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Abstract. Empirical and simulation results from three crop rotations incorporating cereals, pulses and nitrogen (N)
fertiliser applicationwere examinedover 4years in a subtropical environment, centralQueensland,Australia. Thehypothesis
was that pulse crops in rotation with cereals would be a viable alternative to applying N fertilisers and would improve farm
business economic performance provided the yield potential of pulses were not compromised by planting into very low soil
water situations. Empirical data and simulationswith theAgricultural ProductionSystemsSimulatormodelwere used to give
insights into the N contribution, yield benefit to cereals and overall economic performance of the inclusion of pulses into
the rotation. The field trial rotations included: rotation 1: sorghum and wheat in an opportunity crop rotation (called cereals-
only), rotation 2; cereals grown following a fallow with a pulse crop immediately after (called cereal double-cropped pulse)
and rotation 3, pulses grown following a fallow with a cereal crop immediately after (called pulse double-cropped cereal).

Empirical and simulated results indicated that the cereal double-cropped pulse rotation produced the highest average
annualgrossmarginsusingprices at that time. In the simulations,whenpulse cropswere included in the rotation, noadditional
N fertiliser was required and the lowest chance of negative gross margins was obtained. The cereal double-cropped pulse
rotation produced the largest trial and simulated gross margins. The pulse double-cropped cereal rotation produced greater
grossmargins than theN-deficient cereals-only rotation but significantly lower than the cereal double-cropped pulse rotation.
Simulations indicated that the cereals-only rotation could be made profitable when the soil was ‘topped-up’ to 100 kg
available N/ha before planting, or by 40 kgN/ha to each cereal crop. Chickpea and mungbean contributed an average of 35
and 29 kgN/ha, respectively, in the field trial.

A minimum of 100mm of the stored soil water at planting was needed to reduce the risk of negative returns. By planting
onlywhen the soil contained adequate water, the cereal double-cropped pulse rotationmay provide a valuable supplement to
farm income while simultaneously reducing the need for N fertilisers on the cereals. Alternatively, in a rotation with cereals
only, modest amounts of fertiliser N will maintain profitability with minimal levels of financial risk.

Additional keywords: APSIM, cereals, fertiliser, nitrogen, pulses, rotations.

Introduction

Almost all types of summer and winter crops can be grown in
central Queensland (CQ). However, cropping is dominated by
sorghumandwheat production (up to200000 ha eachper annum)
and previously, sunflowers (Spackman and Garside 1995). The
area planted to chickpea is increasing and is expected to reach a
record level of 60 000 to 70 000 ha in 2010 (www.dpi.qld.gov.au/
30_17095.htm). Mungbean are more commonly grown in the
slightly cooler region of the Dawson Callide. Because of the
inherently variable rainfall and hence variable stored soil water
conditions, the cropping system is highly opportunistic in an aim
to obtain higher cropping frequency and returns than fixed
cropping (Carrol et al. 1993). Growers will plant crops when
stored soil water is adequate but also chose crops that meet
essential needs of subsequent stubble cover, provide disease
breaks and respond to market price fluctuations.

Continuous cropping has depleted soil nitrogen (N) (Garside
et al. 1992). Additional N must be supplied to meet crop demand
and maintain production in many areas of CQ (Dalal and Mayer

1990; Armstrong et al. 1999b), particularly where cereals
dominate the rotation. Where N fertiliser is applied to cereals,
growers take significant financial risk well ahead of crop returns.
High fertiliser prices add to the financial loss where N fertiliser is
applied to crops that fail because of low soil water supply or
because of poor seasonal growing conditions.

Pulse crops can serve the dual purpose of potentially providing
N for subsequent cereal crops as well as being an intrinsically
financially viable crop (SpackmanandGarside 1995). Pulse crops
can supply or spare soil N (Doughton and Holford 1997) but the
quantity supplied varies widely. Angus et al. (2001) collated 135
sites years of data and reported increases inwheat yield following
pulses crops ranging from 8 to 131%. A mean yield increase of
40–50 was cited. The sites were mostly in southern Australia.
Northern Australian data included Dalal et al. (1998) who
reported a 39% wheat yield increase following chickpea.
Armstrong et al. (1999a) reported a net N balance of –80 kg/ha
for mungbean in CQ but an increase in subsequent grain yield of
sorghum of greater than 100% that persisted into the second and
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third sorghum test crops.Grain proteinwas increasedbyup to5%.
Doughton and McKenzie (1984) reported increased in sorghum
yields of 70% following green and black gram mungbean and
equated this to an equivalent N fertiliser rate of 68 kg/ha.
Doughton and Holford (1997) tabulated 21 results from pulse/
cereal rotation experiments from Queensland and northern New
South Wales (NSW). The benefits were presented in terms of
fertiliser equivalents and percentage cereal yield increase.
Fertiliser equivalents ranged from 35 to 100+ kgN/ha and
yield increases of 3–104% (mean of 52%). Kirkegaard et al.
(2004) proposed that fertiliser equivalents may overstate the N
benefit from pulses because of non-nutrition related factors.
Felton et al. (1998) reported a 54% increase in grain yield and
a 5% increase in grain protein in wheat following chickpea
compared with wheat following wheat (mean of 9 crop/years),
some of which related to reduction in crown rot incidence. In
northern regions, chickpea and mungbean are routinely used
within ‘fixed’ rotations (making as a disease ‘break’) as well
as double-cropped (opportunistic) situations, mainly in response
to market prices as well as the ‘other’ factors that potentially
accrue. Chickpea are ideally suited for incorporation into current
reduced tillage and no-till systems (Herridge and Holland 1992)
especially as an opportunity crop after cereals. Such conditions
usually mean that biological N fixation is enhanced under the
usually low soil N conditions in opportunistic rotations and most
pulses emergemore successfully thancerealswhere seed is placed
deep to seek sufficientmoisture for germination.However, pulses
are sometimes grownas a double-crop after cereals,when lowsoil
water conditions increase the risk of crop failure. Whish et al.
(2007) identified 100mm of stored soil water as giving an 80%
chance of a breakeven yield inwestern areas ofQueensland.Dalal
et al. (1998), Felton et al. (1998), Marcellos et al. (1998) and
Doughton and Holford (1997) have all reported benefits of
chickpeas in rotation in southern Queensland and northern
NSW. However, there has been little quantification of their
potential benefits of pulses in rotation in CQ. Growers in CQ
(a semiarid, subtropical environment) have machinery, farm
layouts and skills to manage the extremely variable
environment. However, further intensification of cropping is
an important goal on some farms to better manage reducing
terms of trade, relatively high investment in capital equipment,
and debt servicing needs (Spackman and Garside 1995).

Using empirical and simulationmodellingmethods, this study
determined the N and water dynamics and the profitability of
rotating pulses with cereals in CQ. Short- and long-term
perspectives are considered regarding: the comparable returns
from rotations involving pulses in rotationwith cereals, the likely
N contribution frompulses andwhat additional N fertiliser would
be required for cereals to maximise profits if pulses are not
included. Stochastic efficiency analysis principles were used to
compare the rotation and N fertiliser scenarios (Hardaker et al.
1997, 2004).

Materials and methods
Field site

A field experiment was conducted over 4 years at Jambin, CQ
(24880S, 1508200E). The soil at the site was a Chromosol (Isbell
1996), known locally as Callide alluvial. The soil had a silty
clay-loam surface, overlying black-brown clay. It had a sand,
silt and clay content of 66, 15 and 19%, respectively. Other
element concentrations in the top 10-cm layer were:
bicarbonate P 46mg/kg, organic C 1.05%, total N 0.091%,
DTPA Zn 0.59mg/kg, Cl 27mg/kg, sulfate-sulfur 4mg/kg,
exchangeable K 0.77mg/kg, exchangeable Na 0.47 meq%,
exchangeable Ca 11 meq%, pH 7.2 (1 : 5 soil : water) .

Soil water characterisation

The upper soil water storage capacity was determined by the
pondingmethod as described byDalgliesh and Cawthray (1998).
The crop lower limit was determined by sampling the dry profile
over thewheat crop in thefirst season.Thewater-holding capacity
was calculated by difference and used with subsequent
simulations.

Treatments and statistical analysis

A randomised complete block field designwith three replications
of 18 treatments; comprising three cropping phases of rotations 1
and 3 (no N applied) and three cropping phases by four N rates
(applied to cereal crops) for rotation 2.The three crop rotations are
illustrated in Table 1. Crop data were analysed separately by
ANOVA for each cropping season. A set of orthogonal contrasts
compared the effects of previous N for effect of previous pulse
crops and current N for cereal crops. Cropping phases were

Table 1. Schematic representation of crop rotations including phases which are used to start the rotations in different years in order to capture
the effects of the different seasons

Thus, there were three phases within each rotation and three replicates of each phase each year

Season: 1995 1996 1997 1998
Rotation Phase Winter Summer Winter Summer Winter Summer Winter

Rotation 1 1 WheatA SorghumA Fallow SorghumA WheatA Fallow WheatA

Cereals-only 2 WheatA Fallow WheatA SorghumA Fallow SorghumA WheatA

3 Fallow SorghumA WheatA Fallow WheatA SorghumA Fallow
Rotation 2 1 WheatB Mungbean Fallow SorghumB Chickpea Fallow WheatB

Cereal double-crop pulse 2 Chickpea Fallow WheatB Mungbean Fallow SorghumB Chickpea
3 Fallow SorghumB Chickpea Fallow WheatB Mungbean Fallow

Rotation 3 1 Fallow Mungbean WheatA Fallow Chickpea SorghumA Fallow
Pulses double-crop cereal 2 Chickpea SorghumA Fallow Mungbean WheatA Fallow Chickpea

3 WheatA Fallow Chickpea SorghumA Fallow Mungbean WheatA

ANil N applied to cereal crops (i.e. 1 plot/phase).
BN rates of 0, 50, 100, 150 kgN/ha applied to cereal crops (i.e. 4 plots/phase).
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offset by 1 year to assess seasonal variation in comparisons of the
three crop rotations. Thus, each phase of the three rotations
was represented every year between 1995 and 1998. The
Agricultural Production Systems Simulator (APSIM)
validation was conducted using an R-squared test as well as
root mean square of the error (RMSE) as a useful visual model
validation indicator (Mayer and Butler 1993).

Crops were sown with a research plot-planter of 2-m
width. Each plot consisted of two passes of the planter which
for wheat, chickpea and mungbean resulted in 14 rows spaced
0.25m apart, and 6 rows of sorghum spaced 0.65m apart. Plots
were 15m long.

Chickpea (cv. Amethyst) and wheat (cv. Hartog) were
planted each winter season. In summer, mungbean (cv.
Emerald) and the sorghum cultivars, MR Buster in 1995–96
and 1996–97 and Thunder in 1997–98 were planted. Planting
rates were 55 kg/ha for wheat. Plant densities were 7.5 plants/m2

for sorghum plots, 30 plants/m2 for mungbean and 20 plants/m2

for chickpea. The pulses were inoculated with appropriate
rhizobium bacteria in slurry using methyl cellulose as a sticker.

Zero-till cultivation practices were used with fallow spraying
with Glyphosphate and appropriate herbicides for in-crop weed
and insecticides for insect control.

Fertiliser application

Urea was applied at planting in bands 0.5m apart at the centre of
every alternate inter-rowspace at a depthof 7 cm.This singleband
supplied the two adjacent crop rows. Alongside the outside crop
row, a tine supplied the appropriate quantity of fertiliser for a
single crop row.A cone distributor on the plot-planterwas used to
uniformly apply a weighed quantity of fertiliser. N as urea was
applied at rates of 0, 50, 100 and 150 kgN/ha only to cereals in
rotations 2. All crops received an equivalent of 10 kg P/ha as the
phosphate-based fertiliser Granulock Starter Z (21.9% P, 2.5%
Zn, 9.4% N, 2.2% S; Incitec Pivot Ltd, Southbank, Victoria,
Australia), applied with the seed at sowing through the attached
fertiliser box.

Crop measurement and chemical analysis

Biomass production was measured from samples of one row
of 1-m length at flowering. Samples were dried for 24 h at 658C
and weighed. At maturity, the inner 10 of 14 rows of wheat,
or the inner four rows of sorghum, were harvested from each
plot. For pulse crops all rows were harvested. The plot length
was 15m.

Grain N percentage was determined from a Kjeldahl digest,
and results expressed as grain protein percentage using
appropriate N-protein conversion factors, and were corrected
for grain moisture to 11% for wheat, 13.5% for sorghum, and
12% for mungbean and chickpea.

Soil sampling and analysis

Prior to each planting, two soil cores, each 48mm in diameter,
were taken to a depth of 1.5m from each plot. The cores were
divided into increments of: 0–10, 10–30, 30–60, 60–90, 90–120
and 120–150 cm. The two cores were combined for each depth
increment and mixed, from which two separate subsamples were
taken. From one subsample, wet soil weights were taken in-field.
These samples were subsequently dried at 1058C for 2 days in a

forced draught oven, and then re-weighed. The other subsample
was dried at 408C and ground to <2mm for colourimetric
determination of nitrate using 10 g of soil extracted in 100mL
of 2mol KCl/L (Best 1976).

Soil sampling and analysis for N contribution of pulses

The N contribution of the pulse rotation was calculated by
comparing total soil mineral N after fallows following the
pulse and cereal crops (Table 2). Sampling occurred
immediately before winter crops in 1996, 1997 and 1998
following a summer fallow after either a wheat or chickpea
crop the previous year. Similarly, the contribution from
mungbean was calculated from sampling before the summer
crop in 1996–97 and 1997–98 following a winter fallow after
either sorghum or mungbean.

Rainfall and irrigation

The rainfall was extremely variable often with extended periods
of less than the long-term monthly average quantity (Fig. 1). To
ensure survival of some crops, supplementary irrigation (50mm)
was applied at the times indicated.

Crop simulation modelling

Four simulation studieswere conductedusing version5.1APSIM
(Keating et al. 2003). The model was used to simulate:

(1) A validation study against the trial results using the soil
water and nitrate values, planting dates and N fertiliser rates
for each crop were set as per the field trial. Rainfall was
collected on-site and the quantity of irrigation was added to
the rainfall files at the appropriate dates. The total soil water-
holding capacity had previously been determined on-site.

(2) Long-term analysis of the same crop rotations as thefield trial
using a rule-based method to better mimic real-world
scenarios (Table 3). Climate data encompassing 1900–2006
from a nearby meteorological station (Wowan Post Office
039102) were used.

Table 2. Subset of starting soil water and soil NO3 measurements
Note: the difference between a and a1, b and b1, etc. was used to calculate
nitrogen contribution of the pulses. Maximum water-holding capacity

170mm

Sampling time Soil water
(mm)

Soil NO3

(kg/ha)

Pre-winter crop 1996, fallowed from wheat 135 63 * a
Pre-winter crop 1996, fallowed from chickpea 118 114 * a1
Pre-summer crop 1996–97, fallowed from
sorghum

172 93 * b

Pre-summer crop 1996–97, fallowed from
mungbean

179 135 * b1

Pre-winter crop 1997, fallowed from wheat 167 91 * c
Pre-winter crop 1997, fallowed from chickpea 137 107 * c1
Pre-summer crop 1997–98, fallowed from
sorghum

156 55 * d

Pre-summer crop 1997–98, fallowed from
mungbean

130 70 * d1

Pre-winter crop 1998, fallowed from wheat 149 73 * e
Pre-winter crop 1998, fallowed from chickpea 170 110 * e1
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(3) The effect of seven levels of soil water threshold triggers for
planting of the pulses within a cereal double-crop pulse
rotation. No fertiliser was added for the cereals and the
soil water ‘trigger’ for the cereals within the rotation was
assumed to be 85mm (50% of capacity).

(4) Outcomes of eight N fertiliser strategies on the cereal-only
rotation, including set rates and tactical N applications. The
topping-up strategy involved increasing the soil N level at
planting to the prescribed soil N quantities.

Economic analysis

The modelled yields were converted to distributions of gross
margins using grain prices and variable costs for each crop shown
in Table 4.

Scenarios were compared using a trade-off between risk
(chance of negative gross margins) and mean annual gross
margin and also a method of stochastic dominance analysis
known as stochastic efficiency with respect to a function

(Hardaker et al. 2004). This method orders a set of risky
alternatives in terms of certainty equivalents for a specified
range of attitudes to risk. In this analysis, a relative risk
aversion coefficient range (rrW) of 0.5–4 was used (Anderson
and Dillon 1992). Absolute risk aversion cumulative density
functions for all scenarios were produced using a ‘wealth’
term estimated to be $200/ha. The absolute risk aversion
coefficient (ARAC) was created from values of rrW/wealth.
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Fig. 1. Mean and actual rainfall at the trial site. Irrigation, all 50mm, were applied May 1995 (before planting), July and September 1995,
February 1996, March 1997 and June 1998.

Table 3. Set-up factors for long-term APSIM crop rotation simulations

Wheat Chickpea Sorghum Mungbean

Planting date range 15 Apr. to 15 June 30 Apr. to 15 June 1 Oct. to 15 Feb. 1 Oct. to 15 Feb.
Rainfall trigger (mm/days) 15/10 15/10 15/10 15/10
Surface soil wetness (fraction
of extractable soil water)

0.6–0.8 0.6–0.8 0.6–0.8 0.6–0.8

Cultivar Hartog Amethyst Buster Emerald
Plant population (plant/m2) 75 30 7 30
Planting depth (mm) 50 50 50 50
Row spacing (mm) 350 500 1000 500

Table 4. Prices and costs used for the gross margin analyses as at time
of field trial (1995–98)

Price ($/t) Variable costs ($/ha)A

Sorghum 180 278
Wheat 150 169
Mungbean 400 209
Chickpea 350 259

AExcludes N fertiliser. N fertiliser price was $1.00/kg elemental N.
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Stochastic dominance analysis was undertaken using Simetar
(Richardson et al. 2006).

Results

Part 1. Field trial

Contribution of pulse crops to the N balance

Growing chickpea and mungbean increased the N supply to
the soil by 35 and 29 kg/ha, respectively (Table 5).

The contribution varied widely in direct proportion to the
harvest index (Fig. 2). The contribution was measured after
7-month fallows following chickpea, before wheat in 1996 and
1998, mungbean before sorghum in 1997–98 and mungbean
before wheat in 1996. The N contribution potentially consists
of N spared, N fixed and any change to soil mineralisation caused
by the inclusion of the pulse crop.

Effect of pulse crops on grain yield and protein
of subsequent cereal crops

Grain protein of wheat was increased by a prior chickpea crop
in 1996 and 1998, and in sorghum by prior chickpea crops in
1995–96, 1996–97and1997–98 (Table6).Grainproteinofwheat

was increased by a prior mungbean crops in 1997 and 1998 and
in sorghum in 1996–97 and 1997–98.

Grain yield of wheat was increased by a prior mungbean crop
(double-cropped) in 1998 compared with wheat double-cropped
from sorghum. However, there was also increased stored soil
water (56mm) aftermungbean, comparedwith that after sorghum
(34mm) (data not shown). Similarly, the grain yield of sorghum
was increased by a prior chickpea crop (double-crop) in 1996–97
compared with a wheat crop. However, in 1997–98, the reverse
occurred. Low stubble levels after the chickpea were noted and
the silty soil had the appearance of surface-sealing. However,
there was only 9mm less soil water following chickpea so the
reason for the difference is unclear.

The value of fertiliser N on cereals

When no N fertiliser was applied, the resultant grain proteins
of cereals crops in the cereals-only rotation were very low: 9.9%
in wheat in 1995 and 7.5% and 8.4 in sorghum in 1995–96,
1996–97, respectively (Table 6). The addition of N fertiliser
significantly increased grain protein levels of wheat in 1995 by
up to 4.8%, but not in the sorghum rotation in 1995–96. In the
latter case, the in-crop rainfall was in the lowest 10% of recorded
quantities.

In rotations in which a pulse crop preceded a cereal
crop, application of 50 kg/ha N fertiliser further increased
grain protein in three out of four cases. Higher N rates
provided no additional increase. As mentioned previously, the
prior pulse crops alone had already increased grain protein
concentrations by up to 2%.

Effect of stored soil water on crop yields
(double-cropped compared with longer fallows)

The very short period of fallow intrinsic in double-
cropping usually resulted in a very low quantity of soil
water at planting compared to those following longer periods
of fallow (Table 7). Consequently, yields with double-
cropping were, in three cases, significantly less than the
corresponding yield with fallowing. This reflects the riskiness
of planting in such situations. However, as occurred in 1997,
double-cropping does not necessarily involve a planting with
limited soil water. Because of high rainfall after harvest of the
previous crop, the quantity of stored soil water available after the
short fallowwas the same as that after the longer fallow (170mm,
100% full profile).

Gross margins (field trial and simulation modelling)

The cereal double-crop pulse rotation produced the highest gross
margins in the field and simulated (Table 8). The cereals-only
rotation producedmoderate grossmargins in thefield because the
soil fertility of the trial site was initially high and cereal crops
did not experience N deficiency until late in the trial period. The
gross margins from the pulse double-crop cereal rotation were
more dependent on the pulse yields whichwere high for chickpea
in 1997 but much lower in 1998. Mungbean yields were
consistently low.

Table 5. Contribution to soil NO3 supply fromprevious pulse crop. Soil
NO3 measurements were taken at the end of the fallow between the two

crops listed

Cropping season
Rotation 1996 1997 1998

kg N/ha
Chickpea-wheatA 114 107 110 –

Wheat-wheatA 63 91 73 Mean
Difference 51 16 37 35

Cropping season
Rotation 1996–97 1997–98 – –

kg N/ha –

Mungbean-sorghumA 135 70 – –

Sorghum-sorghumA 93 55 – Mean
Difference 42 15 – 29

A7-month fallow nil N applied.

y = –109.3x + 61.6

R 2 = 0.73
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Fig. 2. The contribution of nitrogen from a previous pulse crop as a function
of harvest index (field experiment).
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Table 6. Effect of rotation and N fertiliser rates on grain yields (t/ha), grain protein (%) within the crop rotations
* P< 0.05; **P< 0.01; *** P< 0.001; n.s., P> 0.10. N, nitrogen rate

Season 1995 1996 1997 1998
Sow-harvest date (dd/m) 30/5–20/10 16/5–17/10 22/5–27/10 19/6–17/10
Rotation/fertiliser
Wheat–wheat Yield Protein Yield Protein Yield Protein Yield Protein

Wheat grain yields (t/ha) and protein (%)
0N 3.19 9.9 2.49 12.4 2.3 13.2 2.91 12.7
Chickpea–wheat
0N – – 2.5 13.6 2.46 13 3.59 13.0a
50N – – 2.66 14 2.71 13.7 3.91 13.5b
100N – – 2.84 14.2 2.63 13.9 3.99 13.8b
150N – – 2.68 14 2.68 13.9 4.08 13.8b

n.s. (P< 0.06) n.s. n.s. n.s. ***
Sorghum–wheat (3-month fallow) 0N – – 1.05 12.4 1.38 12.3 0.28 11.7

Mungbean–wheat (3-month fallow) 0N – – 1.65 12.5 1.94 14 1.8 12.7

n.s. n.s. n.s. * *** ***

Chickpea grain yields (t/ha)
Season 1995 1996 1997 1998
Sow-harvest date (dd/m) 
Rotation/fertiliser

30/5–20/10 20/6–17/10 6/6–27/10 19/6–4/11

Yield

Wheat–chickpea (7-month fallow) 0.85 1.17a 2.23a 1.42
Sorghum–chickpea (3-month fallow) – 0.29b 2.53b 1.29

*** *** n.s.

Sorghum grain yields (t/ha) and protein (%)
Season 1995–96 1996–97 1997–98
Sow-harvest date (dd/m) 
Rotation/fertiliser

16/1–9/5 12/11–25/2 3/2–1/6

Wheat–sorghum (14-month fallow) Yield Protein Yield Protein Yield Protein

0N 3.91 11.8 – – – –

50N 3.97 12.4 – – – –

100N 4.01 11.8 – – – –

150N 3.93 12.0 – – – –

n.s. n.s.
Mungbean–sorghum
0N – – 3.6 10.1 3.33 10.6
50N – – 3.84 11.9 3.25 11.6
100N – – 4.06 12.0 4.32 11.4
150N – – 3.82 11.8 2.91 11.8
Sorghum–sorghum 0N – – 3.46 7.8 3.77 8.4

n.s. ** (P< 0.067) *
Wheat–sorghum (3-month fallow) 0N 4.39 10.3 1.77 7.5 3.26 10.3
Chickpea–sorghum (3-month fallow) 0N 5.13 11.8 2.90 9.2 1.88 12.1

n.s. (P< 0.07) (P < 0.06) ** ** **

Mungbean grain yields (t/ha)
Season 1995–96 1996–97 1997–98
Sow-harvest date (dd/m) 
Rotation/fertiliser

16/1–3/4 12/11–24/1 3/2–1/6

Yield

Wheat–mungbean (3-month fallow) 1.25 0.74 0.54a
Sorghum–mungbean (7-month fallow) 10P – 0.88 0.78b

n.s. n.s. ***
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Part 2. Modelled outcomes – validation APSIM simulation
of the wheat, sorghum, mungbean and chickpea crops
using inputs from the field trial

The relationship between actual trial and simulated yields for
wheat was very close (Fig. 3). Sorghum yields were less
accurately predicted by simulation, the range of predicted and
observedyieldswere3.5–5.0 and3.0–4.5 t/ha, respectively; over-
prediction occurring most commonly. Similarly, pulse yields
were less accurately predicted by simulation; both mungbean
and chickpea were over-predicted for most seasons. The overall
RMSE was 623.1 kg/ha while the R2 = 0.69.

Part 3. APSIM long-term cropping analysis –
economic analysis

Simulation modelling was further used to evaluate the
economic benefits (gross margins) of these rotations over a

longer term than for the 4 years of the field trial or the
simulated 4-year trial. When crop rotations are simulated over
99 years of climate records for the location of the trial, the wider
range of weather experienced provided a better comparative
evaluation of these rotations. The cereal double-crop pulse
rotation produced a significantly higher gross margin ($337/ha)
than other rotations (Table 8 and Fig. 4).

The cereals-only rotation with nil N fertiliser, produced the
lowest long-term gross margin ($69/ha average with negative
grossmargins in 39%of years) because of the severeNdeficiency
(Fig. 4). The pulse double-crop cereal rotation produced an
intermediate gross margin ($248/ha). Alternative strategies
based on a modest annual amount of N fertiliser (40 kg/ha) or
topping-up the total soil N supply to 100 kgN/ha or more,
increased gross margins but not to the level achieved with the
cereal double-crop pulse rotation.

The stochastic efficiency analysis indicate that the cereal
double-cropped pulse and the pulse double-cropped cereal
rotations are the most desirable depending on the growers’
attitude to risk (Fig. 5). For growers with lower levels of
risk aversion (ARAC < 0.012), the cereal double-cropped
pulse rotation would have been the preferred option.
This represents the majority of the farming population
ranging from those that are ‘rather risk-averse’ (rrW= 2.0)
through to ‘hardly risk-averse at all’ (rrW= 0.5) (Hardaker
2000). Very risk-averse growers may prefer the pulse double-
cropped cereal rotation, in this case trading off potential higher
returns for less downside risk than the cereal double-crop pulse
rotation.

The fertiliser strategies for the cereal-only rotationswould be a
less-preferred option to those including the pulse crops.However,
the 100N top-up strategywould be preferred over the 40N set rate

Table7. Theeffect of low levels of soilwateratplantingwithdouble-cropping (usuallywithnegligibleorvery short fallow;
3 months at most) compared with crops planted after a 7-month fallow

Crop Season Double-cropped plotsA Fallowed plots
Soil water at

planting (mm)B
Crop yield

(t/ha)
Soil water at

planting (mm)B
Crop yield

(t/ha)

Wheat 1996 92 1.1 134 2.7
Chickpea 1996 32–43 0.3 117 1.2
Chickpea 1997 170 (full profile) 2.53 170 (full profile) 2.23
Chickpea 1998 44–68 1.3 170 1.4

AThe range of soil water is the result of differingN rates on the previous crop: the higher theN rate on the previous cereal, the lower
the subsequent stored water.

BTotal soil water-holding capacity was 170mm.

Table 8. Comparison of mean gross margins from the trial and modelling outcomes

Mean gross margin ($/ha)A

Trial 1996 and 1996–97 Trial 1997 and 1997–98 Long-term modelled

Cereal-only + 0N Cereal-only + 40 kgN/ha Cereal-only + top to 100 kgN/ha
Cereals-only 165 193 69 262 280

Cereal + pulse crops
Cereal double-cropped pulse 291 240 337 –

B
–

Pulse double-cropped cereal 236 145 248 – –

AThe gross margin is the average of all winter and summer crops in the relevant rotations during the period 1996–98. The 1995–96 results were not included
because of differing fallows before the first crop.

BModelled N rates were applied to ‘cereal-only’ rotation.
See Fig. 6 for results of the full range of modelled tactical fertiliser N strategies.
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Fig. 3. Observed v. predicted yields for wheat, sorghum, mungbean and
chickpea, resetting soil water and nitrogen to the values measured in the field
trial and using actual rainfall and irrigation data.
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strategy by the majority of growers except those that were
extremely risk-averse (Fig. 5).

Modelling tactical N fertiliser decisions

Several tactical N strategies weremodelled and the grossmargins
and risks of negative returnswere comparedwith the cereal-pulse
rotations (with nil N) (Fig. 4). The tactical N strategies involved
topping-up the soil N content to the values 50, 100, 125, 175,
200 kgN/ha. Topping-up to 100 kgN/ha produced the highest
gross margin with the least risk. Topping-up to 50 kgN/ha
restricted yields in better seasons, while topping-up to greater
than 100 kgN/ha increased costs, reduced gross margins and
slightly increased the risk of negative returns. Conversely, the
cereals-only rotation with nil N (rotation 1) produced a low long-
term gross margin ($69/ha) with a very high (39%) chance of
negative returns as would be expected when a system becomes
severely N depleted. However, the 40 kgN/ha fixed-N rate and
the tactical N rates increased gross margins and reduced risk
compared with the nil-N treatment.

As previously described, the cereal double-crop pulse rotation
(rotation 2 nil N applied) produced the highest gross margin

($337) and also had the lowest risk of negative returns (8%) of all
strategies tested.

The effect of soil water at planting

In the field trial, three of the four double-crops that were planted
on less than 100mm of stored soil water resulted in yields
(0.3–1.3 t/ha) that were substantially below the yield of crops
double-cropped on a full profile of soil water (2.5 t/ha) or
following a fallow period where more than 100mm of soil
water had accumulated (1.2–2.7 t/ha) (Table 7).

Simulation demonstrated that double-cropping with a
minimum soil water at planting of 100mm or higher reduced
the number of lowyielding pulse crops (<1 t/ha) and increased the
mean annual gross margin for the cereal double-cropped pulse
rotation (Fig. 6).

Discussion

N and water benefits of including pulse crops in rotation
with cereals

The average N contribution of the pulse crops to the cropping
system (35 kgN/ha) was the same as that reported by Dalal et al.
(1998) and Weston et al. (2002) for the Warra experiment in
southern Queensland and similar to that (33 kgN/ha) reported by
Marcellos et al. (1998). Lucy et al. (2005) reported results from
more than a decade (60 site.years) of chickpea-wheat rotation
experiments in the northern grain regions. In NSW, there was on
average, an additional 35 kg nitrate-N/ha in the 1.2-m profile after
chickpea than in the continuous wheat. The increased soil nitrate
following a pulse was attributed to both mineralisation of the
N-rich residues and nitrate sparing by the legume, undoubtedly
similar to this study.Anoften-quoted factor thatmaycontribute to
increased yields of subsequent cereal crops is increased water
availability after the pulse. In this study the reverse was generally
true and no consistent trendwas found byMarcellos et al. (1998).
The same could be said of the small increase (8mm) in the data
from Warra (Dalal et al. 1998; Weston et al. 2002). Felton et al.
(1998) suggested that part of the yield increase in cereals
following a pulse could be due to reduced crown rot
incidence. A high N contribution from pulses cannot always
be expected; when pulse yields are high relative to the vegetative
biomass production, much of the fixed N is removed in grain
(Doughton and Holford 1997). However, in CQ the frequency of
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terminal stress is higher than in southern regions (Chapman et al.
2000) and hence a lower ratio of grain yield to vegetative biomass
harvest index could often occur. While this disadvantages
potential financial returns from the pulse crop, extra N benefit
may accrue in a subsequent cereal.

Fertiliser N requirements for cereals in CQ

Both thefield trial and simulation results demonstrated that only a
modest quantity of N fertiliser was required to maximise the crop
responses in wheat or sorghum. In the field trial, the most
economic response to applied N occurred at the 50 kgN/ha
rate. Simulation demonstrated that an annual rate of 40 kgN/ha
or topping-up total N supply to 100 kgN/ha were equally
effective economic strategies to supplement N supply. In order
to establish the appropriate N rate, growers should measure or
estimate stored soil water and N supplies before planting.
Alternatively, applying 40 kgN/ha might be considered a low
risk strategy for supplementing cerealN supplies inmost rotations
except following fallows of long duration.

The field trial demonstrated that under uncommon conditions
of double-cropping inCQwhen amoderate to high level of stored
soil water (>100mm) is available but soil N reserves remain low
supplementary N fertiliser could increase grain protein and yield
of cereal crops. Under more common low available soil water
supplies (<100mm) usually encountered in CQ with double-
cropping, supplementary N fertiliser application in addition to N
supply after pulse crop would usually be unnecessary.

Where sorghumwasdouble-cropped following anunfertilised
cereal crop, grain protein were below the critical level of 9.5%
(Garside et al. 1992), confirming the impact of continuous cereal
cropping on soil N in CQ cropping systems.

The field trial and simulated data (using rainfall received as
well as available soil water and N as measured in the trial) have
both highlighted the potential economic benefit from a cereal
double-crop pulse rotation. In the field trial, the cereal crops
that were grown after the pulse crops responded with increases
in grain protein of up to 2%. In several instances yield grain
yieldwas increased, the frequency ofwhichwould probably have
been higher had the region not experienced a long period of
drought.

Economic analysis

Incorporating pulses into a cereal-based system has potential
economic benefits compared to a cereal-only system. The more
commonly utilised rotation of cereal double-cropped pulse is
shown to be themost potentially valuable rotation compared to all
other rotations. However, the pulse double-cropped cereal
rotation should not be disregarded except if agronomic factors
such as a potential weed problem add to the riskiness of the
rotation due to the fact that the main income is derived from the
pulse.

A practical N application strategy could include topping-up
the soil profile to 100 kgN/ha at planting when required although
in the absence of knowledge of the soil N levels, applying 40 kgN
at every planting event results in only a small penalty in the long
term compared with the top-up to 100 kgN/ha or 125 kgN/ha
strategies.

The effects of stored soil water on yields
with double-cropping

In the CQ environment where rainfall is highly variable, grain
growers are conscious of the need to plant a crop when the
opportunity arises (Spackman and Garside 1995). One way to
minimise the production risk associatedwith variable rainfall is to
allow sufficient soil water accumulate before planting the pulse
crop (Hayman et al. 2002; Moeller et al. 2009). The dilemma for
CQ grain growers is that the duration that may be needed to
increase soil water reserves adequately to reduce production risk
will, over the long term, reduce frequency/intensity of cropping.
Stored soil water can account for as much as 40% of yield
variability in cropping systems of northern Australia (Dalal
et al. 1997).

Simulating rotations over the long term (99 years)
indicated that soil water supply at planting below 100mm
resulted in a large number of low yielding crops (<1 t/ha);
while with 100mm or more soil water at planting crop yields
and gross margins were consistently greater. The 100mm of
minimum soil water at planting corresponds well with
commercial advisor experience (G. Spackman, pers. comm.,
and M. Castor, pers. comm.). This field trial and simulation
confirms that cereals or pulses planted on less than 100mm of
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water (60% of the soils water-holding capacity) are at risk of
achieving low yields and returns.

Supplies of soil water at sowing below 100mm may result in
increased cropping frequency/intensity over the long term.Such a
low supply of soil water at planting however increases the risk of
crop failure. Supplies of soil water at planting above 100mmwill
reduce cropping frequency/intensity while enabling higher crop
yields for the current crop and reduced risk of crop failure.
Simulation modelling in this study has examined and
quantified this trade-off. While it is understood that few
growers will have access to such modelling outcomes, it is
proposed that the minimum soil water of ~100mm is a
reasonable rule-of-thumb (supported by Whish et al. 2007).
Hardaker et al. (1997) propose that information gathering and
analysis is one way to manage risk. A commercially available
decision-support package WhopperCropper (www.nutrientms.
com.au/) provides capacity for advisors to demonstrate the yield
andgrossmargin effects of different quantities of stored soilwater
across many regions (Nelson et al. 2002). Thus, there are
compelling reasons for growers/advisors to measure stored soil
water before double-cropping and plant only when sufficient
water is stored (say ~100mmas indicated in this study). Thismay
increase the reliability of yield of pulse crops that are double-
cropped after cereals. Other technologies have facilitated the
introduction of chickpeas into cereal rotations without the need
for rainfall for planting.Becauseof their large seed size, chickpeas
can be planted at an optimum time through a dry surface soil.
Chapman et al. (2004) have shown that cropping frequency could
potentially be increased by an average of 96% across four sites in
central Queensland if moisture-seeking planting strategies were
used. However, it would be advisable to measure total soil water
in order to minimise risk as previously described.

Other effects of pulses when in CQ rotations
with cereal crops

Including pulse crops in rotations with cereal crops can provide
more favourable positioning of N in the soil profile (McCown
et al. 1988; Armstrong et al. 1999a). In this trial, N from a
previous pulse crop was positioned deeper in the soil (data not
shown) enabling its utilisation by the foraging roots of a following
cereal crop. The improved availability of soil N after a pulse
contrasts with the availability of fertiliser N applied to cereals
after planting in seasons of negligible or light rainfall events. This
outcome was observed in the field trial where fertiliser N applied
to cereals was stranded in the dry surface soil and remained
temporarily unutilised by the cereal.

One disadvantage of pulse crops in CQ crop rotations is the
relatively small quantity of stubble produced and the rapiditywith
which this stubble decomposes. This can increase the risk of soil
erosion in areas subject to high-intensity rainfall (Doughton and
Holford 1997). In this trial therewas an instance of surface sealing
of the soil that was most likely attributable to inadequate surface
cover.

In higher yielding environments, the total N requirement of
cereals may exceed the ability of pulses to supply N (Marcellos
et al. 1998). In the CQ environment, the usually modest cereal
yields appear to be adequately supplied by the contribution of soil
N remaining after the pulse crop. However, in southern

Queensland and northern NSW, supplementary N fertiliser
applications may be required on cereals following pulse crops
because of the higher cereal yield potential. In any region, the
requirement or otherwise for a supplementary N requirement can
be confirmed by soil analysis (water and N) and budgeting
techniques commonly used within the region.

Conclusion

Results of a 4-year field trial and a long-term simulation exercise
indicated that growing an opportunity pulse crop after cereals can
be a valuable strategy to supplement N supply in CQ cropping
systems. The practice is particularly successful when the soil
profile has been recharged with water (>100mm) at the time of
planting pulses or cereals.

Without the use of N fertilisers, continuous cropping of cereal
crops will remain unprofitable and exacerbate soil N fertility
decline. Simulation results indicate that over the long term,
including a pulse in the rotation may supply sufficient N to the
subsequent cereal to maintain economic returns. However,
because of the relatively small (and variable) N contribution
from pulses, soil fertility decline is likely to continue, albeit at a
slower rate, than with continuous cereal cropping. Simulation
results indicate that growers who wish to continuously crop
cereals should consider fertiliser strategies that involve a top-
up of the total soil N supply to 100 kgN/ha or alternatively apply
40 kgN/ha to each cereal crop.

Simulation modelling indicated that growing pulses on
fallowed paddocks (with double-cropped cereals) may also be
a satisfactory strategy if pulse prices remained relatively high and
agronomic issues were very well controlled. The model outcome
assumes no losses fromweed or disease infestationwhich is a real
risk with pulse crops. Thus, the disease risk, pest risk and price
volatility of pulses may still dissuade farmers from utilising
fallowed paddocks for pulses when the (usually) high quantity
of stored soil water and N can be utilised for reliable returns from
less risky cereal crops.

Acknowledgments

Thanks are due toDavidReid andChristinaPlayford for the statistical analysis
andFredChudleigh for assistancewith the economic analysis. Funding for the
work was received from the (former) Department of Primary Industries
Queensland and the Grains Research and Development Corporation.

References

Anderson JR, Dillon JL (1992) ‘Risk analysis in dryland farming systems.’
Farming Systems Management Series No. 2. (FAO: Rome)

Angus JF, Kirkegaard JA, Peoples MB (2001) Rotation sequence and phase:
Research on crop and pasture systems. In ‘Proceedings 10th Australian
Agronomy Conference’. Hobart, Tasmania. (Australian Society of
Agronomy)

Armstrong RD, McCosker K, Johnson SB, Walsh KB, Miller G, Kuskopf B,
Standley J, Probert ME (1999a) Legume and opportunity cropping
systems in central Queensland. 1. Legume growth, nitrogen fixation,
and water use. Australian Journal of Agricultural Research 50, 909–924.
doi:10.1071/AR98100

Armstrong RD, McCosker K, Miller G, Kuskopf B, Johnson SB, Walsh K,
Probert ME, Standley J (1999b) Legume and opportunity cropping
systems in central Queensland. 2. Effect of legumes on following
crops. Australian Journal of Agricultural Research 50, 925–936.
doi:10.1071/AR98101

Pulse crops and cereal rotations Crop & Pasture Science 761

www.nutrientms.com.au/
www.nutrientms.com.au/
dx.doi.org/10.1071/AR98100
dx.doi.org/10.1071/AR98101


Best EK (1976) An automated method for the determination of nitrate-
nitrogen in soil extracts. Queensland Journal of Agriculture and
Animal Science 33, 161–166.

Carrol C, Halpin M, Littleboy M (1993) Opportunity cropping and water
management on the central highlands. In ‘Farming Systems for Downs
and Brigalow Soils in Central Queensland. Proceedings of Workshop’.
Emerald Pastoral College. (Eds AL Garside, BJ Radford, AJ Carr)
pp. 83–93. (Department of Primary Industries Queensland: Brisbane)

Chapman SC, Cooper M, Hammer GL, Butler DG (2000) Genotype by
environment interactions affecting grain sorghum. II. Frequencies of
different seasonal patterns of drought stress are related to location
effects on hybrid yields. Australian Journal of Agricultural Research
51, 209–221. doi:10.1071/AR99021

ChapmanVA,CoxHW,McCoskerK (2004)Moisture seeking in chickpeas–
a long-term perspective using a modelling approach. In ‘Annual Trial
Booklet. Central Queensland Sustainable Farming Systems Project’. (Eds
S Buck, T Grundy) pp. 88–89. (Queensland Dept of Primary Industries:
Brisbane)

Dalal RC, Mayer RJ (1990) Long-term trends in fertility of soils under
continuous cultivation and cereal cropping in southern Queensland.
VIII. Available nitrogen indices and their relationships to crop yield
and N uptake. Australian Journal of Soil Research 28, 563–575.
doi:10.1071/SR9900563

Dalal RC, Strong WM, Weston EJ, Cooper JE, Thomas GA (1997)
Prediction of grain protein in wheat and barley in a sub-tropical
environment from available water and nitrogen in vertisols at planting.
Australian Journal of Experimental Agriculture 37, 351–357.
doi:10.1071/EA96126

Dalal RC, Strong WM,Weston EJ, Cooper JE, Wildermuth GB, Lehane KJ,
KingAJ,HolmesCJ (1998) Sustaining productivity of a vertisol atWarra,
Queensland, with fertilisers, no-tillage or legumes 5. Wheat yields,
nitrogen benefits and water-use efficiency of chickpea-wheat rotation.
Australian Journal of Experimental Agriculture 38, 489–501.
doi:10.1071/EA98027

Dalgliesh N, Cawthray S (1998) Determining plant available water. In ‘Soil
matters: monitoring soil water and nutrients in dryland farming’. (Eds
N Dalgliesh, M Foale) (CSIRO Publishing: Melbourne)

Doughton JA, Holford ICR (1997) Legumes. In ‘Sustainable crop production
in the tropics, an Australian perspective’. (Eds AL Clarke, PB Wylie)
(Department of Primary Industries, Queensland)

Doughton JA, McKenzie J (1984) Comparative effects of black and green
gram (mungbean) and grain sorghum on soil mineral nitrogen and
subsequent grain sorghum yields on the eastern Darling Downs.
Australian Journal of Experimental Agriculture and Animal
Husbandry 24, 244–249. doi:10.1071/EA9840244

Felton WL, Marcellos H, Alston C, Martin RJ, Backhouse D, Burgess LW,
Herridge DF (1998) Chickpea in wheat-based cropping systems of
northern New South Wales. II. Influence on biomass, grain yield, and
crown rot in the followingwheat crop. Australian Journal of Agricultural
Research 49, 401–407. doi:10.1071/A97067

Garside AL, Agnew J, Chamberlain HJ, Huf S, Turnour J (1992) Yield and
protein contents of grain sorghum crops in Central Queensland, 1990/91
season-results and implications from a survey of commercial crops. AIAS
Occasional Publication 2(68), 311–315.

Hardaker JB (2000) ‘Some issues in dealing with risk in agriculture.’
No. 2000-3-March 2000 Working Paper Series in Agricultural and
Resource Economics. (University of New England: Armidale)

Hardaker JB,Huirne RBM,Anderson JR (Eds) (1997)Decision analysis with
preferences unknown. In ‘Coping with risk in agriculture.’ pp. 146–152.
(CAB International: Wallingford, UK)

Hardaker JB, Richardson JW, Gudbrand L, Schumann KD (2004) Stochastic
efficiency analysis with risk aversion bounds: a simplified approach.
The Australian Journal of Agricultural and Resource Economics 48,
253–270. doi:10.1111/j.1467-8489.2004.00239.x

Hayman P, Gordon J, Power B, Meinke H, Giblett G (2002) Questions
raised from the poor results of short fallow sorghum the summer of 2001/
2002. Update of research at the Tamworth Agricultural Research Institute
2002.

Herridge DF, Holland JF (1992) Production of summer crops in Northern
New South Wales. I. Effects of tillage and double cropping on growth,
grain and N yields of six crops. Australian Journal of Agricultural
Research 43, 105–122. doi:10.1071/AR9920105

Isbell RF (1996) ‘The Australian soil classification.’ (CSIRO Division of
Soils: Townsville, Qld)

Keating BA, Carberry PS, Hammer GL, Probert ME, Robertson MJ, et al.
(2003) An overview of APSIM, a model designed for farming systems.
European Journal of Agronomy 18, 267–288. doi:10.1016/S1161-0301
(02)00108-9

Kirkegaard J, Christen O, Krupinsky J, Layzell D (2004) Break crop benefits
in temperate wheat production. New directions for a diverse planet. In
‘Proceedings of the 4th International Crop Science Congress’. Brisbane,
Qld, 26 Sept.–1 Oct. 2004. Available at: www.cropscience.org.au

LucyM,McCafferyD,Slatter J (2005) ‘Northerngrain production– a farming
systems approach.’ (Cranbrook Press: Toowoomba, Qld)

Marcellos H, Felton WL, Herridge DF (1998) Chickpea in wheat-based
cropping systems of northern New South Wales. I. N2 fixation and
influence on soil nitrate and water. Australian Journal of Agricultural
Research 49, 391–400. doi:10.1071/A97066

MayerDG, Butler DG (1993) Statistical validation.Ecological Modelling 68,
21–32. doi:10.1016/0304-3800(93)90105-2

McCown RM, Cogle AL, Ockwell AP, Reeves TG (1988) Nitrogen supply
to cereals in legume ley systems under pressure. In ‘Proceedings of the
Symposium on Advances in Nitrogen Cycling in Agricultural Systems’.
(Ed. JR Wilson) pp. 292–314. (CAB International: Wallingford, UK)

Moeller C, Asseng S, Berger J, Milroy SP (2009) Plant available soil water at
sowing in Mediterranean environments – is it a useful criterion to aid
nitrogen fertiliser and sowing decisions? Field Crops Research 114,
127–136. doi:10.1016/j.fcr.2009.07.012

NelsonRA,HolzworthDP,HammerGL,Hayman PT (2002) Infusing the use
of seasonal climate forecasting into crop management practice in North
EastAustraliausingdiscussion support software.Agricultural Systems74,
393–414. doi:10.1016/S0308-521X(02)00047-1

Richardson J, SchumannK, Feldman P (2006) ‘Simulation and econometrics
to analyze risk.’ (Simetar, Inc.: College Station, TX)

SpackmanGB,GarsideAL (1995)Major factors affecting grain production in
central Queensland and their implications for sustainable grain farming
systems. A review prepared for the Grains Research and Development
Corporation, Canberra, ACT.

Weston EJ, Dalal RC, StrongWM, Lehane KJ, Cooper JE, King AJ, Holmes
CJ (2002) Sustaining productivity of a Vertisol at Warra, Queensland,
with fertilisers, no-tillage or legumes. 6. Production and nitrogen benefits
from annual medic in rotation with wheat. Australian Journal of
Experimental Agriculture 42, 961–969. doi:10.1071/EA01083

Whish JPM, Castor P, Carberry PS (2007) Managing production constraints
to the reliability of chickpea (Cicer arietinum L.) within marginal areas
of the northern grains region of Australia. Australian Journal of
Agricultural Research 58, 396–405. doi:10.1071/AR06179

Manuscript received 8 December 2009, accepted 26 July 2010

762 Crop & Pasture Science H. W. Cox et al.

http://www.publish.csiro.au/journals/cp

dx.doi.org/10.1071/AR99021
dx.doi.org/10.1071/SR9900563
dx.doi.org/10.1071/EA96126
dx.doi.org/10.1071/EA98027
dx.doi.org/10.1071/EA9840244
dx.doi.org/10.1071/A97067
dx.doi.org/10.1111/j.1467-8489.2004.00239.x
dx.doi.org/10.1071/AR9920105
dx.doi.org/10.1016/S1161-0301(02)00108-9
dx.doi.org/10.1016/S1161-0301(02)00108-9
www.cropscience.org.au
dx.doi.org/10.1071/A97066
dx.doi.org/10.1016/0304-3800(93)90105-2
dx.doi.org/10.1016/j.fcr.2009.07.012
dx.doi.org/10.1016/S0308-521X(02)00047-1
dx.doi.org/10.1071/EA01083
dx.doi.org/10.1071/AR06179

