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Abstract. Simulation of narrow-leafed lupin (Lupinus angustifolius L.) production would be a useful tool for
assessing agronomic and management options for the crop. This paper reports on the development and testing of a
model of lupin development and growth, designed for use in the cropping systems simulator, APSIM (Agricultural
Production Systems Simulator). Parameters describing leaf area expansion, phenology, radiation interception,
biomass accumulation and partitioning, water use, and nitrogen accumulation were obtained from the literature
or derived from field experiments. The model was developed and tested using data from experiments including
different locations, cultivars, sowing dates, soil types, and water supplies. Flowering dates ranged from 71 to 109
days after sowing and were predicted by the model with a root mean square deviation (RMSD) of 4–5 days. Observed
grain yields ranged from 0.5 to 2.7 t/ha and were simulated by the model with a RMSD of 0.5 t/ha. Simulation of
a waterlogging effect on photosynthesis improved the model performance for leaf area index (LAI), biomass, and
yield. The effect of variable rainfall in Western Australia and sowing date on yield was analysed using the model and
historical weather data. Yield reductions were found with delay in sowing, particularly in water-limited environments.
The model can be used for assessing some agronomic and management options and quantifying potential yields for
specific locations, soil types, and sowing dates in Western Australia.

Additional keywords: Lupinus angustifolius, APSIM-Lupin, model performance, crop development, flowering date,
biomass.

Introduction
Narrow-leafed lupin (Lupinus angustifolius L.) is an
important grain legume crop in Australia, that is used
primarily as a protein source for livestock. In Australia,
the lupin industry is mainly based on narrow-leafed lupin
and has developed rapidly over the last 3 decades (Siddique
and Sykes 1997). Of the total 1.1 Mha of lupin
sown in Australia in 2001, about 80% was grown
in the Mediterranean environment of Western Australia
(ABARE 2003), where it is widely grown because of its
adaptation to coarse-textured and acidic soils (Perry et al.
1998), its rotational benefits from breaking the disease
cycles of cereals (Reeves et al. 1984), and its ability to
add significant amounts of fixed nitrogen (N) to the soil
(Armstrong et al. 1997; Anderson et al. 1998a). However,
the year-to-year variability of yield and low harvest index are
major concerns for profitable lupin production (Dracup and

Kirby 1996b; Dracup et al. 1998a; Perry et al. 1998). Such
variability reflects interactions among plant architecture,
phenology, and seasonal growing conditions. Lupins have
an indeterminate branching habit, which leads to concurrent
growth of branches and pods, and thus strong competition
for assimilates within the plant (Dracup and Kirby 1996b).
In Mediterranean climates the grain-filling period often
coincides with increasing temperatures and decreasing soil
water availability with associated decrease in availability of
nutrients, which lead to terminal drought and yield reductions
(Reader et al. 1997). Matching crop phenology with seasonal
conditions, through improved crop management, is one of
the key factors for successful lupin production. A lupin
simulation model provides a tool to assess the success of
outcomes of different crop management practices.

There have been several attempts to develop lupin
simulation models. A flowering time model has been

© CSIRO 2004 10.1071/AR04027 0004-9409/04/080863



864 Australian Journal of Agricultural Research I. Farré et al.

developed for narrow-leafed lupin by Reader et al. (1995).
A model of plant architecture has been developed for white
lupin (Lupinus albus L.) (Julier and Huyghe 1993) and a
crop growth model for white lupin has been described by
Fernández et al. (1996). However, no comprehensive and
mechanistic crop simulation model, incorporating the main
cultivar types grown in Australia, has been developed for
narrow-leafed lupin.

The aims of this paper are: (1) to report on the development
and testing of a lupin model for inclusion as a module in
the Agricultural Production Systems Simulator (APSIM)
(Keating et al. 2003), (2) to assess the adequacy of the
APSIM-Legume template to simulate lupin production, and
(3) to perform a sensitivity analysis of the lupin model to
variable rainfall and sowing date for Western Australia.

Materials and methods
Model overview

APSIM is a modelling framework that allows submodels (or
modules) to be linked to simulate agricultural systems (Keating et al.
2003). Four modules, a specific crop module (LUPIN), a soil water
module (SOILWAT2), a soil nitrogen module (SOILN2), and a
residue module (RESIDUE2), are linked within APSIM to simulate
the cases described in this paper. The lupin module has been based
on the APSIM-Legume template described by Robertson et al.
(2002a). The soil water, soil nitrogen (N), and residue modules
have evolved from the experience in Australia with the CERES
models (Jones and Kiniry 1986) and the PERFECT model
(Littleboy et al. 1992), and are described by Probert et al.
(1995, 1998). These 3 modules have been extensively tested in
south-western Australia in conjunction with the APSIM-Wheat
(Asseng et al. 1998) and APSIM-Canola (Farré et al. 2002) modules.

The legume family of modules, like other crop modules of APSIM,
simulates crop development, growth, yield, and nitrogen accumulation
in response to temperature, radiation, daylength, soil water, and nitrogen
supply. The model uses a daily time-step and is driven by daily weather
inputs. The physiological basis of the generic APSIM-Legume model
and its performance for 5 legume species (chickpea, mungbean, peanut,
lucerne, and fababean) has been described in detail by Robertson
et al. (2002a) and Turpin et al. (2003).

Experimental studies for parameter derivation and model testing

Field studies conducted in Western Australia were used to derive model
parameters, and for model testing (Table 1). Experiments were chosen
that had no reported limitations due to nutrition, weeds, pests, and/or
diseases.

Measured soil characteristics and initial soil conditions were used to
initialise the simulations. When soil characteristics were not available,
soil types were approximated by using local soil information and one
of the 5 major soil types in the cropping zone of Western Australia
described by Asseng et al. (2001a). When the initial soil water content
was not measured in the experiments, the soil water content of the soil
profile was initialised on 1 January based on rainfall from harvest until
end of previous year.

Experiments for parameter derivation

Experiments 1, 2, and 3. Observed flowering dates from several
sowing dates over 3 years and 4 locations were used to derive the
phenological parameters. Of the 6 narrow-leafed cultivars in the
experiments, Belara (very early flowering) and Merrit (early flowering),
commonly grown by farmers in Western Australia, were chosen to be

parameterised. Flowering dates were defined as the dates on which 50%
of the plants had at least one open flower. Physiological maturity was not
recorded and so harvest date has been used as an estimate of maturity
date, even though maturity often occurs well before harvest (Dracup and
Kirby 1996a).

Experiment 4. This experiment was designed to investigate the
variability of narrow-leafed lupin yield and harvest index caused by
different levels of terminal drought. Data were used to derive model
parameters that govern retranslocation and partitioning of biomass
to grain. The experiment included 4 treatments, a rainfed treatment
throughout the season and 3 partially irrigated treatments after flowering.
The experiment was conducted in 1993 at Beverley (average annual
rainfall 421 mm), WA, on a shallow duplex soil [Yellow Sodosol (Isbell
1996); USDA Typic Natrixeralf (Soil Survey Staff 1992)] with 30–40 cm
of sand over-lying clay. A detailed description of the experiment is
given by Dracup et al. (1998a). Soil water and N parameters needed
for modelling were taken from Asseng et al. (2001a).

Experiments for model testing

Experiments 5, 6, 7, and 8. These experiments investigated the
productivity and water use of a range of crops, including narrow-leafed
lupin, on a shallow duplex soil at Beverley between 1990 and 1993. The
soil was the same as in experiment 4. Details are published by Gregory
and Eastham (1996) and Gregory (1998).

Experiments 9 and 10. Lupin phases were part of a rotation
experiment conducted on a deep sand at Moora (average annual rainfall
460 mm), in the central wheatbelt of Western Australia. The soil was
classified as yellow sand [Yellow-Orthic Tenosol (Isbell 1996); USDA
Typic, Xeric Psamment (Soil Survey Staff 1992)]. Experimental details
and results are published in Anderson et al. (1998a, 1998b) and soil
parameters are given by Asseng et al. (2001a).

Experiment 11. Lupin following a canola crop was grown on a clay
soil at Merredin (average annual rainfall 328 mm), a low rainfall location
in Western Australia. Soil type was similar to the clay soil described by
Asseng et al. (2001a).

Experiments 12 and 13. Lupin trials compared restricted-branching
genotypes with a normal-branching cultivar. The experiments were
conducted on a loamy sand at Wongan Hills (average annual rainfall
390 mm) in the medium rainfall zone of Western Australia. Soil type
was assumed to be a loamy sand with restricted rooting depth of 150 cm
described by Asseng et al. (2001a).

Model description and parameterisation

Phenology

Crop phenology is simulated using a modified version of the
phenology model described by Carberry et al. (1992). Thermal time
is used to drive phenological development. Thermal time is calculated
using 3 cardinal temperatures: base, optimum, and maximum, which
were derived from published studies (Dracup and Kirby 1993, 1996a;
Dracup et al. 1993) (Table 2). The phenological development of the crop
to flowering is divided into four stages: (i) emergence, (ii) end of the
juvenile period, (iii) floral initiation, and (iv) 50% flowering. Juvenile
phase is defined as the period of development when the plant’s rate of
development is not influenced by photoperiod. The duration of each
period or phase is based on daily temperature and daylength. The time
to flowering is a function of temperature and daylength (photoperiod).
In the model, there is no response to vernalisation, as supported by the
results of Reader et al. (1995). The length of the daylength-sensitive
phase decreases as the daylength increases above a base daylength
(PPbase) and up to a critical daylength (PPcrit). The duration of the phase
depends on daylength and the daylength sensitivity (degree-days/h) of
a cultivar. The thermal times at PPcrit and PPbase are termed TTcrit and
TTbase, respectively. Post-flowering phases include flowering to start of
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Table 1. Details of experiments used to derive parameters and to evaluate the lupin model

Expt Author Location Latitude, Year Sowing dates Soil type Agronomy
longitude

1 RJ French (unpubl.) Esperance –33.7, 122.3 1998 14 May, 28 May,
11 June, 25 June

n.a.

Merredin –31.5, 118.2 1998 1 May, 19 May,
29 May, 11 June

n.a.

Mingenew –29.2, 115.4 1998 13 May, 27 May,
8 June, 22 June

n.a.

Wongan Hills –30.9, 116.7 1998 13 May, 27 May,
8 June, 22 June

n.a.

2 RJ French (unpubl.) Esperance –33.7, 122.3 1999 12 May, 26 May,
10 June, 23 June

n.a.

Merredin –31.5, 118.2 1999 7 May, 21 May,
4 June, 18 June

n.a.

Newdegate –33.1, 119.0 1999 20 May, 3 June,
17 June, 1 July

n.a.

Wongan Hills –30.9, 116.7 1999 5 May, 24 May,
4 June, 23 June

n.a.

3 RJ French (unpubl.) Esperance –33.7, 122.3 2000 3 May, 17 May,
31 May, 13 June

n.a.

Merredin –31.5, 118.2 2000 4 May, 9 June,
20 June, 30 June

n.a.

Mingenew –29.2, 115.4 2000 1 May, 1 June,
20 June, 5 July

n.a.

Wongan Hills –30.9, 116.7 2000 4 May, 9 June,
20 June, 30 June

n.a.

4 Dracup et al. 1998a Beverley –32.1, 116.9 1993 11 May Shallow duplex 1 Rainfed &
3 partially
irrigated

5 Gregory and Eastham 1996 Beverley –32.1, 116.9 1990 25 May Shallow duplex
6 Gregory and Eastham 1996 Beverley –32.1, 116.9 1991 31 May, 28 June Shallow duplex 2 Times of

sowing
7 Gregory and Eastham 1996 Beverley –32.1, 116.9 1992 1 May, 10 June Shallow duplex 2 Times of

sowing
8 Gregory 1998 Beverley –32.1, 116.9 1993 20 May Shallow duplex
9 Anderson et al. 1998a Moora –30.6, 116.0 1995 28 April Deep sand Sown in moist

soil
10 Anderson et al. 1998a Moora –30.6, 116.0 1996 1 May Deep sand Dry-sown
11 P Ward (unpubl.) Merredin –31.5, 118.2 2000 13 June Clay duplex
12 M Dracup (unpubl.) Wongan Hills –30.9, 116.7 1998 17 May Loamy sand
13 M Dracup (unpubl.) Wongan Hills –30.9, 116.7 1999 12 May Loamy sand

n.a., Data not available.

grain filling, start of grain filling to end of grain filling, and end of grain
filling to maturity, and are all predicted assuming fixed thermal time
targets for each phase.

Experiments 1, 2, and 3 (Table 1), with observed dates of flowering
for 4 times of sowing and locations spanning the full latitudinal
range (29–34◦S) over which lupin is grown in south-western Australia,
were used to derive the phenology parameters up to flowering. All
available experiments were used to derive parameters. We did not use the
traditional calibration-validation 2-step process of model development
and testing, but rather utilised all the data in the derivation of the model
parameters for phenology. This approach has been used by Carberry
et al. (2001) and Robertson et al. (2002b) in the development of
phenology parameters for models of pigeon pea and canola, respectively.
The accuracy of the prediction of time to flowering was assessed using
the root mean square deviation (RMSD), which represents a mean
weighted difference between predicted and observed data.

A commercial optimisation software library (NAG 1983) was used to
optimise for the value of model parameters by minimising the RMSD of

the number of days from sowing to flowering. After preliminary analysis
of the data, PPbase and PPcrit were set to 10.8 h and 16.0 h, respectively, in
order to reduce the number of parameters to be optimised. The thermal
time target from end of juvenile phase to floral initiation decreases
from a value TTcrit optimised at 16.0 h daylength to TTbase at 10.8 h
daylength. After preliminary optimisation with no fixed parameters,
TTbase was fixed to zero, so that TTcrit was the only parameter to optimise
for that phase. The thermal time target from emergence to the end of
the juvenile phase (TTjuv), and thermal time from flower initiation to
flowering (TTfd), were also optimised (Table 3).

The relationship between flowering time and daylength and
temperature was described for narrow-leafed cultivars by Reader et al.
(1995) using multiple linear regressions. Time to flowering for a range
of Western Australian lupin datasets was best explained by a model
incorporating terms for average temperature and daylength between
sowing and flowering. The prediction of the time to flowering by the
APSIM-Lupin model was compared (Fig. 1.) with the prediction by the
Reader et al. (1995) regression model.
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Table 2. List of key model parameters for growth, their units, description, values and sources

Parameter name Parameter description Value Units Sources

Crop emergence
Shoot lag Time lag before linear growth of

emerging shoot starts
20 Degree-days Dracup et al. 1993; Dracup and

Kirby 1996a
Shoot rate Growing degree day increase with

sowing depth
2 Degree-days/mm Dracup et al. 1993; Dracup and

Kirby 1996a

Leaf growth and senescence
Main stem node appearance

rate
Thermal time required for

appearance of each main stem
node

40 Degree-days Dracup and Kirby 1993; Dracup
and Kirby 1996a

Leaf appearance per main stem
node

No. of leaves per plant per main
stem node for:

Lf/node Dracup and Kirby 1993; Dracup
and Kirby 1996a

Node 1–7 1
Node 7 upwards 12.3

Leaf size (related to node no.) Size of individual leaves, related to
node no.:

mm2 Dracup and Kirby 1996a

Node 1 400
Node 8 300
Node 13 350
Node 15 400
Node 17 450
Node 19 550
Node 21 upwards 600

SLA max Maximum specific leaf area for
daily increase in LAI (value
related to LAI)

30 000 mm2/g Estimated

initial tpla Initial total plant leaf area 50 mm2 Estimated
node sen rate Rate of node senescence on main

stem
46.6 Degree-days/node Value used for chickpea

(Robertson et al. 2002a)
fr lf sen rate Fraction of total leaf no. senescing

per main stem node
0.05 Calibration with data

Cardinal temperatures Minimum 0 ◦C Dracup et al. 1993
for phenology Optimum 20

Maximum 30

Radiation interception, biomass accumulation
Extinction coef Extinction coefficient 0.85 Gregory and Eastham 1996
RUE Radiation use efficiency 0.80 g/MJ solar radn Gregory and Eastham 1996;

Thomson and Siddique 1997
Stress photo Cardinal temperatures for

photosynthesis:

◦C Dracup et al. 1993

Minimum 0
Optimum 10–22
Maximum 40

Trans eff coef Transpiration efficiency coefficient 0.055 Pa Assumed same as other legumes
(Robertson et al. 2002a)

Biomass partitioning
Fraction allocated to: Calibrated with data Expt 4

Leaves pre-flowering 0.50 APSIM-legume template
Leaves post-flowering 0.40
Leaves during grain filling 0.20
Pod wall before grain filling 0.10
Pod wall relative to grain 1.00

during grain filling
hi incr Potential rate of increase in harvest

index
0.08 /day Calibrated with data, irrigated

treatment Expt 4
hi max Max. value of harvest index (ratio

yield/total shoot biomass
including senesced leaves)

0.25 Calibrated with data Expt 4

stem trans frac Fraction of stem used in
translocation to grain

0.05 Calibrated with data Expt 4

(Continued next page)
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Table 2. (Continued)

Parameter name Parameter description Value Units Sources

leaf trans frac Fraction of leaf used in
translocation to grain

0.05 Calibrated with data Expt 4

pod trans frac Fraction of pod wall used in
translocation to grain

0.30 Calibrated with data Expt 4

Root growth
ratio root shoot Ratio of root biomass to shoot Values derived so as to

biomass at: produce a root biomass of
Emergence to flowering 1.0 c. 20% of total biomass
Flowering to start of grain 0.4 at maturity (Gregory and

filling Eastham 1996)
Start to end of grain filling 0.2
End of grain filling to 0.05

maturity
root depth rate Rate of root downward growth

(extraction front velocity)
44 mm/day Assumed the same as wheat

Nitrogen accumulation N concentration below which
growth is reduced for:

g/g Farrington et al. 1977
n conc crit

Root 0.02
Leaf (stage-dependent) 0.07–0.02
Stem (stage-dependent) 0.06–0.015
Pod (stage-dependent) 0.06–0.02
Grain 0.055

Table 3. Optimised pre-flowering phenology parameters for two
lupin cultivars

TTjuv, Thermal time from emergence to end of juvenile phase
(degree-days); TTcrit , Thermal time required from end of juvenile
phase to floral initiation for daylength equal or shorter than 10.8 h

(degree-days); TTfd, Thermal time required from floral initiation to
flowering (degree-days)

Cultivar TTjuv TTcrit TTfd

Belara 375 560 140
Merrit 360 665 135

The parameters for the phase between sowing and emergence were
derived from published studies (Dracup et al. 1993; Dracup and Kirby
1996a) with different sowing depths and different seedbed temperatures
to give a lag phase of 20 degree-days plus 2 degree-days for each mm
sowing depth (Table 2).

Thermal time between flowering and the start of grain filling was
derived from Expt 4. Accurate maturity data were not recorded in most
of the experiments and only harvest data were available. Therefore,
thermal time between start of grain filling and physiological maturity
was estimated based on harvest date.

Crop development and growth

Some parameters were derived from our experimental data, whereas
others were obtained from the literature (Table 2). Parameters for leaf
appearance, leaf number, and leaf size were mainly taken from studies
by Dracup and Kirby (1993, 1996a). These authors found that leaves
appeared at a constant rate of about 40 degree-days from emergence
until maturity. The study of whole-plant leaf number v. main-stem node
number showed that one leaf was produced for each main-stem node
produced up to node 7. After node 7, branching occurred, with 12 leaves
per main-stem node produced (Table 2). Individual leaf size as a function
of leaf number was obtained from Dracup and Kirby (1993, 1996a) and
leaf area index (LAI) values in Expt 4.
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Fig. 1. Simulated days to flowering with the ASPIM-Lupin model (�)
and simulated with the Reader et al. (1995) regression model (◦) v.
observed days to flowering for lupin cultivar Merrit, for 3 years, 4 sowing
dates, and 5 locations in Western Australia (Expts 1, 2, and 3 in Table 1).
Lines are the 1 : 1 line relationship and the fitted regressions between
observed and simulated. The equations for the observed v. simulated
relationships are: APSIM-Lupin model y = 0.72x + 25.87, R2 = 0.65;
Reader et al. (1995) model y = 0.82x + 17.38, R2 = 0.63.

Potential daily increase in leaf area per plant is a product of the
number of leaves appearing and leaf size, which vary with node position.
Actual daily increase in leaf area is less than potential if dry-matter
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allocation is insufficient to meet a set maximum specific leaf area for
the daily increase in leaf area. Leaf senescence occurs as a function of
age, light competition, drought, or frost.

Actual daily above-ground biomass increase is calculated from
the minimum of a radiation- and a water-limited rate. The radiation-
limited daily biomass production is calculated from LAI, a radiation
extinction coefficient (K), and the radiation use efficiency (RUE)
of the crop (RUE for above-ground biomass). The water-limited
daily biomass is calculated from the actual soil water supply, a
transpiration efficiency coefficient, and daytime vapour pressure
deficit.

Parameter values and sources are tabulated in Table 2. The extinction
coefficient describes the shape of the relationship between LAI and
fraction of radiation intercepted. A value of K = 0.85, commonly
reported (Gregory and Eastham 1996; Thomson and Siddique 1997),
was used in the model. A value of RUE of 0.8 g/MJ solar radiation
reported by Gregory and Eastham (1996) and Thomson and Siddique
(1997) for narrow-leafed lupin cultivars was used in the model. Values
of RUE ranging from 0.7 to 0.8 g/MJ solar radiation were also derived
from measurements of shoot biomass and intercepted radiation for
different cultivars in Expt 13 (data not shown). Values of transpiration
efficiency coefficient for narrow-leafed lupin were not found in the
literature and therefore assumed to be similar to other cool-season
legumes (Siddique et al. 2001). A value of 0.055 Pa was used in the
model.

Daily above-ground biomass production is partitioned into leaf,
stem, pod, and grain according to partitioning functions that vary with
developmental stage. Parameters for biomass partitioning were derived
from Expt 4 and from the APSIM-Legume template. Grain demand for
biomass is driven using a daily potential rate of harvest index increase
(HIincr) up to a genetic maximum defined HI (HImax). A set fraction
of the assimilate partitioned to grain goes to the pod-wall. If there is
any assimilate available after grain demand is satisfied, the excess is
used for new leaf and stem growth. The value of potential HIincr was
obtained from Expt 4 by regressing HI values during the season against
time. The slope of the regression for the 3 partly irrigated treatments
(0.008/day) was higher than for the rainfed treatment (0.005/day).
The value of 0.008/day was used as the potential HIincr in the
model.

In the model, HImax (0.25) is defined as the ratio of grain yield to
total above-ground biomass including senesced leaves (HIincl). Since a
significant fraction of leaves is usually senesced and detached at harvest,
the measured values of final biomass often overestimate HI. Therefore,
simulated HI excluding senesced leaves (HIexcl) is used in comparison
to observed data. Values of HIexcl can therefore be higher than 0.25.

The value for biomass remobilisation from the pod walls to the
seeds (0.30) was parameterised from Expt 4 (Table 2). These values
where consistent with values found in the literature (Hocking and Pate
1977; Dracup and Kirby 1996b), which resulted in simulated values for
mobilisation from pod walls of around 20% of final grain yield.

Roots provide the interface between the crop and soil modules.
Daily root biomass production is calculated as a proportion of the
above-ground biomass, depending on developmental stage. Root depth
increase is simulated using a daily potential elongation rate, which
varies with crop stage. The potential elongation rate for the lupin of
44 mm/day was taken as 10% higher than in the APSIM-Wheat
model. This was supported by the findings by Hamblin and Hamblin
(1985), Hamblin and Tennant (1987) and Anderson et al. (1998b) who
measured slightly deeper roots in lupin than in wheat in a range of soil
types. However, Dracup et al. (1993) and Gregory (1998) measured
similar or lower values of root depth in lupin compared with wheat in
a duplex soil.

Actual root elongation is obtained from the potential elongation
rate and constrained by water availability, temperature, and soil

properties that limit root penetration. A root exploration factor (xf)
that varies from 0 to 1 is defined for each soil layer to constrain root
elongation if soil properties are known to limit root penetration. The
xf factor incorporates both crop and soil factors. Values of xf for
various soil types were assumed to be similar to wheat (Asseng et al.
2001a).

Water uptake is the minimum of soil water supply and crop water
demand. Soil water supply is determined by soil water content above
the crop lower limit in each layer occupied by roots, multiplied by a
soil- and crop-specific extraction constant (kl) specified for each layer.
The kl factor is empirically derived, incorporating both plant and soil
factors that limit the rate of water uptake. It represents the proportion of
water that can be taken up per layer per day, and values typically range
between 0.10 for surface layers to 0.01 for deep layers (Dardanelli et al.
1997). Crop water demand is calculated from the potential biomass
production using a crop transpiration efficiency coefficient and vapour
pressure deficit.

Water stress reduces the rate of leaf expansion and RUE. The
demand, uptake, and retranslocation of N are also simulated. The crop
has defined minimum, critical, and maximum N concentrations for
each plant part and crop stage. Demand for N attempts to maintain N
concentrations at the critical level. If there is insufficient N to maintain
existing and new growth at these critical levels, the rate of leaf expansion
and biomass production slows. Although the focus of this work was not
on N, it is an important component of the lupin module because of its
role as a N-fixing legume in cropping systems.

Model evaluation

The first stage of model evaluation included testing the performance of
the model on Expt 4, which was used as the base experiment for the
derivation of some of the model parameters. Although this is not an
independent test of the module, it is a first step in testing whether the
derived parameters, when used in the module, reproduce the results of
the experiments from which they are derived.

The second stage of the model evaluation process included testing
the model on independent experiments. Expts 5–13 (summarised in
Table 1) were used for independent evaluation of the model.

In configuring APSIM (v. 2.1) for the simulations reported in this
paper, the lupin crop module was linked with the soil water module
SOILWAT2, the soil nitrogen module SOILN2, and the surface residue
module RESIDUE2 (Keating et al. 2003).

When available, daily climatic data were used from the Western
Australian Department of Agriculture weather stations located on the
experimental sites. When data were not available, they were obtained
from the Australian Bureau of Meteorology through the SILO database
(www.bom.gov.au/silo).

Sensitivity analysis: simulation experiment

In order to quantify the effects of variable seasonal rainfall and sowing
date on yields, a simulation experiment was performed using the
APSIM-Lupin model. Simulation experiments were conducted using
historical long-term daily records (40 years) at two Western Australian
locations, Moora, in the high rainfall zone, and Merredin, in the low
rainfall zone. The soil type used in both locations is a deep sand with
55 mm plant-available water in the root-zone (Asseng et al. 2001a),
typical of the northern wheatbelt of Western Australia. The soil water
profile was initialised (reset) on 1 January (DOY 1) each year to the
lower limit of plant-available water, assuming maximum water use in
the previous crop. Previous crop residues were set each year on 1 January
to 2000 kg/ha, residue type was assumed to be wheat, with a C : N ratio
of 70. Soil N was reset at day of sowing each year with 50 kg mineral
N/ha in the 0–70 cm depth, based on measurements in a sandy soil after
a wheat crop (Anderson et al. 1998b).
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Sowing time was controlled by a sowing rule. A sowing window was
set between 15 April (DOY 105) and 30 June (DOY 181). The date of the
first sowing opportunity occurred when at least 15 mm of rainfall had
accumulated within 5 days. Two sowing date scenarios were simulated:
sowing 1, sowing occurring at the first sowing opportunity every year;
and sowing 2, sowing 21 days after the first sowing opportunity every
year.

Results

Model parameter derivation for phenological
development

The phenology model in APSIM-Lupin and the regression
model developed by Reader et al. (1995) simulated similar
flowering dates for a range of sowing dates and locations in
Western Australia (Fig. 1). Both models tend to underestimate
days to flowering for the very early sowings and overestimate
it for very late sowings, even though the linear regression is
not significantly different from the 1 : 1 line.

The number of days from sowing to flowering was
predicted satisfactorily by the APSIM-Lupin model, across
locations, years, and sowing dates. For cv. Belara (n = 38) the
RMSD was 4.6 days and the R2 was 54% (data not shown). For
cv. Merrit (n = 38) the RMSD was 3.8 days and the R2 was
65% (Fig. 1). The regression of simulated v. observed days
to flowering was not significantly different for the 2 cultivars.
The slope and the intercept were not significantly different
from 1 and 0, respectively (P < 0.05).
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Fig. 2. Simulated (lines) and observed (symbols) leaf area index (LAI) (•), shoot
biomass (•), pod biomass (pod wall + grain) (—,◦), and grain yield (– –, �) for (a, c)
rainfed treatment and (b, d) partially irrigated treatment at Beverley, W. Aust., in 1993
(Expt 4 in Table 1). Simulated total shoot biomass shows biomass including (—) or
excluding senesced and dead leaves (– –). Bars give standard errors of observed data
where they exceed the size of the symbol.

Observed flowering dates ranged from 71 to 109 DAS and
simulated values from 74 to 103 DAS. The model reproduced
the flowering dates and the trend of flowering dates v. sowing
date. The thermal times from emergence to end of juvenile
phase (TTjuv) and from floral initiation to flowering (TTfd)
were fixed (Table 3). The phase from the end of the juvenile
phase to floral initiation was daylength-sensitive, with
the thermal time target decreasing from the maximum value
(TTcrit) for a daylength of 10.8 h to a value of zero for
a daylength of 16 h. The thermal time from emergence to
flowering ranged from a minimum of 515 to 1075 degree-
days for Belara, and from 495 to 1160 degree-days for
Merrit, depending on the daylength experienced by the crop
during the daylength-sensitive phase. This was equivalent to
a daylength sensitivity of 108 and 128 degree-days per hour
for Belara and Merrit, respectively.

The thermal time from flowering to start of grain filling for
cultivar Merrit, derived from Expt 4, was 500 degree-days.
Thermal time from flowering to maturity was estimated as
1000 degree-days, based on harvest dates.

Model evaluation

Dependent testing: model performance for the
experiments used to derive parameters (Expt 4)

In Expt 4 (Table 1) the irrigated treatments received
irrigation only after flowering. Therefore the time course of
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LAI for the rainfed and an irrigated treatment only differed
for the period between peak LAI and final harvest (Fig. 2a, b).
The model simulated accurately the increase in LAI during
the first part of the season, but it underestimated the peak
value of measured LAI in both treatments. The decrease in
LAI after its peak was well simulated in the partially irrigated
treatment but the rapid decline in LAI was underestimated in
the rainfed treatment (Fig. 2a, b).

Observed final shoot biomass for the rainfed and irrigated
treatments was 6.7 and 9.7 t/ha, respectively, and final yields
were 1.3 and 2.7 t/ha, respectively. Irrigation had a greater
effect in increasing yield than in increasing the shoot biomass,
as shown by a measured HI of 0.20 and 0.28, in the rainfed
and irrigated treatment, respectively. Much of the yield
improvement with irrigation was due to extra dry matter
accumulation during pod growth and a greater mobilisation
of dry matter into seed (Dracup et al. 1998a). Total shoot
biomass, pod biomass (pod wall + seed), and grain yield for
both rainfed and irrigated treatments were well simulated by
the model (Fig. 2c, d). Simulated yields for the rainfed and
irrigated treatments were 1.4 and 3.4 t/ha, respectively. The
effect of irrigation on shoot biomass and grain yield was well
simulated by the model.

Independent testing (Experiments 5–13)

The model accurately simulated the values of light
intercepted by the crop and the LAI measured in 1999 in
Expt 13 (Fig. 3a, b). The rainfall amount and distribution in
1999 resulted in high biomass and final yield, which were
well estimated by the model (Fig. 3c). Observed HI was 0.32
and simulated HIexcl (excluding senesced leaves) was 0.35.

In 1993, the even rainfall distribution and the absence
of waterlogging resulted in a high biomass and grain yield
in Expt 8 (Fig. 4a). Even though the high grain yield was
underestimated, the total above-ground biomass, and soil
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Fig. 3. Simulated (lines) and observed (symbols) (a) fraction of light intercepted by the crop (◦), (b) leaf area index (•), and (c) shoot biomass
(—, – –,•) and grain yield (· · · · ·, �) at Wongan Hills, W. Aust., in 1999 (Expt 13 on Table 1). Simulated total shoot biomass shows biomass
including (—) or excluding senesced and dead leaves (– –). Observed shoot biomass includes part of the senesced plant material still attached
to the plant. Bars give standard errors of observed data where they exceed the size of the symbol.

water content at different depths were adequately simulated
by the model (Fig. 4). Most of the water uptake by the crop
was in the 0–60 cm depth, with little water uptake in the
60–90 and 90–120-cm-deep layers (Fig. 4b). The pattern of
water uptake was mainly due to the nature of the soil, a duplex
soil with root growth constrained by a clay layer below the
surface sandy layer (Gregory 1998).

Above-ground biomass and final yield were accurately
predicted for lupin grown in a deep sand in Moora in 1996
(Expt 10) (Fig. 5a). The soil water content was measured to
1.5 m depth, but root length density measurements (Anderson
et al. 1998b) showed roots down to 1.8 m depth, indicating
a likely water uptake from layers deeper than measured.
However, soil water uptake from different layers during
the season was well simulated down to the depth of the
measurements (Fig. 5b, c, d).

The lupin crops in Expt 7 (early and late sowings)
were severely affected by waterlogging, as indicated by
watertable and root depth measurements taken during the
growing season (data not shown). The first simulation
with the APSIM-Lupin model overestimated LAI values
during the season and peak LAI. Since the model did not
simulate waterlogging effects, biomass and yield were also
overestimated, both in the early and late sowings (Fig. 6).

We attempted to simulate the likely waterlogging effects
on growth and yield by (1) re-creating the observed
watertables and (2) testing the hypothesis of a relationship
between the fraction of roots waterlogged and an oxygen
stress index on RUE. We used the soil parameters derived
by Asseng et al. (1998) to re-create the watertable patterns
observed at this site in the 1990, 1991, and 1992 seasons.
We analysed the level of sensitivity of the relationship for
the oxygen stress index on RUE in order to simulate the
observed shoot and yield reductions due to waterlogging
at Beverley. We then parameterised the relationship for



Simulation lupin development in a Mediterranean environment Australian Journal of Agricultural Research 871

(a)

B
io

m
as

s 
(t

/h
a)

0

2

4

6

8

10

(b)

Day of year

100 150 200 250 300 350

S
oi

l w
at

er
 c

on
te

nt
 (

%
)

0.00

0.05

0.10

0.15

0.20

Fig. 4. Simulated (lines) and observed (symbols) (a) shoot biomass
(—, – –, •) and grain yield (· · · · ·, �) and (b) volumetric soil water
content in layers 0–30 (—, •), 30–60 (—, �), 60–90 (· · · · ·, �), and
90–120 (– –, �) cm depth at Beverley, W. Aust., in 1993 (Expt 8 on
Table 1). Simulated total shoot biomass shows biomass including (—)
or excluding senesced and dead leaves (– –). Observed biomass data
after Gregory (1998). Soil water data after P. G. Gregory (unpublished).
Biomass and yield standard errors are shown where they exceeded the
size of the symbol.

the oxygen stress factor for photosynthesis using the early
sowing experiment in 1992. For values of the fraction of
roots waterlogged between 0.4 and 1, the oxygen stress index
decreases from 1 to 0. Model simulations accounting for
waterlogging significantly improved the simulations of LAI,
shoot biomass, and yield for the experiments in 1990, 1991,
and 1992 in Beverley. Waterlogging effects had a small
reduction in the simulated biomass and yields in the 1990
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Fig. 5. Simulated (lines) and observed (symbols) (a) shoot biomass
(—, – –, •) and grain yield (· · · · ·, �) and volumetric soil water
content in layers (a) 0–50, (b) 50–100, and (c) 100–150 cm depth at
Moora, W. Aust., in 1996 (Expt 10 on Table 1). Simulated total shoot
biomass shows biomass including (—) or excluding senesced and dead
leaves (– –). Observed biomass data after Anderson et al. (1998a).
Soil water data after G. C. Anderson (unpublished). Biomass and
yield standard errors are shown where they exceeded the size of the
symbol.

and 1991 experiments. Simulating waterlogging for 1992
caused a severe reduction on biomass and yield (Fig. 6).
Those effects agree with the observation that waterlogging
was more severe in 1992 than in 1991 and 1990 (Eastham
and Gregory 2000). In all 3 years, the watertable appeared
in mid June and persisted until mid and late August
in 1990 and 1991, respectively, and until the end of
September in the wetter season of 1992 (Eastham and
Gregory 2000).

Yields from Expts 4–13 (Table 1) were included for
a comparison of observed and simulated yield (n = 15)
(Fig. 7). Observed yields ranged from 0.5 t/ha at Merredin
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Fig. 6. Observed (symbols), simulated without waterlogging (dotted lines), and
simulated with waterlogging effect (solid lines) (a, b) leaf area index (LAI) (•)
and (c, d) shoot biomass (•) and grain yield (◦) at Beverley, W. Aust., in
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shoot biomass includes senesced and dead leaves. Observed shoot biomass includes part
of the senesced plant material still attached to the plant. Bars give standard errors of
observed data where they exceed the size of the symbol.
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Fig. 7. Simulated v. observed grain yield for all experiments used
to evaluate the APSIM-Lupin model. Waterlogging (◦) and non-
waterlogging (•) affected yields. The 1 : 1 line of perfect agreement
is shown. Standard errors of observed data are shown where available.
Observed yield sources in Table 1.

(Expt 11) to 2.7 t/ha at Beverley with partial irrigation
(Expt 4). Simulated yields ranged from 0.3 t/ha to 3.4 t/ha.
Model simulations without accounting for waterlogging

overpredicted waterlogging-affected yields at Beverley 1990,
1991, and 1992. Without waterlogging effects, yields were
predicted with a RMSD of 0.6 t/ha, which was 37% of the
mean of observed yield. However, when waterlogging effects
were simulated by the model, the RMSD was 0.5 t/ha, being
30% of the mean of observed yields.

Sensitivity analysis

The simulation experiment allowed quantification of effects
of variable seasonal rainfall and sowing date on lupin yields.
These simulations did not include waterlogging effects.
The sowing rule produced a range of sowing dates over the
40 years simulated, depending on dates of opening rains
and rainfall patterns pre-sowing (Fig. 8). Lupin yields were
highly variable because of their dependence on seasonal
rainfall. In general, delay in sowing date reduced simulated
yields in both locations (Fig. 8). In the high rainfall location,
the delay in sowing did not reduce yields significantly for
sowing dates from the beginning of April to the end of May,
and yield reduction only occurred for very late sowings in
June (Fig. 8a). In contrast, in the low rainfall location, any
delay in sowing reduced yield (average yield reduction of
6%/week delay or 0.13 t/ha.week) (Fig. 8b). Sowing at the
first sowing opportunity had an average yield advantage of
0.3 t/ha over sowing 21 days later, at both locations. This
represented a 17% and 34% yield advantage in the high and
low rainfall location, respectively. WUE, defined as ratio
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Fig. 8. Simulated lupin yields v. sowing day on a deep sandy soil for sowing at the first opportunity (�) and
sowing 21 days later (•) in (a) Moora (high rainfall zone) and (b) Merredin (low rainfall zone), W. Aust.

of yield (kg/ha) to April–October rainfall (mm), was higher
for sowing at first opportunity (5.6–5.8) as compared with
sowing 21 days later (4.0–4.4).

The relationship described by French and Schultz (1984)
between yield and growing-season rainfall (April–October)
for wheat has been widely used by farmers and advisers
to estimate potential yield in Australia. The transpiration
efficiency of 20 kg/ha.mm for wheat grain, which defines
a ‘potential yield’, translates into 15 kg/ha.mm for lupin
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Fig. 9. Simulated lupin yields v. April–October rainfall on a deep sandy soil for sowing at the first sowing
opportunity (�) in (a) Moora (high rainfall zone) and (b) Merredin (low rainfall zone), W. Aust. Estimated potential
yield line of 15 kg/ha.mm rainfall (April–October) above 120 mm for Moora and above 80 mm for Merredin is
shown.

yield, considering the energy requirements for lupin seed
(Penning de Vries et al. 1974). Siddique et al. (2001) have also
reported a value of 15 kg/ha.mm as potential yield for several
grain legume crops. The value for the x-intercept in the French
and Schultz (1984) relationship accounted for the different
seasonal rainfall patterns between locations. The intercept
value used in Fig. 9 was 120 mm for Moora and 80 mm for
Merredin based on Perry (1987) and using the simulated
yields as a means to define an upper yield boundary.
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Simulated lupin yields in some seasons exceeded the
potential yield line. However, yields often fell below this
potential line, due to uneven rainfall distribution and soils
with low water-holding capacity (Fig. 9). Lupin yields were
higher in the high than in the low rainfall location. In the years
with higher values of April–October rainfall, particularly
in the high rainfall location, grain yields fell further below
the potential yield line, because a significant fraction of the
rainfall was not available for transpiration as a result of deep
drainage in the sandy soil (Asseng et al. 2001b). Anderson
et al. (1998b) reported values of deep drainage for annual
crops grown on deep sands in Western Australia in the range
of 114–214 mm/year.

Discussion

An established framework used previously to simulate other
grain legumes (temperate and warm-season) has been used
here to develop a lupin model for inclusion as a module in the
APSIM. The model demonstrated a reasonable performance
for phenology, biomass, and yield across a wide range of
conditions in Western Australia.

Phenology

Flowering time

In Mediterranean-type environments, where yield is
often limited by terminal drought, the accuracy in
simulating flowering date is particularly important. The
model framework used in the APSIM-Lupin model simulated
flowering date mean deviation values of c. 4 days. This
deviation was close to the value of 5 days found in the APSIM-
Canola model (Robertson et al. 2002b) and is also close to
the deviation of 4 days in the APSIM-Wheat model (Asseng
et al. 1998).

Both the phenology model in APSIM-Lupin and the
regression model developed by Reader et al. (1995)
simulated flowering dates for a range of sowing dates and
locations in Western Australia with similar accuracy (Fig. 1).
The similarity in performance of the 2 models tends to
suggest that explicit accounting for a defined daylength-
sensitive phase is not crucial to accurate simulation of
flowering date in lupin. Despite this, the framework used in
the APSIM-Lupin model allows for physiological dissection
of cultivar phenology differences in response to temperature
and daylength.

Both models tend to underestimate flowering date for the
very early sowings and overestimate it for the very late ones.
The possible existence of a small vernalisation response in
modern cultivars could be responsible for the discrepancy
between observed and simulated flowering day for very early
sowings. The discrepancy would disappear for mid- and late-
season sowings because vernalisation is satisfied quickly
and the model assumption of no vernalisation response
results in little error in flowering date. A possible effect

of water stress on phenology could be responsible for the
model overestimation for late sowings, an effect not currently
accounted for in the model.

Post-flowering phenology

In lupin the duration of post-flowering phases can vary
with water deficit (Dracup and Kirby 1996b). Under water
stress conditions, lupin switches quickly from vegetative to
reproductive mode, shortening the post-flowering phases and
grain-filling period (French and Turner 1991; Dracup et al.
1998a). In Expt 4, the duration from flowering to start
of grain filling was around 40 degree-days shorter in the
rainfed treatment than in the partially irrigated treatments.
Similarly, the grain-filling period was about 2 weeks
shorter in the rainfed treatment. Changes in post-flowering
phenology due to water stress are further complicated by
the fact that stress enhances the rate of canopy senescence
and this shortens the grain-filling period (Dracup et al.
1998a). Currently, the shortening of post-flowering phases
is not simulated in the model. However, associated effects on
grain filling such as the accelerating effect of water stress on
leaf senescence, and the cessation of grain filling if there is
no supply of assimilates, are accounted for.

Biomass growth and yield

RUE

The model showed robust simulation of total biomass and
water uptake for a range of environments, indicating accuracy
in the values of essential parameters such as phyllochron,
K, and RUE. The low value of RUE (0.8 g/MJ) used in
the model is in the range found for other temperate grain
legumes [chickpea 0.69, fababean 1.15 (Turpin et al. 2002)].
Similarly, Sinclair and Muchow (1999) reported apparently
low RUE values in different grain legumes. Higher RUE
values have been found for warm-season grain legumes such
as mungbean (0.94) and peanut (1.20) (Robertson et al.
2002a).

Partitioning/HI

Pod abortion is considered an important process
influencing grain yield in lupin (Hocking and Pate 1977;
Dracup et al. 1998a). However, it was possible to simulate
adequate yields for a range of datasets, without accounting
for the process of pod abortion in the model.

Lupin yields and harvest index are lower and more
variable than in other cool-season legumes (Dracup and
Kirby 1996b) and than wheat yields (ABARE 2003). The
simulated HIs (0.16–0.35) were in the same range as the
observed HIs (0.18–0.31). The high HI values (0.26–0.31)
were well simulated by the model, whereas the low HI values
(0.18–0.22) tended to be overestimated. The overestimation
occurred in the low yielding experiments as a result of
an underestimation of above-ground biomass, which left
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more water available for grain filling. The underestimation
could be due to nutrient constraint associated with soil
drying in spring. A similar compensation led to a reasonable
simulation of grain yields despite poor simulation of the yield
components in wheat (Asseng et al. 1998).

Variable and low HIs are also attributed to strong
competition for assimilates between branches and pods
under water-limiting conditions (Dracup and Kirby 1996b).
However, the low HIs in the experiments were not correlated
with high biomass crops or favourable rainfall distribution
during grain filling, suggesting that the low HIs were not
caused by vegetative growth at the expense of grain. The
model does not simulate the competition for assimilates
between vegetative parts and grain filling, but captures the
main factors affecting yield and simulates yield satisfactorily
over a wide range of conditions.

Yield

Yields were simulated with a deviation (RMSD =
0.5 t/ha) similar to the deviation reported for other crop
simulation models (Carberry 1996). Values of RMSD of
0.4 t/ha have been reported for APSIM-Wheat (Asseng et al.
1998) and APSIM-Canola (Farré et al. 2002) in Western
Australia for similar yield ranges, and RMSD of 0.5 t/ha for
CERES-Wheat (Otter-Nacke et al. 1986).

Temperature. There is an indication that air temperatures
of 30◦C or higher during grain filling could have an effect
on yield (Reader et al. 1997). This range of temperature was
reached several times in the experiments used (2–14 days
across datasets exceeded 30◦C). However, the observed data
do not suggest that yields of those experiments with high
temperatures were more affected than the others. Because
high temperatures coincide with increasing water deficit, it is
difficult to separate their effects on yield in our experiments.
In the model there is currently no additional effect of high
temperatures on seed development. However, the model
accounts for the major effect of water deficit on yield and
gives reasonable yield predictions.

Waterlogging. Narrow-leafed lupin is very sensitive
to waterlogging (Dracup et al. 1992, 1998b; Davies
et al. 2000). The capability of simulating the effects of
waterlogging in lupin would enable the use of the model
in an exploratory way in locations and soil types where
waterlogging is common, such as the agricultural region
of Western Australia. Simulation of waterlogging improved
the simulation of LAI, biomass, and yield. The simulations
showed how the waterlogging effects on growth and yield
could be captured in a simple way. In the model the only direct
effect on a physiological process was via RUE. Other effects,
such as on leaf expansion and N fixation, were not accounted
for. Further work, incorporating a range of soil types,
severities of waterlogging, and timing of waterlogging in
relation to crop development is needed to establish confidence
in, or further refine, the relationship used here.

Simulation experiment

The yield reductions due to delayed sowing obtained in the
simulation experiment agreed with observations by Reader
et al. (1995), who found that lupins are only partly able to
compensate for late sowing by flowering earlier. Similarly,
Eastham et al. (1999) also found that early sowing of
lupin was associated with increased early growth and larger
canopies resulting in higher yields. Early sowing is an
important determinant of lupin yield, especially in water-
limited environments, where late sowing reduces the period
for biomass accumulation before a terminal drought. Similar
responses have been found in wheat on sandy soils (Turner
and Nicolas 1987).

The French and Schultz approach is a simple estimator
for potential yield. However, it overestimates actual yields in
most seasons. Hence, the simulation model can help to define
the potential yield for specific rainfall zones and soil types
more accurately.

Conclusions

The APSIM-Lupin model has been developed based on
the APSIM-Legume template and parameterised with data
from the literature and a number of experiments. The lupin
model was tested for flowering date, water uptake, canopy
development, biomass, and yield for 2 soil types and a range
of sowing dates in Western Australia and performed well for
the range of datasets under which it was tested. The model
reproduced the effect of sowing date on phenology, biomass,
and yield under variable growing conditions. Introducing the
simulation of a waterlogging effect on RUE improved the
model performance for LAI, biomass, and yield. However,
a better understanding of the environmental effects on
phenology, biomass partitioning, remobilisation, and yield
formation would improve the capability of simulating the
low and variable yields and harvest index of narrow-leafed
lupins. Nevertheless, the current model can account for most
of the variability due to climate, location, soil type, and
management, showing that the APSIM-Legume framework
used is appropriate for simulating lupin production.

The model was used to analyse the effect of variable
rainfall and sowing date on yield. The model provides a tool
for assessing agronomic and management options for lupin
and the likely productivity of lupin in different environments
and/or locations.
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