaves and hardly any tillers
(e.g. maize: Zea mays).

The current model appeared to be rather sensitive to the
configuration of the light sources in the virtual hemisphere.
The ¢. 40% higher light interception by the simulated crop
using the more realistic sky compared with the standard
sky was caused by the concentration of light intensity in
the direct light (sun). The total amount of light in the
simulation using the realistic sky was the same as using
the standard sky, but more concentrated along the solar
trajectory. This resulted in lower layers receiving more light
compared to the standard sky situation; in addition most
leaves were facing the solar track. The observation that this
substantial difference in light interception did not lead to
a similarly sized difference in biomass accumulation was
caused by the fact that many leaves were light-saturated in
the realistic-sky situation: there was no further increase in
net photosynthesis rate with increasing light interception. It
is a virtue of the type of FSPM reported in this paper that
effects of 3D light regimes and 3D distributions of leaf area
and photosynthetic properties in the canopy space can be
assessed in detail.
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Concluding remarks

This paper presented a detailed simulation model of spring
wheat development integrating above-ground plant struc-
ture, organ-level microclimate, photosynthesis, assimilate
distribution within the plant structure, and organ growth
and development. More efforts are needed to model
mechanistically other major physiological processes such as
nitrogen uptake and distribution, and tiller and leaf
senescence, which, in the present simulation, are merely
present in the form of empirical relationships. Nevertheless,
we consider the current work to be an important step
forward towards an FSPM that integrates key aspects of
plant form and function.

Supplementary data

The Supplementary data for this manuscript can be found
at JXB online and contains a description of equations and
their variables and parameters related to photosynthesis,
stomatal conductance, organ microclimate, and global
environment. They have been published previously (refer-
ences are given in the main text) but are provided in order
to have a complete documentation of the functional part of
the wheat FSPM.
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