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Hunt, L. A. and pararajasingham, S. 1995. CROPSIM - WIIEAT: A model describing the growth and development of

wheat. Can. J. plant Sci. :'F,i'tg+lZ. Crop simulation models consolidate mathematical representations of the various physio

logical processes underlying crop growth and development into an entity that can be used to predict the outcome ofvarious crop,

rolt 
"no 

weather scenarios]roiw-heat, a number of simulation models are already available, but most of these do not appear

to be set-up to facilitate easy comparison of model outputs with experimental data, to allow easy modification for new cultivars'

and to facilitate the addition of disease routines, an aspect necessary for models to be useful in the general field situation. Cropsim-

wheat was developed to help overcome some of these deficiencies.
The model assumes ttrat a crop consists of a collection of uniform plants, and performs calculations on a daily basis. It is

driven by daily weather data dealing with solar radiation receipt, maxinum and minimum temperatures, and precipitation' W-ater

and nitrogen u"t"o"" subroutines arl included, and the rate ofvarious crop processes is modularcd through the use of multipliers

that reflect the water and nitrogen states of the crop. Developmenal processes are simulated using the concept of "biological

days", a time measure that eqirates to chronological days under optimum conditions. The phases into which the life-cycle is

broken relate closely to those in the widely usea "ZaAorc'; scale. Drymatter accumulation is calculated from intercepted radiatiol'

and distributed largely on the basis of dtmand. A minimum fraction of daily assimilate, however, is reserved for root growth,

paf area is compited on the basis of potential leaf size and available dry matter, whereas stem and spike areas are calculated

from the stem a11d spike weights. Bothleaf and stem area arc used in calculating radiation inlelcenrion, Critical stresses' water

saturation during *ly r""dfig growth and low temperature during the winter perid, can result in plant death. Low temperatures'

when they occur around heading, can also result in sterility and reduced grain number.

The model performance tras ULn compared with datasets from North America and Europe, and results of these comparisons

will be conveyed in companion publications. The model has been set-up, however, on the premise that model development should

be a continuing process as new-datasets become available and new apptications are contemplated. With this in mind' it has been

built to use file struchrres that facilitate the handling and storage of ireld data, and the easy comparison of field and simulatd

data. It should thus be useable by experimenters as a tool to help in the analysis of field studies.

Key words: Wheat, simulation, nitrogen, water, development, growth

Hunt, L. A. et pararajasingham, S. 1995. CROPSIM - 816: modlle d6crivant la croissance du bl6. Can. J. Plant Sci. 75:

6lg-632.Ies moddles de culture en simulation intdgrent par repr6sentation math6matique les divers prooessus physiologiques

sous-iendant la croissance et le d6veloppement 
"n 

ui ensemble qu'on peut utiliser pour pr6dire l'6volution de divers sc6narios

culturaux, 6daphiques et m€t6orologiq;s. Dans le cas du bl6, il existe d6jn un certain nombre de modble en simulation' mais

la plupart ne s6.p€te pas facilement face l une comparaison des sortie.s rnod€lisdes avec les donndes exp€rimentales ni i l'futroduction

oe-modincations pour les adapter aux nouveaux cultivars ni i la prise en compte des maladigs,-aspect n&essaire pour rendre

ces moddles pleinunent ap,pticaL6 Aans les sioations agrononiques 
-comptlte.s, 

Le modlle Cropoim-bl6 a 6t6 conCu particulilre'mem

pou, .o.-ootg quelques-unes de ces lacunes. te moo&e s'appuie sur la consid€ration qu'une culture-est une collection de plantes
'homoggnes 

et cei caiculs sont ex6cut6s sur une base journalGre. Il est actionn6 par les donn€es m6t€orologiques quotidiennes:

rayoniement solaire incident, tempdrature maximum itrninimu- 
"t 

pr6cipitations. Il compte des sous-programmes pourles bilans

de I'eau et de I'azote, ces deux 6l6ments 6tant exprim€s sous forme de multiplicateurs qui servent i mlduler le rythme des divers

processus physiologiques de la culture. Irs processus ph€nologiques sont simul6s au moyen de ljours de croissance' me$lre

io terrrp, 
"o.,orponOuot 

aux jours chronologiques en conditions ftimates. ks diverses phases du cycle de croisxnce correspondent

6troitement d celles largement utilis6es dans l'6chelle de Zadok. L'accumulation de la matibre sDche est calculde d'aprls le

rayonnement intercept€it est r€partie pour une graode part selon les besoins de la culture. Une fraction minimum de I'assimilat

quotidien est toutefois r6serv6e'pour la croissaric.e racinaire. [a surface foliaire est calcul6e en fonction de la t2ille potentielle

des feuilles ainsi que de la matidre sbche disponible, tandis que les surfaces des tiges et des 6pis sont calcul6es e Partir du poids

de ces organes. Lei surfaces foliaires et caulinaires sont toutei deux utilis6es dans le calcul du rayonnement interc€ptd. Des stress

Abbrevlations: CNI), canopy area index; Bd, biological
days; IBT, incre,ments in biological time; PAR, photosyn-

thetically active radiation; VF, vernalization factor
6r9
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620 CANAD'AN JOURNAL OF PLANT SC'EA'CE

critiques comme la saturation d'eau durant les ddbuts de la croissance et les basses temsratures durant I'hiver peuvent occasionner
la mort des plantes. Les basses temperatures, lorsqu'elles surviennent i l'6poque dil'6piaison, peuvent entrainer la st6rilitd et,
par consdquent, diminuer le nombre de grains par Ql. La perfonnance du moddC est compar6e avei les bases de donndes provenant
d'Amdrique du nord et d'Europe. Les r€sultats de ces comparaisons feront I'objet de publications corrolaires. Il faui pr6ciser
que le moddle est congu sur le principe que l'dlaboration d'un modble est un processus continu, capable d'accueillir les nouvelles
bases de donn6es i mesure qu'elles deviennent disponibles, ainsi que les nouvilles utilisations envisag6es. A paftir ae ce p.ir"ipe,
il a 6t6 congu pour utiliser des fichiers qui facilitent la manipulation et le stockage de donndes sur le terrain et la comparaison
de ces donn6es avec les donn6es en simulation. Ainsi corpu, il devrait rendre Oe pr6cieux services aux chercheurs comme auxiliaires
dens I'analyse des dtudes sur le terrain.

Mots cf6s: Bl€, simulatiot, a?fra, eau, ddveloppement, croissance

A crop simulation model is a consolidation of mathematical
representations of the various physiological processes that
underlie crop growth and development. Models are avail-
able for many crops, with each one being unigue in the
number of processes included, in the assumptioni made as
to how processes interact with each othei and with the
environment, and in the way that processes and their con-
trol factors are represented in the model.

For wheat, over 70 models have been developed over the
past 20 yr (McMaster 193). Not all of these models have
been based on the physiological pKrcesses of the crop,
however, and the number of process oriented models devel-
oped lies somewhere between l0 and 20. prominent examples
of such models, reflecting a variety of approaches to the
representation of wheat growth and development, but all
being useable on PCs, are: Ceres (Ritchie and Otter l9g4),
Simtag (Stapper 1984), Arcwheatl (porter 1984; Weir et al.
1984), Swheat and Sucros (van Keulen and Seligman l9g7;
van Laar et al. 1992), and the models developed by Amir
and Sinclair (191a,b) and Sinclair and Amir (1992). Of tlrcse
models, the Swheat and Sinclair models have been developed
specifically for spring wheat; the others are able to handle
fall planted wheat, and most have water and nitrogen sub-
routines. The original Arcwheat model assumed no water
or nitrogen limitations, but a recent update (Afrcwheat 2)
includes subroutines to simulate the effect of these environ-
mental variables on crop performance @orter lg3). Other
models that have similarlties with the ones already men-
tioned, but that may not be known to as wide an audience,
are also available (e.g. Demeter: Matthaus et al. l99l;
Nwheat: Groot 1987; Putu: Singles and de Jager l99la,b,c;
and Sirius: Jamieson 1993, personal communication).

The number of wheat simulation models available suggests
that it should be possible to use one or more of them as iools
to aid the evaluation and interpretation of field experiments,
and the formulation of management regimes for specific field
situations. Unfortunately, most available models are not set
up to facilitate both easy comparison of model ouputs with
experimental data, and easy modification for new iultivars.
New data standards to facilitate the handling of experimental
data and the comparison of model outputs with measured data
have recently been elaborated (Hunt et al. lg94), and soft-
wareto sxnpliry the computation of genotype specific charac-
teristics has also been released (Hunt et al. 1993). The model
documented here was developed to conform to the above-
mentioned data standards, to be useable with the genotype
characteristic software, and, to allow easy addition of Osease
routines, an aspect not covered in the current wheat models.

A further aim was to build on progress made in existing
models by adding extra capabilities, for example, capabili-
ties to deal separately with cultivar differences in tiller death
and tiller production, and to allow for water supply from a
water table. This paper presents a fnst description of the
model; subsequent papers will deal with the performance of
the model relative to field data.

PREVIOUS WHEAT MODELS
In many current p(rcess based wheat models, Ceres, Afrc,
and Putu to name a few, it is assumed that crop develop
ment rat€ is dependent critically on temperature. Generally,
accumulated thermal time (cumulative day degrees above a
critical base temperature) is used as a means of measuring
the progress of development. McMaster et al. (1992),
however, in their phenology model, used phyllochron (the
accumulated thermal time between successive leaf appear-
ances) as the rneasure of thermal time between developmental
stages.

In models in which the effect of photoperiod on develop-
ment rate is considered (the Swheat and Sinclair models are
exceptions), photoperiod is taken to modi$, the length of the
vegetative phase. Further, models capable of simulating
winter wheat growth often contain constraints on develop-
ment caused by vernalization. The effect of too short a pho-
toperiod, or lack of vernalization, on development rate is
normally included as a factor modi$ing the thermal time
(e.g., Ceres, Afrcwheat) or daily development rate (e.g.,
Puru). Genotypic variability in the sensitivity of photoperiod,
or vemalization, is taken into account in models such as
Ceres, Simtag and Putu.

The simulation of growth processes generally revolves
around the simulation of three phenomena: interception of
solar radiation and dry matter production, dry matter parti-
tioning, and leaf area expansion. Interception is commonly
estimated as a function of leaf area index, generally using
an extinction coefficient, the value of which varies between
models from 0.214 in the Afrcwheat model to 0.85 in the
Ceres model. The solar radiation is, in many models, con-
verted to dry matter by use of an overall conversion factor.
The value of this factor varies among models (e.g.,2.9 g
dry matter IUJ-r PAR in Ceres when incident PAR ii
between l0 and 1l MJ m-2d-r; and 1.1 g dry mater MJ-r
solar radiation in the Sinclair model during the vegetative
stage), and in some cases has been varied with developmental
phase (e.g. in Simtag, 2.9 g dry matrer MJ-: io the pre-
anthesis perid, down to 2.3 gdry matter MI-r in the post-
anthesis perid). In the Sinclair model, the conversion factor
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HUNT AND PARAMJASINGHA'T - CROPS'I' - WHEAT 621

was computed as a function of thermal time during the grain
filling phase. In other models (e.g., Swheat) intercepted
radiation is converted to gross phoosynthesis by making use

of the photosynthesis-light response curve of individual
leaves and a complex photosynthesis model (Goudriaan and

van [-aar 1978). The dry matter production from intercepted
radiation is assumed to be affected by temperature (e.g.,
Ce.res, Simtag, Swheat), drought stress (e.g. Ceres, Simtag,
Swheat) and/or nitrogen and reserve levels ofleaves (e.g.,
Ceres, Swheat).

Dry matter distribution is usually simulated by speciffing
the fraction of total dry matter allocated to each growing
organ, with ttre magnitude of the fraction allocated being
determined by thermal time (e.g., Ceres, Simtag) or growth
stage (e.g., Afrc, Swheat, Simtag). In the Sinclair model,
however, dry matter partitioning is simulated for grain
growth only.

In some wheat models, leaf area development is modelled
as the production, growth and death of leaves on the main
stem and tillers, an approach that necessitates the simula-
tion of tiller production (e.g., Ceres, Simtag, Afrc and
Sinclair models). The rate of tiller formation in these models
is driven by accumulated thermal time and closely related
to phyllocbron interval. In the Swheat model, alttrough leaf
area development is handled independently of tiller forma-
tion, the latter is simulated to set the number of spikes per
unit area. Rate of tiller formation in this latter model is simu-
lated from emergence to the onset of the stem elongation
stage, and is controlled by assimilate flow to the sites of tiller
formation and crop development rate. The tiller formation
rate is assumed to be slowed by soil water and nitrogen
deficiencies. In Ceres, tiller formation in the period between
the beginning of spike growth and anthesis is assumed, as

in the Swheat rnodel, to be dependent upon assimilate sup'ply

modified by soil water and nitrogen contents. Cessation of
tiller formation in Ceres and Swheat models is influenced
by environmental and genetic factors as well as develop
mental status, whereas the latter aspect is of major sig-
nificance in the Afrc, Simtag or Sinclair models.

Not all the tillers formed grow into mature, spike bearing
tillers in wheat. Tiller death is mainly the result of competi-
tion between and within tillers for environmental resources
such as light, water and nutrients. Excess tillers are lost based

on tiller density (e.g., Ceres, Afrc), leaf area index (e.g.,
Swheat), soil water (e.9., Ceres, Simtag), soil nitrogen (e.g.,
Ceres) and radiation (e.g., Simtag). Tne effect of cold
temperature on tiller death at early developmental stages is
also simulated in Ceres. Not all wheat models simulate tiller
death, however (e.g., Sinclair model).

In those models in which the growth of individual leaves
on tillers is simulated, leaf appearance rate is generally
handled as a function of cumulative thermal time (e.g. , Ceres,

Simtag, Afrc, Sinclair), with the interval between the appear-
ance of successive leaves (the phyllochron interval) being
assumed constant. In the Afrc model, following Baker et al.
(1980), phyllochron interval is calculated based on the rate
ofchange ofdaylength at crop emergence to account for the
observed variability in the interval with respect to latitude
and date of planting. Variability due to genotype as well as

latinrde and date of planting in phyllochron interval is
accounted for in the Simag model through the introduction

of two hctors, ptryllochron and daylength frctors, respectively.

Following the appearance of a leaf, the increase in leaf
area has Ueen mo0eltled in a variety of ways: as growth to

a potential maximum size (e.g., Afrc), I a function of
pri"eOing leaf size (e.g., Simtag) or as a function of main

itern ot tiller number (e.g., Sinclair model). In the Ceres

model, the increase in leaf area is calculated on the basis

of an individual plant using information on main stem leaf
appearance rate, tiller number, and relative leaf growth rate.

liaf arcagrowth in Ceres is reduced by assimilate supply,

water and nitrogen stresses. I'eaf atefl.^ expansion rate per

plant in the Puhr model is considered to be a function of effec-

tive temperature (mean of daily maximum and minimum
temperatures), crop stage, plant population, inter-leaf com-
petition expressed in terms of leaf area index, and water

itress. In Swheat, leaf area increase is modelled without
regard to tiller formation as the product of rate of increase

in dry matter of the leaf blades and specific leaf area (leaf

swface arcalleaf dry matter). The influence of soil water

and nitrogen shortages on leaf area expansion is taken into
account.

Leaf senescence is related to one or more of the following:
leaf age in cumulative thermal tirne (e.g., Afrc, Swheat,

Ceres, Simtag), freezing (e.g., Ceres), frost (e.9., Simtag)'
water sEess (e.g., Ceres, Swheat, hrtu), niEogen sfress (e.g.,

Ceres, Swheat) and leaf area index (e.g., Ceres, Swheat,

Putu).
Grain number and growth rate may need to be simulated

to determine final gnin yield. These aspects are usually simu-

lated by reducing a potential grain number and/or a poten-

tial grain growth rate based on temperature, water stress

and/or assirnilate availability. The potential grain growth
parameters are genetic inputs in the Ceres and Simtag models

whereas in ttre Swheat and Punr models the potential grain
growth rate is calculated. In the Afrc model all net assimi-

late betrveen anthesis and maturity plus 30% of stem weight

at anthesis are made available for grain growth. In the Sinclair
model grain growth is simulated in a different manner by

assuming that harvest index increases linearly during the

grain growth period.

THE CROPSIM - WHEAT ]IIODEL
Cropsim - wheat simulates growth and development on the

assumption that the crop is comprised of uniform plants, It
does not address the problem of variation among plants within
a stand, as attempted by McMaster et al' (1992) in their
wheat phenology model. However, the model has been built
for fuurre use along with various weed species models. Struc-

tures to permit such use, which would have to facilitate the

sequential operation of different models, would also permit
the handling of heterogeneous wheat stands.

The model works using a daily time step and does not
attempt to account for minute to minute variations in inpul
environmental and simulated crop and soil variables. It is
driven by four "prime" weather variables: daily solar
radiation receipt, maximum and minimum daily temperature'

and daily precipitation. A number of other environmental
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622 CANAD'AN JOUNNAL OF PLANT SC'EA'CE

variables, however, are derived from these primary
variables, and/or other inputs that speciff the site. Such
"derived" variables, used to modulate the rate of plant or
root processes, include daylength and soil temperatures by
layer. This latter is calculated in a manner similar to that
used both in the EPIC @rosion-Productivity Impact Calcu-
lator) model of Sharpley and Williams et al. (1990) and in
Ceres (see Jones and Kiniry 1986). It is calculated as a func-
tion of the average annual air temperature ("C), the annual
amplitude in mean monthly air temperature (oC), the soil
depth at which temperature is assumed @nstant, and the date
of the warmest day of the year.

In operation, the model performs a number of operations
sequentially each day. These will be described in the fol-
lowing sections.

Water Balance
Water balance components are calculated for a multi-layered
soil with the layer thickness being the same as for the soil
and initial conditions data. Ilreferred layer thicknesses, from
the surface down are 5, 10, 15, 15, 15 and then 30 cm for
all remaining layers. Maximum layer number is 15.

RuNoFF. Runoff is calculated using a simple relationship
to the water retention capacity of the uppermost three (or
as specified) layers of the soil. Water does not run offuntil
these layers are saturated, and all water runs off once they
are saturated. Maximum retention thus occurs when the soil
is dry.

DRATNAcE. Each soil layer, which can be fifled to sanrra-
tion, will drain if the water content is above the lower limit.
The amount is determined either by a layer specific drainage
constant, or by the amount that the next layer can hold before
becoming saturated. The layer specific drainage constant is
input in the soil file; if it is missing, an overall constant is
used for each layer. Drainage does not occur fiom, nor into,
a frozen layer.

Ev,tponlnoN. Potential evapotranspiration is computed
using an adaptation of the Priestley and Taylor (1972) qrn-
tion similar to that used in Ceres (Ritchie and Otter 1985).
The approach hinges on a calculation of the fraction of
ab,sorbd solar radiation used for evaporation, a fraction which
is assumed to be dependent on the mean daily temperature.
This latter is calculated giving more weight to the maximum
than to the minimum (0.6 * TMAX + 0.4 * TlInD. If mean
temperatures are between 5'C and -24"C. the fuaction used
increases linearly from 0.45 at 5"C to 0.70 at 24"C.If mant
temperatures are above 24"C,the fraction increases linearly
from the value of 0.70 at24"C to 1.0 at 30oC and, with the
same slope, to 1.5 at 40oC. Below 5oC, the foaction
decreases from 0.45 at 5 "C to O.M at I "C, and to yet lower
values as mean temperature falls to zero and below, but with
the slope being the same as between 5'C and l"C. The
gnergy equivalents of evapotranspiration calculated using
the fractions determined as above are converted to quanti-
ties ofwater b.y use ofa constant latent heat ofevaporation
of 2450 J g-'.

The absorbed solar radiation is determined from incoming
solar radiation using an albedo that varies from the value
input for the soil when there is no crop cover, to 0.23 for
a complete active crop cover, and to 0.33 for a complete,
mature crop cover. The crop cover, assumed equal to the
fractional interception of solar radiation, is determined using
a canopy extinction coefEcient for short wave radiation. This
is computed from the extinction coefhcient for photosynthet-
ically active radiation, an input variable, assuming that Ore

leaf transmission coefficients for photosynthetically active
and infra-red radiation are 0.1 and 0.4, respectively.

Potential transpiration is calculated by multiplying the
potential evapotranspiration by the fractional interception of
solar radiation. Acoal transpiration is the same as potential
transpiration when adequate water is present, but is reduced
as the amount of water available on any day drops below
that required to meet potential transpiration requirements.
The amount of water available on any day is calculated by
summing fte immediately available water in the rooting zone.
Immediately available water is set equal0o available water
content multiplied by a relative availability factor, where the
latter has a value of 1.0 when the ratio between actual and
maximum available water is greater than 0.4, and a value
that deq€ases linearly from 1.0 to 0.0 as the acoaUmaximum
ratio falls from 0.4 to 0.0.

Soil evaporation is calculated using the concepts developed
by Rirchie (1972). Evaporation from the soil surface is con-
sidered s€,parately for constant rate and falling rate phases.
In the forrner, the soil is zufficiently wet for water to be trans-
ported to and lost from the surface at a rate equal to the soil
evaporation potential. In the falling rate phase, the surface
soil water content is below a threshold value, such that soil
evaporation depends on the flux ofwater through the upper
layer of soil to the evaporating surface. Following wetting
of the soil surface the amount of drying required before
evaporation falls below the potential rate is input with other
soil information. Values generally fall benreen 6 and 12 mm
for different soils @itchie 1972). Cumulative evaporation
during the second phase is a square root function of time,
with the proportionality constant being related to the avail-
able energ5l at the soil surface, to a maximum of 3.5 mm
d-', ffi in the Simtag model (Sapper 1984).

UPTAKE. Water uptake is set equal to the actual transpira-
tion, and distributed down the profile in a manner detennined
by the amount of water available in each layer. Water is used
from the uppermost layers first so that a drying front will
prcgress down the profile. The water content of each layer
is then adjusted to account for that taken up by the plant.
These calculations are continued when the roots reach a per-
manent water table, but in this sase, the water content of
the lowermost layer is reset to saturation each day.

Rsn$rRBuTroN. Water movement is allowed to occur
between soil layers in which the water content is below the
drained upper limit in proportion !o the water content of the
respective layers. To avoid instability, however, no more
than5% of the water in one layer is allowed to move in any
one day.
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Nitrogen Balance
Nitrogen balance components are calculated using the same

layering as for the water balance calculations. Requird data,
organic carbon content of the different layers for example,
thus must be provided using the sarne vertical breakdown
as for water balance aspects. The conceptual framework is
similar, but somewhat simpler, than that used in Ceres (see

Godwin et al. 1986).

MtrIERAUZATIoN. TUo pools of organic matter are assumed

to occur in each soil layer. One ofthese is the fresh organic
matt€r pool, composed of the root and shoot residues of the
prwious crop, and its rapidly decomposing products; the
other is the stable organic matter or "humus" pool composed
of all other organic matter in the soil. Nitogen can be rcleased
from both pools in direct proportion to their sizes. The max-
imum rate at which this can occur is set at 5% per day for
the fresh organic matter, and slightly under 0.017o per day

for the humus. This latter value, however, is multiplied I
a 0 to 1 frctor that is input along with other soil information,
to reflect the actual mineralization capabilities of the soil in
question. These maximum rates are multiplied ry the poduct
of frctors that summarize the effects of soil temperature, soil
moisture and, for the humus only, the overall C:N ratio of
the layer. The temperanrre hctor increases linearly from zero
at 5"C to 1.0 at 30'C; the water factor increases from zero
at the loner limit to 1.0 at the upper limit, and then decreases
to zerc for a saorated soil; the C:N frctor decreases exponen-
tially from a maximum of 1.0 at a C:N ratio of 25 to 0.1 at
a ratio of 100.

The decay of fresh organic matter results not only in the
release of nitrogen, but also in the release of CO2 and the
production of new stable organic matter. The distribution
of carbon between CO2 and stable organic matter is con-
trolled by an empirical factor that is currently set to deliver
2OVo ta the stable organic pool. Accumulation of carbon in
this pool is generally associated with a build-up of stable
nitrogen. This "immobilization" of available nitrogen is set
to equal either the mineral nitrogen content of the layer, or
the amount of nitrogen needed to establish a standard C:N
ratio in the newly produced humus. The standard C:N ratio
in the humus is set to a value of 10.

DENITRIFTCATToN. Denitrification rate, calculated when-
ever soil water in a layer is greater than the drained upper
limit, is determined as a function of the water content, the
carbon concenhation, and the temperature of the soil layer
in question, following an approach similar to that used in
Ceres (see Jones and Kiniry 1986; Godwin and Jones 1991).
The basic denitrification rate, applicable when all conditions
are optimum, is set at 50% per day. This is reduced by multi-
plication by the product of the various controlling factors.
The water factor increases linearly from zero at the drained
upper limit to 1.0 at saturation; the carbon factor increases
from zero when there is no humus present to 1.0 when there
is2.0% organic carbon present in stable organic matter; and
the temperature factor increases exponentially from a value
of 0.1 at loc to 0.7 at 4O'C.

NnRFIcATIoN. Nitrification is calculated as a function of
soil water, temperature, pH and NlIa+ concentration, again

following an approach similar to that used in Ceres (see Jones

and Kiniry 1986; Godwin and Jones 1991). The maximum
rate is deiermined from the NtIa + concentration in the soil

layer using a Michaelis-Menten expression, with the con-

centration at which 50% is denitrified in one day being set

at 90 g Mg-t. This rate is multiplied by the minimum of
factors ttrat reflect the impact of temperatures, soil water con-

tent, and pH. The temperature factor, which is determined
from the soil temperatures of the layer using an exponential
function, increases from zero atfre'ezng to a maximum of
1.0 at 35'C, and remains at the maximum at high tempera-

tures. The pH factor increases linearly from zero at pH 5.0
to a maximum of 1.0 at pH 8, and the soil water factor
increases from zero at the lower limit to 1.0 at the drained
upper limit, and then decreases at higher moisture contents

to r,f,,to at saturation.

LEAcHrNc. Water draining through a soil can bypass the

main body of the soil and carry only a small proportion of
the dissolved solute in any given layer (see Addiscott and

Whifinore l9l). The degree to which intra-layer mixing of
rapidly draining water and water already present in a layer
approaches a steady-state is influenced by the aggregatesize

distribution of the soil (Addiscott et al. 1986). These effects

are not simulated in detail, but accommodated with an

empirical factor that reduces the nitrogen concentration in
the drainage water below ilrat in the layer at large.

Urilxe. Nitrogen in the crop is modelled assuming that
plant parts (leaf, stem, root) have an upper and a lower
nitrogen concentration, expressed on a dry weight basis, and

that these alter with phenological stage (see van Keulen and

Seligman 1987). traves and stems have a wider concentra-

tion range than roots and have higher maximum and

minimum concentrations for most phenological stages. Max-
imum leaf nitrogen concentration is set at6.0% from emer-
gence to initiation of the terminal spikelet, from which point
it falls to a value of 05% by the end of grain filling. The
minimum value for leaf nitrogen starts at 2.5%, then falls
toO.25% by end of grain filling. Equivalent values for root
nitrogen arc25% falling to l.O% for the maximum value,
and 1.5% falling to 05% for the minimum. These values

are based on those used by Groot (1987) and Porter (1993).

Crop nitrogen demand is calculated on the basis of the

difference between the current nitrogen concentration of
leaves, stems, and roots and their maximum value for the
current developmental stage. This difference, multiplied by
shoot or root dry weight gives total crop nitrogen demand
for the day. Nitrogen uptake is calculated from the nitrogen
demand, assuming that mineral nitrogen present in the rooted

zone is available within a relatively short time period (van

Keulen et d. 1975). A value of 30Vo availability for any day

has been used, higher than the 10% suggested by Groot
(1e87).

Nitrogen uptake takes place in soil layers that have

been penetrated by roots, and that have a moisture content
above the lower limit. The potential rate of nitrogen uptake
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from the otal soil profile is obtained by adding the amounts
of nitrogen in the soil layers in which water content is above
the lower limit multiplied by the percentage that is assumed
to be available on any day. Actual uptake is calculated down-
wards from the surface layer, a pnocess that is continued until
the required amount is obtained, or until the lowermost layer
occupied by roots is reached.

Crop Development
VEGETATTVE. Germination occurs at the maxirnum rate if
there is more than 0.1 mm extractable water per mm depth
in the seed zone, as in the Simtag model of Stapper (1984).
Once in p(rcess, and assuming no further moisture stress,
2 d at the optimum temperature are required for germina-
tion of a seed with no dormancy, longer if the temperaore
is less than or greater than the optimum range. Soil tempera-
tures may be most appropriate for these and some other cal-
culations (see Hay and Wilson 1982), but as there is still some
doubt as to the mettrod used for computing soil temperatures,
air temperatures are used. The temperature response has a
base temperature set at 0"C, similar to the value of 0.4"C
derived by Addae and Pearson (1992), but lower than the
value of2oC reported by Angus et al. (1981), and a lower-
most optimum of 26"C. Dormancy effects are accounted for
as an input describing the condition of the seed at planting
time.

Elongation of the shoot (coleoptile) is set at 1.0 cm d-r
at optimum temperatures [cf. 4.2 mm d-r reported by
Addae and Pearson (199 2)l so that time !o emergence varies
with sowing depth. The effect of adverse moisture contents
in the seed zone during the emergence phase is quantified
using the same procedure used for germination. The rate of
elongation decreases linearly when the available water con-
tent falls below a threshold of 0. I mm mm-I, and there is
no elongation if extractable water in the seed zone drops
below zero. The extension rate of the radicle is set at 4.0 qn
d-r during the emergence phase (Addae and Pearson 1992),
and is reduced by temperature and soil moisture deficit as
for germination and shoot growth during emergence.

Repnooucrrvp. The life-cycle of the plant is broken into
eight phases with nine demarcating stages, as documented

in Table l. The phases were chosen to ensure both general
conformity with the widely used Zadoks scale (Zadoks et al.
1974), and its possible sucoessor, the Bbch scale (Lancashire
et al. 191), and easy recognition of phase starting and end
points. It is recognized, however, that some phase endings
may have less fundamental significance than others (e.g.
double ridges and spike emergence cf. terminal spikelet),
and funre model development will bedirected to overcoming
this limitation whilst maintaining a close relationship to field
scales. In particular, attention will be placed on the double
ridges stage, which appears to occur shortly (G8 Bdays) after
germination in many spring wheas (van Keulen and Seligman
1987) but much later (1+18 Bdays) in some winter wheats
(Chapleau 1984; Porter et d. 1987).

The duration of the different phases is characterized in
terms of Bd, chronological days at the optimum tempera-
ture and photoperiod, with no drought or nutrient stresses
operative. Characteristic values, based on unpublished data
and a general summary of the literature [in particular,
Masoni et al. (1990) and McMaster et al. (1992)l are
shown in Table l. Some of these durations. as indicated
in the table, are assumed to vary between cultivars, while
others are regarded as being less variable among cultivars.
In actuality, however, all may vary among cultivars, or
among groups of cultivars, and scope for making
appropriate changes is built into the model. Further, the
end of the grain filling period may occur earlier than the
potential date. The plant will cease filling kernels if the
assimilate available on any day (reserves and current
assimilation) falls to zero.

The increment in development (reproductive) age on any
particular day is calculated as a function of the daily minimum
and maximum temperatures ('C) and, when appropriate, the
photoperiod and vernalization status. The effect of water
status on rate ofprogression is not accounted for at present.
Biological days are summed, and as soon as the characteristic
number of Bd for any particular phase is reached, the
succeeding phase is entered.

For the temperature function, a multiple point approach
requiring as a minimum, four cardinal temperatures (T5"r.,
Toru, Toptr,, and THn| has been used. These cardinal values
surilnarize a temperature response curve in terms of (l) the

Table l. Phases of repmductive development in Cropoim-Wheat

Characteristic durations
Phas€ (days with optimum conditions) Environmental controls Variability assumed

Germination to double ridges

Double ridges to terminal spikelet

Terminal spikelet to last leaf firlly expanded

Iast leaf fully expanded to spike emergen@

Spike emergence to the start of anthesis

Start to end of anthesis

End of anthesis to begin grain fill
Begin grain fiIl to end of grain fill

6-20

2-6

E-12

3-7

l-5

2-3

24
13-20

Temperature (incl. vernalization),
Photoperiod

Temperature (incl. vernalization),
Photoperiod

Temperanrre, Photoperiod

Temperature, Photoperiod

Temperaturc, Photoperiod

Temperature

Temperature

Temperature (incl. base change)

Cultivar

Cultivar

Sub-species

Sub-species

Sub'species

Cultivar
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temperature CIu.*) at which activity is zero but above which
activity commences, (2) the lowest temperature (Too6) at
which activity proceeds at a maximum rate, (3) the highest
temperahrre CI"'J at which activity prds at a maximum
rate, and (4) the temperature (Tr,i/ at which activity is zero
but below which the process in question shows some activity.
Flucnnting daily terperanres are accounted brby calculating
hourly temperatures CIrr) from a linear function between Tni,'
and To'^", and then calculating IBT according to:

Tn.Tuu.", Tn.Trrigt

T6)T6pn, T6<Topo,

Tbase<Th <Toetl

ToFh<Th<Thish

IBT :0
IBT : 1.0

IBT = (Tr'-Tu*) / (Topd-Tb"r")

IBT : (Tr,ier,-TrJ / (T6g-T"err)

The increment in biological time for the day is calculated
by summing the hourly increments and then dividing by the
number of individual hourly values (13).

Linear interpolation between T."* and T16 was chosen so
that outputs would coincide with those that could be derived
from a simple (Too, * T.,;,,)12 approach when the daily
extremes in temperature (To,", and T,o;r,) lie between the
temperature base and the lowermost optimum, and to avoid
problems of interpretation that arise when a sine curve or
other function is used in contrasting seasons at latitudes where
daylength changes markedly throughout the year.

For biological day computations, the base t€mperature for
the phases from germination to anthesis is assigned a value
of 0"C, from anthesis to the end of the grain filling period,
8"C. These values, which are easily changeable, were chosen
to accord with repors in the literature. Gallagher (1979),
for example, chose a base temperature of 0"C for a winter
wheat, based on a regression analysis in which the residual
variation increased rapidly with base temperatures greater
than *3"C and less than -3"C. French et d. (1979)
re,ported a base temperature of 3"C for spring wheats, while
Angus et al. (1981) showed that the base temperafife changes
during the life cycle of the wheat plant. They derived a base
temperature of 2.6"C for the period from sowing to emer-
gence, 3.5'C from emergence to anthesis and 8.9'C from
anthesis to manrrity.

The effect of daylength is simulated using the curvilinear
function used in Ceres (Ritchie 1991). The straight line
tunction discussed by Major and Kiniry (1991):

DFDE - I - (DESP'r, (DETP - DAYL)

in which DFDE is the daylength factor and DAYL the photo-
periodically effective daylength (i.e. including civil twilight)
is also included in the code, along with the exponential func-
tion used by Angus et al. (1981) and derived from wheat
development data from Australia, the Philippines and Sweden.
Future work will be directed at determining which function
is of the most general applicability. All functions are charac-
terized by two parameters, the threshold photoperiod (DETP)
and the photoperiod sensitivity (DESP). Changes in daylength
at values great€r (or le.ss for the exponential) than the dlrcsttold
have no impact on the development rate.
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The photoperiod factor is used as an efficiency factor !o
reduce the development rate on any given day. It is used

along with a vernalization factor, the minimum value of these

rwo being used following the approach of Rirchie (1981).
Photoperiod sensitivity is assumed through until the last leaf
is fully expanded, but with scope for changed sensitivities
at key developmental stages, while vernalization sensitivity
is also assumed until last leaf, but with ne ghanBe in the ver-
nalization factor after terminal spikelet.

The VF is determined as a function of accumulated ver-
nalization days:

VF=l-VRNR(VRNC-VRNA)

where VF is the vernalization factor, VRNR is the response

to accumulated vernalization days, VRNC is the vernaliza-
tion requirement of the cultivar (days), and VRNA is the ver-
nalization "age" (i.e. accumulated vernalization days). The
temperature r€sponse of the vernalization process is such that
vernalization can occur between - l'C and 12"C, with max-
imum effect in the range 0"C to 8oC. This response is based

on the one used in Arcwheatl (Weir et al. 1984) and one
of the modifications suggested by Reinink et al. (1986). The
vernalization effectiveness of any particular day is computed
from hourly temperature means between the daily maximum
and minimum temperature. Vernalization status is lost when
temperatures exceed 30oC.

The vernalization process is ended at terminal spikelet, but
the crop is assumed to respond to vernalization status until
anthesis. The value of the vernalization factor at terminal
spikelet is thus maintained until anthesis. Reinink et al.
(1986) argued that the vernalization status should be fixed
somewhat earlier than termind spikelet, but this has not been

incorporated in the current version. Further, no account was
taken of re,ports that the rate of development of crops planted

approximately one month or more before tlrc shortest day
of the year, or at latitudes less than 30oC, is lower than for
earlier or later planted crops, or for those at higher latitudes
(Stapper 1984). Further data will be required before this
aspect can be verified and treated effectively.

Crop Growth
Grow0r processes are modulated by both the water status and

the nitrogen concentration of ttre plant. These effects are
taken into acoount through the use of "deficit factors" that
are calculated from water and nitrogen balance daa and used

as multipliers applied to the various growth processes. Prior
to the computation of growth aspects, therefore, the various
deficit factors are determined.

DBrrcrr pecroRs. For water, the ratio of actual to poten-
tial transpiration is used as a descriptor ofthe general water
status of the crop. Two deficit factors are calculated from
the descriptor. The first, used currently to modulate the dry
matter accumulation rate, is set equal to the actual to poten-
tid transpiration ratio when this is equal to or less than unity;
it is not allowed to exceed unity. The second factor, used
for leaf expansion and other growth processes, allows for
a more severe impact of water stress and increases lineaily
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from zero when the actual to po0ential transporation rate has
a value of 0.5, to unity when the transpiration ratio is unity.

For nitrogen, the concentration of the learres is used to set
tuo deficit hctors, one being more severe than the other. The
frcbn are set equal to I when flre leaf N concentration is above
an upper bound, equal to zero when belorv a louer bound,
and modulated linearly between 0 and I in dre range between
upper and luver bounds. Different limits are used for ttre tun
frcton, and these are input as species characteristics.

DRY MATTER AccuMULATroN. The conservative relation-
ship benveen potential crop growth rate and photosyntheti-
cally active radiation receip, as expressed in terms of a radia-
tion use efficiency, and as used in a number of previous
models, is used to calculate potential dry matter accumula-
tion. Radiation use efficiency, however, is assumed to be
a function of daily photosynthetically active radiation receipt,
to help accommodate ttre finding that radiation use efficiency
generally increases along with the fraction of diffrrse radia-
tion, which in turn generally increases 3s ths deily radiation
recerpt decreases. The function used is based on the calcu-
lations reported by Goudriaan and van Laar (1978) and is
normalized to a photosynthetically active radiation receipt
of 10 MJ m-'d-'. Normalized values. which are used as
multipliers to adjust a standard radiation use efficiency at
l0lvIJ PAR nl-'d-', range from /.8 a1a PAR receipt of
I MJ m-'d-' to 0.9 at l7 MJ m-z d-t. Further, because
radiation use efficiency has been shown to vary between
experiments for reasons not fully understood, it is regarded
as a cultivar rather than species specific characteristic. Values
of 2.2-2.8 g MJ-l photosynthetically active radiation have
often been computed from data obtained over an extended
period of growth (Gallagher and Biscoe 1978; Hunt and
Edgington 1981; Stapper 1984; Kiniry et al. 1989), and 2.5
is used as the standard until more precise information is
obtained by experimentation for an individual genotype.

The potential dry matter accumulation rate for a given
canopy area index (CAID lamina plus stem and spike area)
is calculated by multiplying the radiation use efficiency by
the amount of photosynthetically active radiation intercepted
by the crop canopy. This latter is calculated from the CAID
using the usu I exponential equation:

PARI : PARD * (1. - exp (ECPC x CAID)) (5)

where PARI is intercepted PAR, PARD is the daily recerpt
of PAR and ECPC is the extinction coefficient for PAR
(canopy area basis). This potential is adjusted by multiplying
by a factor representing the effect of CO2 concentration,
and the value so obtained converted to an actual dry matter
accumulation rate by multiplying by the minimum of factors
representing the effects of temperature, vapor pressure
deficit, water shortage, and nitrogen shortage. The extinc-
tion coefficient for photosynthetically active radiation is cur-
rently set to a value of0.65, a value reported earlier for a
barley crop (see Monteith 1969), but this is input as a func-
tion of developmental stage so that changes during the life
cycle can be accommodated.

The vapour pressure deficit factor, included because of
the potential impact of this factor (Stockle and Kiniry 190),

is calculated from input information that deals with a
threshold vapour pressure deficit, above which there is no
effect, and a sensitivity factor that is applicable at vapour
pressure deficits greater than the threshold. The threshold
is set to 2 kPa an? the sensitivity to 0.15 kPa-r. A mean
daily vapour pressure is calculated from the minimum daily
temperature, and an average vapour pressure deficit calcu-
lated from this and the saturated vapour pressure at the
average day temperature. The method used to compute
vapour pressure has been found to give good estimates in
humid environments, but may be in error in arid environ-
ments @ristow l9V2). To accommodate this, information
on the average difference between dew point at the minimum
temperature and actual dew point can be read from the
weather file if available, and used to adjust the minimum
temperature prior to calculation of the daily vapour pressure.

DRy MATTER DISTRTBUTIoN. Dry matter is used first to
satisff aboveground growth, with roots essentially receiving
from any surplus that may have accumulated in a general
assimilate reserve. However, to ensure that the roots always
receive some assimilates, the aboveground parts can only
use up to a specified maximum fraction of the current days
assimilation. This characteristic is input into the model as

a function of stage of development. The maximum fraction
that can be used by the aboveground parts increases from
0.3 at germination to0.n during grain fiXing. This is based
on the review by Gregory et al. (1978), which showed that
root growth generally ceased around anthesis, although roos
at depth continued to grow after anthesis. Shoots will receive
less than the maximum if leaf growth is reduced by water
or nitrogen stress. In such a case, a general assimilate pool
receives the excess, and root growth increases gradually as

the size of the assimilate pool increases. The introduction
of an assimiliate pool was found necessary to avoid wide fluc-
tuations in root and canopy growth when all assimilate
remaining after the initial calculation of leaf, stem and root
growth was moved to the roots. Assimilates do not move
from the reserve pool to the roots, however, once leaf growth
has ceased.

The method currently used to determine dry mat0er
accumulation in the roots appears to result in inadequate
below-ground growth with rapidly developing spring planted
material, or exoess accumulation with slowly developing fall
planted material in a mild environment. To help overcome
such problems, an allometric function (Troughton 1956) has
been used to speciff an upper limit to root growth.

The material allocated to the abveground parts is dis-
tributed between leaf and stem in accordance with a speci-
fied parameter that is set to increase linearly from a value
of 0.2 at the terminal spikelet stage to a final, cultivar specific
value at the last leaf stage.

LEAF GRowrH. Expansion of leaves on the main stem is
computed from the potential area of individual leaves and
the rate of leaf appearance. Po0ential area, which is a func-
tion of apical dome size at the time of initiation (Kirby 194),
is correlated with the area of the previous leaf on the culm
(see Stapper 1984). The potential increment from one leaf
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to another is regarded as a cultivar characteristic and read
from a file containing cultivar characteristics. Along with
this leaf increment, potential size of the first leaf is also read
from the file of cultivar characteristics. In earlier work,
Stapper (19^84) reported potential first leafareas of2.8, 2.0
and 1.8 cm' for cultivars Sonalika, Mexipak and Novi Sad

respectively. In work with Cropsim, potential areas for
difierent cultivars have varied frbm 1.0 to 6.0 cm2.

The potential increment in leaf area on the main stem is
computed daily from the potential size of the expanding leaf
and the ratio of daily phyllochron time to phyllochron
interval. ffis daily increment, and hence the final leaf size,
can be modified by water and nitrogen stresses. Both are
characterized as indices and the minimum of these is used
as a modifier of ttre potential. The daily increment of leaf
area on tillers is derived from that of the main stem using
arbitrary reduction factors of 0.8, 0.6 and 0.4 for tillers one,
two and three or more, respectively.

Potential leaf dry matter accumulation is determined from
the potential leaf expansion rate and specific leaf area.

Typical^speciflrc leaf area values in wheat vary from 200 to
300 cm' g-', depending on cultivar, temperature, light
regime, water status, and crop age. Based on data obtained
by Hotsonyame (lgg2), a standard value of 250 urf g-r
has been used, but this characteristic is input from a cultivar
file and can thus be adjusted as required. The actual leafdry
matter accumulation is set equal to the potential when ade-
quate assimilate is available from the seed, current assimi-
lation and reserves, but is set equal to the total available
assimilates when these are inadequate. In this case, leaf
expansion is reduced to maintain specific leaf area at the
specified value.

LEAFSENEScENcE. Potential leaflongevity appears to be
cultivar specific in some species (e.g. cassava), but there is
little information on this aspect in wheat, and potential leaf
longevity has been set at 4 phyllochrons prior to the last leaf
stage, considerably longer for subsequent stages. Environ-
mental factors, however, have a distinct influence on the
actual longevity of leaves. Extreme shading reduces longevity
while low temperatures can also result in premature leaf
death. To provide scope for handling accelerated senescence,
a record is maintained of the age (temperature adjusted), dry
weight, and area ofthe "cohort" ofleafmaterial produced
on any given day. The effect of shading is taken into account
by accelerating the aging process. A critical value of leaf
area index is assumed. and leaf material below the level at
which this critical value is reached ages at an accelerated
rate. An aging parameter represents the sensitivity of senes-
cence to shading. Each day, the age ofthe cohort is adjusted,
age is checked, and ifthe cohort is older than its life expec-
tancy, it is removed, returning a fraction of is dry weight
and nitrogen to the assimilate and nitrogen pool for that day.

The approach described above is designed for applica-
tion throughout the life-cycle but is currently not used after
the last leaf stage. Senescence after this stage is simulated
by linear interpolation between empirical constants that
speciry how much of the original leaf area is lost by specific
stages.

LEAF DRy MATTER REDIsTRIBUTIoN. Redistribution of leaf
dry matter (rccurs when leaves die, at which time a speci
fied fraction of both the carbohydrates and nitrogen return

to the main body for use elsewhere, and when nitrogen moves

from leaf into the grain. It is assumed that nitrogen is not

remobilized in an inorganic form, but as an organic molecule,

so that any nitrogen redistribution is inevitably associated

with dry matoer redistribution.

LEAF NUMBER. There is a considerable amount of contro-
versy in the literature concerning the environmental control
of leaf appearance. Early work showed that the number of
leaves on the main stem of wheat was a linear function of
accumulated degree days after germination or emergence'

implying ttrat temperature is the main factor controlling the

rate of emergence of new leaves (Gallagher 1979; Hunt and

Chapleau 1986). More recent work has emphasized that fte
plotting of accumulated variables against each other could
iead to erroneous conclusions (Demetriades-Shak et al.
1992), andthat the phyllochron (the number ofdegree days

elapsed between successive leaves on a culm) varies with
planting date @aker et al. 1980; Delecolle et al. 1985; Kirby
et al. 1982; Kirby and Perry 1987). Baker et al. (1980) and

Kirby et al. (1982) suggested that the phyllochron is fixed
by the rate of change of daylength at emergence, but this
hypothesis has not been supported with experimental evi-
dence (e.g. Slafer et al. 193). Cao and Moss (1989) reported

that the rate of leaf appearance was a function of daylength
with cultivars differing both in their sensitivity to daylength
and in their rates of leaf appearance under long day condi-
tions. For cultivars Yamhill, Stephens and Tres wheat, the

maximum rate was in the region of O.Zt leaves d-l whereas

for Nugaines it was approximately O.22leaves d-1. Sensi-

tivity to photoperiod varied between approximately 1.7 and

2.5Vo h-t. This work has been criticised, however, because

of low irradiance levels (Volk and Bughee l99l). Because

of this, even though a number of vegetative aspects, partic-

ularly leaf lengt}, can be affected by photoperiod (see Hay
1990), the rate ofleafappearance prior to terminal spikelet
has been modelled as being independent ofdaylength, but
dependent on temperature. Rate of leaf appearance, however,

is considered a cultivar characteristic, based on the findings
of Cao and Moss (1989) and other work in the literature (e.g.

Syme 1974).
After terminal spikelet, the number of leaves yet to emerge

appears fixed at three or four (Kirby and Appleyard 1984).

The rate of leaf appearance has thus been modelled as a func-
tion of the rate of reproductive development, dependent on
the basic duration of the terminal spikelet to last leaf phase

and the photoperiodic sensitivity of development during this
phase. During the phase after terminal spikelet, therefore,
leaf appearance rate could be a function of photoperiod.
Incorporation of such a response pattern helps achieve con-
sistency with work that has shown photothermal time to be

a superior predictor of leaf stage than thermal time (Masle

et al. 1989; Mitchell et d. l99l), and final leaf number to
increase when plants are grown in short daylength condi-
tions, but to a lesser degree than the time taken to reach spike

emergence (Allison and Daynard 1976; Hoogendoon 1985).
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Roor BxrpNSIoN AND DRy MATTER AccuMULATIoN.
Rooting depth can increase at a rate of 4.0cm d-l
(optimum conditions) to a maximum dercrrrined either by
soil depth, by a specific species limi1, s1 by soil physical
conditions. Roots will only penetrate l0 crn into a saturated
soil layer, will not extend into a layer in which the soil water
content is at or below the lower limit, and will not extend
more than one soil layer ahead of the lowest soil layer neces-
sary to provide adequate water and nitrogen. The rate of root
extension may be critical to performance in some moisture
and,/or nitrogen limited situations, and subsequent model
development work will be directed to this aspect as appro-
priate datasets become available.

Rootdry matter accumulation is determined by the amount
of assimilate translocated from the aboveground-parts, which
is a function either of the general assimilate reserve pool,
or of the stage specific minimum root fraction. The incre-
ment in total root length is calculated from the dry matter
an{ the mean specific root length. A value of 25 000 cm
g-' has been used for the specific root length, based on
work summarized by Jones et al. (1991); the value chosen
is not critical, however, because neither water nor nitrogen
uptake is modelled as a function of root length. The root
length increment is distributed in the soil profile using a
similar procedure to that in the Ceres model (Rirchie and
Otter 1984). The weighting function, however, is input as
a species aspect rather than as a soil function, and this func-
tion is combined by multiplication with any soil specific limi-
tations input along with other soil data.

Roor sENEscENcE. A constant fraction of 0.5% of the
roots present in each soil layer is assumed to die each day.
Root weight and length are adjusted accordingly, and the
fresh organic matter pool in the soil incremented.

SrpulxnspxrcRowTrr. Stem expansion is not currently
simulated, but a stem and spike area is estimated from the
stem dry yelglrt by using a standard area:weight ratio factor
of 25 cm" g-'. Slem (including spike) dry matter accumu-
lation, prior to the last leaf srrge, is computed from the ratio
of stem to total aboveground dry matter increment, an input
parameter mentioned earlier. Following the completion of
expansion of the last leaf, all assimilates are devoted to the
stem until it ceases growth. This occurs at an input speci-
fied stage, currently set to be at the end of anthesis. Ai ttris
time, structural stem and spike growth is set !o zero.

SteM eNo spme sENEscENcE. Active stem and spike area
is assumed to decrease from the value reached at the onset
of rapid grain fill to SVo of this value at physiological
maturity. The final above-zero value reflects observations
that the peduncle is often still green after the grain has
reached maturity.

Gnenl Nuraen. Grain number is determined as a function
of the difference between the aboveground dry matter at the
end of anthesis and that at an earlier stage of development,
currently set to be gerrrination so that the dry matter factor
is equal to the total aboveground dry weight at the end

of anthesis. A two-line relationship similar to the one
described by Sapper (1984) is used, with an initial slope that
is assumed constant for all cultivars, and a second slope that
varies among cultivars and is used at dry matler accumula-
tion values greater than a specified critical amount. This latter
value varies among cultivars in a range from 0 to 2.O g
or greater.

GnenrnnyMATTERAccuMULATIoN. Potential daily grain
dry matter accumulation is dependent on grain number and
potential growth per individual grain. This latter is a cultivar
specific aspect determined from input information on the
maximum grain weight of the cultivar and the duration of
the grain filling period, and simulated information on the
grain number per plant. This latter is used to reduce the
potential growth when grain number exceeds a critical value.
Actual growth is less than the potential if the temperature
falls ouside an optimum range or if available assimilates
(current plus reserves) are inadequate.

Gnanr NnRocENAccuMULATroN. During grain filling, a
pool of nitrogen is created jointly from leaves, stem, and
roots. The size of this pool is calculated as the difference
between the current nitrogen concentration of shoots or roots
and their minima, multiplied by their current dry weigha.
The demand for nitrogen by the grain is computed from the
grain growttr rate and a cultivar specific target grain nitrogen
concentration. It is influenced by temperature in accord with
a response function input as a species characteristic.

TursRpnoouc'noN. Tillering is generally allowed to start
when 2.5 leaves have appeared on the main stem, although
this aspect is a characteristic that is defined in the species
file and is thus one that could be changed to accommodate
cultivars 0nt poduce tillers from the coleoptilar node. Once
capable, a plant will produce tillers on each axis at a rate
specified in the species file as long as assimilate is available
in the reserve pool in sufficient quantity to be moving to the
r<lots. All tillering, however, ceases after the last leaf stage.

T[-I-BnseNescBNce. Tiller senescenoe rnay commence at
the terminal spikelet stage, with the number dying being
dependent upon the average amount of assimilate available
per stem and a cultivar specific critical assimilate amount.
Senescent tillers return a fraction of their dry matter to the
general reserve pool, and a fraction oftheir nitrogen to the
stem. I-eaf areas and weights and stem weight of senesced
tillers are subtracted from the living variable
sum.

Critical Stress Effects
Snrunmon. Saturated soil conditions readily kill young
wheat seedlings, particularly prior to emergence. This aspect
is simulated by assuming ttrat 5 d with the seed in a satu-
rated soil layer will result in complete plant death.

Low reupenanunE. Low temperatures at the level of the
crown can kill or severely danage wheat plants, with the
degree of darnage being related to the cultivar, to the
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hardening that may have occurred prior to exposure, and to
the conditions to which a hardened plant has been exposed.
Hardening is modelled as occurring in two phases, as in
Ceres. The first phase encompasses hardening at above zero
temperafures, the second phase, at sub-zero temperatures.
Hardening in the first phase occurs most rapidly at tempera-
tures between 1'C and 8"C, and less rapidly as tempera-
tures increase to l5'C. Ten days of full hardening condi-
tions will harden the plant to a cultivar dependent maximum
level of phase 1 cold tolerance. Hardening in the second
phase, which is a drying phenomenon (Fowler, personal
communication), occurs at temperatures below 0oC, with
12 d being required for complete hardening.

Plant death occurs when the temperature frlls close to the
hardened temperature. This latter is the temperature at which
50Vo of the plants would have died (LDso). The span of lethal
temperanre around the LDe is set at 8oC so tlnt plant death
cornmences at a temperature 4"C higher than the LD56, and
reaches IOOVo at a temperature 4oC lower than the LD5s.

No account is currently taken of the reduction in LD56
that is often recorded as the winter progresses. The higher
temperatures of spring, however, deharden the plant, a
process that commences when the daily maximum tempera-
ture exceeds l5oC.

Over and above the problem of plant death, low tempera-
tures can have serious oonsequences when they occur in the
period between spike emergence and anthesis. Frost in this

HI'NT AND PAMRAJASINGHAM - CROPS"T,' - WHEAT 629

period can carse sterility in tE spike. To acoount for this aqpecl,

the number of days with a minimum temPerature lower than
0'C is accrunulated from spike emergenoe till the end of
anthesis. Grain number is reduced in an arbitrarily set manner
in direct proportion to fte nunrber of days of fr,ost in the period;

5 days of frrost is assrmed o cause conplete $erility. A warning
message is wriuen to the main output file when grain number
is reduced because of frost around flowering.

STRUCTURE OF CROPSIM.WHEAT
Cropsim-wheat is writt€n in standard Fortran 77 with sub-
routines that correspond to the sections used for the model
description, and these subroutines have subsections that
correspond also to the subsections of the model description.
This structure facilitates the upgrading of individual com-
ponents as information on model performance relative to field
data becomes available.

Each subroutine is called daily by the main program until
the crop either fails or matures. Prior to the daily simula-
tion loop, input files are read and variables initialized, while
subsequent to the main loop, simulated variables are writlen
to various standard (see Hunt et al. 194) output files. To
simpliff evaluation of performance, the model reads files
that contain crop performance data and writes some of this
information along with the simulated data to model output
files. The various subroutines are called in a set sequence,

as indicated in the illustration of the main program in Table 2.

Table 2. Main program of the Cropsim-wheat simulation model

c
c
c
c

CROPSIM MAIN PROGRAM

L.A.HUNT, UNTVERSMY OF GUELPH, ONTARIO, CANADA

CSWEND - A control switch that ais set to I in subroutines
'develop' or 'growth' if the crop fails (dies!) or matunes.

INCLUDE'DEMGRDIS.INC'
INCLUDE'IOMDGWNS. INC'
INCLUDE'IPMOP .INC'

INCLUDE'FNUM .INC'
CALL HEADER
CALL INITIAL
CALL INPUT
CALL OUTPUT('H')

DO WHrLE (CSWEND.NE.I)
CALL WEATHER
CALL WATER
CALL NITROGEN
CALL DEVELOPMENT
CALL GROWTH
CALL STRESS
CALL DISEASE
CALL OUTPUT('T')

END DO

CALL OUTPUT('E')

Close(11)
DOL:1.9

Endfile(Fout(L))
Close(Fout(L))

END DO

STOP''
END

Write screen heading
Initialize variables
Read inputs
Write file headings and input echos

! Start simulation for day
! Read weather; calculate soil temps
! Calculate water balance components
! Calculate nitrogen pools, fluxes, erc.
! Calculate developmental progress
! Calculate growth components
! Calculate critical stress effects
! Calculate disease progress
! Write time-course outputs
! End simulation for day

! Write end of run ouputs - yield, etc.

! Close weather file
! Close ouput files
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The rnain input filas used by Cropsim-wheatdeal with crop
management, soil, weather and genotype. There are two
genotype files. One deals with characteristics that are gener-
ally known to vary among cultivan. It corresponds, in struc-
ture, closely to the files often maintained by plant breeders
and germplasm curators, with details of the descriptors and
performance sumnraries of arrays of cultivars. The
second genotype file, the species file, deals with those charac-
teristics that generally do not vary among cultivars, but that
underlie the plants' response to environment and the overall
level of performance. This file is structured such that the
summary information used by the model is presented along
with the information on which the summary was based, a
reference to its source, and some background daa that helps
speciry the material used in the original research.

The model will run when provided with a minimum of
information on the command line at the time that the pno-
gram is invoked. Required infornration encompasses the
name of the file containing experimental details and simula-
tion controls, and the number of the particular experimental
treaEnent to be simulated. Such information does not bave
to be supplied manually, however, and generally would be
supplied by a "driver" progran that allows for a choice of
experiments and treatments, and permits easy manipulation
ofinput variables. A number ofsuch "drivers" are avail-
able (e.g. the Ibsnat model driver: Hogenboom and Jones,
1994, personal communication). One specifically constnrctod
for use with Cropsim is distributed along with the model.
This driver is written in Basic and has scrolling menus for
experiment and treatrnent selection, and a dedicated editor
for data and simulation controls modification. It also po
vides access to a user provided editor for accessing the
various input and oueut files, and a graphics package for
viewing field and simulated data.

DtscusstoN
The rnodel described here has beenused srrccessfully to simu-
late the growth and development of crops from North
America and European environments. Details of simulations
completed with the model, and of the degree of matching
between model performance and field data, will be provided
in companion papers. The model however, has not been
evaluated with datasets that encompass the full array of
environments in which wheat is grown, nor the full range
of genotypic variability in the species. It could thus be
regarded as a model in development rather than one that is
mature and fully evaluated. Such a view would reflect a
rcality that strould underlie all model developrnent - namely,
that ttp prcoess of model evaluation and developrrcnt should
be ongoing, and should be one that requires a continuing
comparison of simulated and field data. Cropsim was built
with this in mind, using file structures that facilitate the
handling and storage of field information, and the easy oom-
parison of field and simulated data. The model thercfore,
should be viewed as an initial 'capfire' of current knowledge,
and tlre description as a frarnework against which subsequent
data comparisons and modifications can be referencd. Wittl
this mntext in mind, however, the model could be used as
a tool to be applied in the analysis of field studies, to help

determine whether the data reflect current understanding or
require new conceptual insights.
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