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Grain legumes, such as lupins and ﬁeld peas, are one of key rotation components in Australian agricultural
systems, supplying nitrogen (N) to following crops, and potentially increasing farm proﬁtability. In this study,
we used a modelling approach to investigate the proﬁtability of incorporating ﬁeld pea (Pisum sativum) and
narrowleaf lupin (Lupinus angustifolius) in cereal-based (wheat/canola) cropping systems in southern New South
Wales (NSW), Australia. We calibrated and validated the Agricultural Production Systems sIMulator (APSIM)
with three-year's experimental data to predict yields of ﬁeld pea and lupin, and N contribution of grain legumes
in cereal-based (wheat/canola) crop rotations. We conducted a gross margin analysis to analyse the proﬁtability
of adding grain legumes into cereal-based crop rotations at both crop and rotation levels. The simulated results
showed that ﬁeld pea and lupin could contribute 30–65 kg N ha− 1 to the next crop and 60–110 kg N ha− 1 to
subsequent crops (wheat/canola) for two years, corresponding to 30–55% and 60–86% of net N inputs of
legume-ﬁxed N, respectively. This greatly increased the yields and proﬁtability of wheat/canola in the following
two years. Including grain legumes in cereal-based crop rotations was more proﬁtable than non-legume crop
rotations, even though the grain legumes were less proﬁtable than wheat/canola in the year of growing.
However, N and economic beneﬁts would be reduced to zero if N fertilizer applied to wheat/canola was over the
optimal level, i.e. 100–125 kg N ha− 1 in terms of N beneﬁt, or 75 kg N ha− 1 for farm-economic proﬁt. In
general, incorporation of grain legumes into cereal-based crop rotations oﬀers an obvious N beneﬁt to
subsequent crops and provides an economic beneﬁt for farmers (reduced N applications). This suggests that
the contribution of grain legumes to cereal-based cropping systems should be assessed as part of a rotation rather
than as a stand-alone crop.

1. Introduction
Legumes have been used as a nitrogen (N) source in agricultural
systems and as a protein food for humans and domestic animals since
early civilization (Power, 1987). It is estimated that, globally, about
20–22 million tons N are ﬁxed from the symbiotic ﬁxation of atmospheric N2 by soil bacteria (rhizobia) and legume crops each year
(Herridge, 2008; Peoples et al., 2009). This biologically ﬁxed N is an
important source of N in legume-included rotation systems, providing
extra N fertilizer to subsequent crops (‘nitrogen eﬀect’, Ewing et al.,
⁎

1992; Jensen, 1997; Peoples et al., 2009). In addition to the ‘nitrogen
eﬀect’, dicotyledonous break crops are reported to increase subsequent
cereal yields by 15% to 25% because they reduce the potential impacts
of pests, diseases and weeds, and improve soil fertility (‘break-crop
eﬀect’, Kirkegaard et al., 2008). For example, some experiments show
that much of the yield beneﬁt from legumes can be attributed to lower
incidence of leaf and root diseases in the following cereal crops (Evans
et al., 1989; Jensen et al., 2006; Stevenson and van Kessel, 1997). The
nitrogen beneﬁt and break crop eﬀects mean that legume crops are an
important component in crop sequences and are recommended for
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1989). Therefore, with suﬃcient observations, process-based crop
models might be more powerful to explore crop productivity variations
in multiple crop rotation systems under various climatic conditions and
economic inputs. Process-based crop models such as APSIM and
RZWQM have been used widely to simulate productivity response,
water use eﬃciency, N use eﬃciency, soil organic carbon change to
climate variations, irrigation and N fertilizer applications in diﬀerent
rotation systems in the North China Plain and Australia (Chen et al.,
2010; Fang et al., 2010; Liu et al., 2016). To simulate the impact of the
previous crop to subsequent crops, process-based models mainly use
soil moisture and nutrients (e.g. nitrogen) in the soil proﬁle after the
previous crop, and nutrients from above- and under-ground residues of
the previous crop (Holzworth et al., 2014; Kollas et al., 2015; O'Leary
et al., 2016; Verburg et al., 2012). Therefore, most process-based
models could simulate the pure N eﬀect of the pre-crop to the
subsequent crop, but have the limitations to simulate the break-crop
beneﬁt because of the inability to consider plant health eﬀects.
Unlike wheat and maize models/modules, legume models/modules
are less focused and tested against available observed datasets on
growth, N uptake and biological N2 ﬁxation of legume crops (Liu et al.,
2013; Liu et al., 2011; Robertson et al., 2002; Robertson et al., 2001;
Soltani et al., 2004; Soltani et al., 2005). In addition, although grain N
concentration of legumes is essential for estimating net N inputs from
legume biological N2 ﬁxation to subsequent crops, few of these datasets
are available for model performance evaluations. This limits the
modelling approach to investigate N contributions of legume crops to
subsequent crops, and prevents analysis of the farm-economic values of
legume incorporation in crop sequences.
In this study, three-year ﬁeld experimental datasets on phenology,
productivity, biological N2 ﬁxation and N concentration in ﬁeld pea and
lupin grain in southern NSW were used to calibrate and validate the
performance of the Agricultural Production Systems sIMulator (APSIM;
Holzworth et al., 2014). The calibrated APSIM was employed to (i)
explore the N contributions of ﬁeld pea and lupin to subsequent crops
and (ii) investigate the farm economic proﬁt of adding legume crops in
cereal-based crop rotations in Australian rain-fed cropping systems.

incorporation into cereal-based cropping systems (McCallum et al.,
2000; Peoples et al., 2009; Preissel et al., 2015).
Field pea (Pisum sativum) and narrowleaf lupin (Lupinus angustifolius) are the two major winter legume crops in Australian farming
systems (JCS Solutions, 2014; Siddique et al., 2013; Siddique and Sykes,
1997). From 1990 to 2007, lupin occupied about 20% of Australian
cropping areas, contributing around 85% of world lupin production
(ABARES, 2016). However, Australia's lupin production areas declined
from 1.4 million ha in 1997 to 0.5 million ha in 2014 (ABARES, 2016;
FAO STAT, 2016). Similarly, ﬁeld pea production areas declined from
0.46 million ha in 1994 to 0.25 million ha in 2014. The declines were
possibly due to the insigniﬁcant beneﬁt of legume-ﬁxed N to the next
crop, and the apparently uncompetitive farm economic value of legume
crops against other crops (ABARES, 2016; Lehmann et al., 2013; Li
et al., 2010; Peoples et al., 2009). Peoples et al. (2009) reviewed
estimates of legume crops' N contribution to the subsequent crop and
stated that direct N contribution from legume crops to the following
crop might be not signiﬁcant, and less important than N fertilizer.
Furthermore, the farm economic return from grain legumes is generally
lower than wheat and canola (Li et al., 2010).
However, the beneﬁt of including grain legumes in crop sequence
needs to be fully evaluated at rotational level because the released N
from legume residues contributes to the soil organic matter pool in
subsequent years (Rochester and Peoples, 2005; Schwenke et al., 2002).
Increasing the frequency of grain legumes in rotations has increased the
proﬁtability of cropping systems in Europe (Reckling et al., 2016) and
Western Australia (Robertson et al., 2010). After reviewing over three
decades of rotation research in Western Australia, Seymour et al. (2012)
found that including grain legumes in the rotation could increase wheat
yield and improve water use eﬃciency. Zentner et al. (2002) demonstrated that including grain legumes in the rotation contributed to
higher and more stable net farm income in Canada. Peoples et al.
(2009) and Preissel et al. (2015) reviewed the amount of legume-ﬁxed
N and the net input of ﬁxed N in cropping systems around the world
and concluded that legume-ﬁxed N might improve the productivity of
the following crops, and gain farm-economic values comparable to
cereal rotations.
Evaluating the proﬁtability of incorporating grain legumes in crop
rotations is more complex than evaluating a single crop due to
increased rotation combinations (Preissel et al., 2015), so researchers
have used rule-based frameworks, statistical models and process-based
models to compare the proﬁtability of rotations with and without grain
legumes (Kollas et al., 2015; Reckling et al., 2016; Robertson et al.,
2010). Reckling et al. (2016) and Robertson et al. (2010) used a static
model and rule-based framework to assess the proﬁtability of incorporating grain legumes in crop rotations. The rule-based framework and
static models have less limitations on data requirements, but have the
disadvantages to simulate the response to crop production to variable
climatic conditions, agricultural practice and economic inputs (Kollas
et al., 2015), in comparing to process-based models. Because processbased models have considered the interaction between impacts of
climate, soil and management practices on crop growth and development (Gabrielle et al., 2002; Holzworth et al., 2014; van Diepen et al.,

2. Materials and methods
2.1. Site description
Two ﬁeld experiments were conducted at two paddocks (ﬁelds),
3 km apart, at Wagga Wagga, NSW (35°01′45″ S, 147°20′36″ E; 210 m
a.s.l) in a Red Kandosol (Isbell, 1996), classiﬁed as Chromic Luvisol by
FAO (http://www.fao.org/soils-portal/soil-survey/soil-classiﬁcation/
world-reference-base/en/). The baseline soil chemical analysis showed
that the soil was slightly acidic with a pH of 5.1 in CaCl2 and soil
organic carbon content was 1.64% at the soil surface (0–0.1 m). Details
of the soil properties are given in Table 1. Wagga Wagga has a semi-arid
continental climate with an annual average minimum/maximum
temperature of 9.1/22.4 °C and a mean annual rainfall of 558 mm.

Table 1
Soil chemical and physical properties at the experimental site at Wagga Wagga NSW.
Soil depth
(m)

pH
in CaCl2

Soil total N
(%)

Soil total C
(%)

Bulk density
(g/cm3)

LL
(mm/mm)

DUL
(mm/mm)

SAT
(mm/mm)

0.0–0.1
0.1–0.2
0.2–0.4
0.4–0.6
0.6–0.9
0.9–1.2

5.1
4.9
5.7
6.1
6.2
6.2

0.15
0.06
0.05
0.05
–
–

1.64
0.67
0.46
0.36
–
–

1.41
1.49
1.43
1.35
1.49
1.55

0.10
0.12
0.16
0.18
0.19
0.22

0.30
0.30
0.30
0.29
0.29
0.28

0.35
0.34
0.32
0.33
0.35
0.34

Note: –, not measured. LL, lower limit for plant available soil water, DUL, drained upper limit; SAT, saturated water content.
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Table 2
List of key parameters for simulating photoperiod, biomass, and yield of ﬁeld pea and lupin in APSIM.
Parameter

Units

Description

Lupin

Field pea

Phenological parameters
x_pp_end_of_juvenile_min
x_pp_end_of_juvenile_max
y_tt_end_of_juvenile
y_tt_ﬂoral_initiation
y_tt_ﬂowering
y_tt_start_grain_ﬁll

Hours
Hours
°C days
°C days
°C days
°C days

Lower limit for photoperiod
Upper limit for photoperiod
Thermal time from end juvenile to ﬂoral initiation
Thermal time from initiation to ﬂowering
Thermal time from ﬂowering to start grain ﬁll
Thermal time from start grain ﬁll to end grain ﬁll

11.9
17.8
765
117
200
358

11.8
17.6
579
32
151
392

Dry matter and yield parameters
y_hi_incr

1/day

Daily increase rate of harvest index (HI)

0.008

0.011

model template in the APSIM framework (Wang et al., 2002), and has
been used for simulating crop development and growth, N uptake,
biological N2 ﬁxation and N partitioning for a wide range of legume
species, including ﬁeld pea and lupin (Chen et al., 2016; Lecoeur and
Sinclair, 2001; Robertson et al., 2002). Its performance in simulations
of legume crop contributions to cropping rotation productivity is
generally acceptable (Anderson et al., 1998; Chen et al., 2016; Farre
et al., 2004). A detailed description of N demand, uptake, re-translocation and biological N ﬁxation of legume crops in the APSIM-Legume
module is given in Chen et al. (2016). As not all cultivars are included
in the genetic parameter data sets, it is recommended that the model be
calibrated against new experimental data sets when it is used (Chen
et al., 2016), especially in untested regions such as southern NSW.
In this study, the observed data collected in 2012 from experiment 1
were used to calibrate APSIM-Legume in simulating the development,
growth and biological N2 ﬁxation of ﬁeld pea and lupin. As there were
no available cultivar parameters for lupin (cv. Jenabillup) and ﬁeld pea
(cv. Gunyah) in APSIM v7.7 crop parameter sets, the default genetic
coeﬃcients for lupin (cv. Merrit) and ﬁeld pea (cv. Paraﬁeld) were
adopted. The key genetic parameters calibrated for ﬁeld pea and lupin
are listed in Tables 2 and 3. The calibrated model was then validated
using the experimental data collected in experiment 2 and experiment 1
except the 2012 data.
The coeﬃcient of determination (r2) and root mean square error
(RMSE) were used to evaluate the performance of APSIM in modelling
the growth and biological N ﬁxation of ﬁeld pea and lupin in the study
site.

2.2. Crop sequences and agronomic measurements
Four types of crops were included in those 3-year crop rotation
experiments. Narrowleaf lupin (cv. Jenabillup) and ﬁeld pea (cv.
Gunyah) were grown as break crops; wheat (Triticum aestivum cv.
Lincoln) and canola (Brassica napus cv. Hyola 555) were the two nonlegume crops. In experiment 1, ﬁeld pea (P) or lupin (L) was sown in
year 1 or year 2 in the rotation, while wheat (W) or canola (C) was
sown in the other years. There were 12 crop sequences with grain
legumes as break crops, namely PWW, PWC, PCC, PCW, LWW, LWC,
LCC, LCW, WPC, WPW, WLC, WLW. The continuous cereal crops
(WWW, WCW, CWW) were also included in the experiment design as
controls. All crop sequences were arranged in a complete randomised
block design with three replicates. For all wheat and canola crops
except for those following legume crops, 25 kg N ha− 1 was applied at
sowing, and 50 kg N ha− 1 top-dressed in the tillering stage for wheat,
and branching stage for canola. In experiment 2, wheat was sown in
year 1 and canola in year 2, followed by ﬁeld pea or lupin in year 3. The
experiment was a split-plot design with tillage (tilled vs no-till) as the
whole plot and N application rates (0, 25, 50 and 100 kg N ha− 1) as the
subplot, replicated three times. In this study, only the dataset from no
tillage treatment were used in analysis, to be consistent with farmer
practice in the region. More detailed experimental designs are described in Li et al. (2015) and Li et al. (2016).
Field pea and lupin plant samples were collected at anthesis and
maturity in each year to measure above-ground biomass and grain
yield. The AOAC Oﬃcial Combustion Method (AOAC, 2012) was used
to analyse plant nitrogen content in crop residues, while grain protein
was analysed using the NIR method (Foss NIR Systems 6500). Whole
plant samples of ﬁeld pea and lupin, together with cereal reference
plant samples, were taken at peak biomass for biological N2 ﬁxation
estimation using the 15N natural abundance method as described by
Unkovich et al. (2008).

where Pi and Oi are the model-predicted and experimentally measured
(observed) points, respectively, and n is the number of observations.

2.3. APSIM and APSIM-legume module

2.4. Rotation simulations

The Agricultural Production Systems sIMulator (APSIM) (Holzworth
et al., 2014) is a farming systems model that simulates the key
biophysical processes related to crop growth and production, water,
carbon and N cycling in the soil-plant system. It has been extensively
used to study the impact of agricultural practices (e.g. fertilization,
irrigation and residue returns) on growth and production, water and
nitrogen use eﬃciency of cereal crops and oil crops (e.g. winter-wheat,
canola and maize) and soil organic carbon changes in the various
cropping systems and rotations (Archontoulis et al., 2014; Asseng et al.,
2001; Liu et al., 2016; Luo et al., 2011; Probert et al., 1994; Robertson
and Holland, 2004; Thorburn et al., 2001; Wang et al., 2004). APSIM
simulates above- and under-ground growth of crops, and decomposition
of organic matter on the soil surface and in soil proﬁles (including roots
and the incorporated residue), so it is able to simulate the eﬀect of
residue N on subsequent crop productivity.
The APSIM-Legume module is a modiﬁed version of the generic crop

The legume cereal-based crop rotations included one legume crop
(ﬁeld pea (F) or lupin (L)), and one or two non-legume crops (wheat
(W)/canola (C)) in a 3-year crop sequence, resulting in six rotation
options: 1) ﬁeld pea-canola-canola (FCC), 2) ﬁeld pea-wheat-wheat
(FWW), 3) ﬁeld pea-canola-wheat (FCW), 4) lupin-canola-canola (LCC),
5) lupin-wheat-wheat (LWW), and 6) lupin-canola-wheat (LCW). Nonlegume cereal crop rotations included continuous canola, wheat, and
canola-wheat rotations. In the simulation, the phytosanitary problems
in the non-legume rotations were ignored as APSIM is unable to capture
them.
To assess the rotation eﬀects due to inter-annual climate variations,
we simulated each crop in a rotation at the starting year (1901). For
example, the FCC rotation was run three times in 1901 for each crop so
the three runs were F-C-C, C-C-F and C-F-C. In the canola and wheat
phases, N was applied at 9 rates from 0 to 200 kg N ha− 1 y− 1 at
25 kg N ha− 1 intervals. There was a 12-year spin-up (1889–1900) in

RMSE =

114
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Table 3
Parameters related to the simulations of N2 ﬁxation and concentrations in crop residues and grain of ﬁeld pea and lupin in APSIM.
Parameter

N_ﬁx_rate
y_n_conc_max_leaf
y_n_conc_crit_leaf
y_n_conc_min_leaf
y_n_conc_max_stem
y_n_conc_crit_stem
y_n_conc_min_stem
y_n_conc_max_pod
y_n_conc_crit_pod
y_n_conc_min_pod
n_conc_crit_grain
n_conc_max_grain
n_conc_min_grain

Units

g N/g DM
%
%
%
%
%
%
%
%
%
%
%
%

Description

Lupin

Potential N ﬁxation rate in diﬀerent stage
Maximum N concentration in Leaves in diﬀerent stage
Critical N concentration in Leaves in diﬀerent stage
Minimum N concentration in Leaves in diﬀerent stage
Maximum N concentration in stem in diﬀerent stage
Critical N concentration in stem in diﬀerent stage
Minimum N concentration in stem in diﬀerent stage
Maximum N concentration in pod in diﬀerent stage
Maximum N concentration in pod in diﬀerent stage
Maximum N concentration in pod in diﬀerent stage
Maximum N concentration in grain
Maximum N concentration in grain
Maximum N concentration in grain

Field pea

6a

7b

9c

6a

7b

9c

0.015
–
–
–
–
–
–
–
–
–

0.010
0.010
0.010
0.005
0.005
0.006
0.001
0.005
0.006
0.001

–
0.005
0.005
0.001
0.005
0.006
0.001
0.005
0.006
0.001
0.048
0.052
0.030

0.015
–
–
–
–
–
–
–
–
–

0.015
–
–
–
–
–
–
–
–
–

0.015
–
–
–
–
–
–
–
–
–
0.047
0.044
0.020

Note: –, not changed.
a
Flowering.
b
Start grain ﬁlling.
c
Maturity.

the continuous wheat cropping systems with typical farmers' N fertilizer
input (40 kg N ha− 1 y− 1) to establish the initial soil conditions. After
the spin-up, APSIM was run continuously for all rotation and N input
scenarios during 1901–2014.
Daily weather variables, including maximum and minimum air
temperature, solar radiation, and rainfall from 1890 to 2014 for Wagga
Wagga were obtained from the SILO Patched Point Dataset, managed
by Queensland Department of Natural Resources and Mines (https://
www.longpaddock.qld.gov.au/silo).

(a)

5.0
Wheat
Canola

Yield (t ha-1 )

4.0

Wheat: y = 5.14x/(63.2+x) + 0.62
R2 = 0.99

3.0
2.0

Canola: y = 2.70x/(82.84+x) + 0.42
R² = 0.99

1.0
0.0
0

2.5. Estimation of nitrogen contribution

50

100
N inputs (kg N ha -1 )

150

(b)

5.0

Net inputs of legume-ﬁxed N (NI) to subsequent crops and soil N
pools were calculated as the diﬀerence between total legume-ﬁxed N
(NF) and N removed from the system in harvested legume grain
(Espinoza et al., 2012). In this study, both biological N2 ﬁxation
(BNF) estimated by the above-ground biomass and by the whole plant
biomass (above- and under-ground biomass), were calculated. BNF
estimated by the whole plant biomass was regarded as the total
biological legume-ﬁxed N.

NI = NF − YL × [N]Grain

Yield (t ha-1 )

4.0
Wheat: y = 4.31x/(46.14+x) + 0.67
R2 = 0.99

3.0
2.0

Canola: y = 4.32x/(180.99.84+x) + 0.42
R² = 0.99

1.0

0.0

(2)

0

where YL is the simulated legume yield and [N]Grain is the legume grain
N concentration at harvest.
The N contribution (NC) of a legume crop (lupin or ﬁeld pea) to the
subsequent crop was calculated as:

NC = NIR − NR

200

50

100
N inputs (kg N ha -1 )

150

200

Fig. 1. The response of canola and wheat yields to net N fertilizer applications in
monocropping systems (a) and canola-wheat rotations (CWW) at Wagga Wagga, NSW,
Australia. CWW represents CWW, CCW, CWC, WWC, WCW and WCC, etc., canola-wheat
rotation combinations.

(3)
(FNE) in the studies of Köpke and Nemecek (2010) and Preissel et al.
(2015), deﬁned as the fertilizer reduction in cereal crop stages after
grain legumes that leads to yields comparable to those after a cereal
pre-crop. However, as APSIM only simulates the pure N beneﬁt of grain
legumes to the subsequent crops and is unable to simulate the breakcrop beneﬁts, such as disease and weed control, our NC calculation was
equal to the N contribution deﬁned in previous studies (Beckie et al.,
1997; Peoples et al., 2009).
In this study, the N contribution of grain legumes to the subsequent
crop (NC) and rotation (NC_R) were calculated. NC was based on the
crop yield sowed in the ﬁrst crop of the rotation after grain legumes. We
then summed up the values of NC from the two subsequent crops after
the legume crop to assess the total legume N contribution (NC_R) at
rotation level. This approach separated the contribution of legumeﬁxed N to subsequent crops from the total N contribution of legume
crops to subsequent crops and soil N pools.

where NIR (kg N ha− 1) is the N fertilizer application rate required for
canola or wheat to produce the same yield in the non-legume crop
rotation as in legume cereal-based crop rotations, and NR (kg N ha− 1) is
the rate of N fertilizer applied to canola or wheat in the legume cerealbased crop rotations. NIR was estimated by the simulated response of
canola or wheat yields to N inputs in the non-legume crop rotations
(Fig. 1). The response of canola (or wheat) yield to N fertilizer
applications generated in CCC (or WWW) cropping systems (Fig. 1a)
was used to estimate the N contribution of grain legumes in the LCC and
FCC (or LWW and FWW) rotations. The response of canola (or wheat)
yield to N fertilizer applications generated in canola-wheat rotations
(Fig. 1b) was used to estimate the N contribution of grain legumes in
the LCW and FCW rotations. This approach can minimize the confounding eﬀects of non-legume crops (i.e., W to C or C to W) with the N
beneﬁt of legume on the subsequent crops.
Our NC calculation is similar to the fertilizer nitrogen equivalent
115
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Table 4
Details of economic costs of agricultural management for wheat, canola, ﬁeld pea and lupin, and on-farm grain price of these four crops.
Variable costs

Unit

Wheat

Canola

Lupin

Field pea

Herbicide & application
Insecticide & application
Laboura
Contract harvestingb
Crop Insurance
Levies

($/ha)
($/ha)
($/ha)
($/ha)
Machinery
($/kg)
($/ha)
($/ha)
($/ha)
($/ha)
% of on farm value
% of on farm value

32.08
15.58
21
76
5.5
0.66
83.76
28.56
20.1
37.07
2.22
1.02

32.08
15.58
38.55
117
5.5
0.66
63.9
8.41
20.81
50
3.8
1.02

32.08
15.58
32
53
–
–
76.66
17.59
9.07
49.4
2.72
1.02

32.08
15.58
36
53
–
–
93.1
26.13
12.03
49.4
3.8
1.02

Income
On-farm grain price

$/t

200

520

200

220

Cost
Cultivation
Sowing
Fertilizer & application

Items

Machinery
Seeds
Sowing
Top dressing
(Urea)

The data is from the guide of Farm Enterprise budgets (NSW Department of Primary Industries, http://www.dpi.nsw.gov.au/content/agriculture/farm-business/budgets) and the study of
Li et al. (2010).
a
The cost of labour is to operate machinery for cultivation, sowing and the applications of Herbicide and Insecticide with sowing.
b
The cost of contract harvesting includes the labour cost for operating machinery for harvesting.

parameters (Tables 2 and 3).
The calibrated APSIM-Legume module performed well against the
measured phenological stages (Fig. 3a and d) at ﬂowering and maturity,
with RMSE values of 3.2 and 5.2 days for ﬁeld pea and lupin
respectively. The model also predicted biomass (RMSE = 1.32 and
0.39 t ha− 1 for ﬁeld pea and lupin respectively), grain yield
(RMSE = 0.32 and 0.22 t ha− 1 for ﬁeld pea and lupin respectively)
(Fig. 3d–f), and observed N concentrations in crop residues (Fig. 3g–l).
In general, the relationship between simulated and observed variables
in Fig. 3, denoted with higher r2 and lower RMSE values, implied good
model performance. However, simulated grain N concentrations and N
ﬁxation were a poor ﬁt with observed values, due to lack of variation in
simulated and/or observed values. APSIM-canola and APSIM-wheat
modules were also calibrated and validated against observed ﬁeld data
collected in our rotation experiments. The observed values of the
above-ground biomass and yields of canola and wheat were well
matched by APSIM (data not shown).

The proportion of N contribution to net N inputs of legume-ﬁxed N
(CF) was calculated for the crop (CF_C) and the rotation (CF_R) to show
the proportion of NI contributing to the productivity of subsequent
crops at crop and rotation levels.
(4)

CF = NC NI
2.6. Gross margin analysis

The gross margin (GM) was calculated using the assumptions and
methods given in Li et al. (2010):

GM = GI × (1.0 − I − L) − CS − CT − CF − CH − CI − CW

(5)

−1

where GI is the on-farm grain income ($ ha ) estimated by the onfarm price ($ Mg− 1) and grain yield (Mg ha− 1). The on-farm price for
each crop is given in Table 4. L and I are the government levy ($ ha− 1)
and crop insurance ($ ha− 1), which are a constant percentage of the onfarm grain income for each crop (Table 4). CS, CT, CF, CH, CI and CW are
the costs for sowing, tillage, fertilizer, harvest, pest and grass weed
control ($ ha− 1), respectively, including all labour costs. Labour costs
for cultivation, crop sowing, fertilizer, and herbicide and insecticide
application (listed as Labour in Table 4) were added into sowing in our
calculations; harvesting labour costs were added into harvest contract.
The economic costs of ﬁeld management practices are also described in
Table 4. Costs and calculations were coded in APSIM-Manager so that at
each harvest economic analysis could be incorporated with other
APSIM simulated results.
Gross margins (GMR) for the rotation were calculated as the sum of
the single crop gross margins in each rotation and N input scenario. As
mentioned previously, APSIM is not able to consider the break-crop
beneﬁts. This means the GM diﬀerence of canola or wheat in the crop
rotations with and without grain legumes is due only to yield
diﬀerences in the diﬀerent rotations. Potential farm economic beneﬁts
of grain legumes into crop sequences, such as pest control, plant
protection and saved tillage costs, were not considered in the study.

3.2. Grain yield and biological N2 ﬁxation in response to N fertilizer applied
in wheat/canola growing seasons
Simulated grain yields and biological N2 ﬁxation (BNF) of ﬁeld pea
and lupin were inﬂuenced by both N fertilizer inputs in wheat/canola
growing seasons and rotation systems (Fig. 4). BNF of ﬁeld pea and
lupin declined with increased N fertilizer inputs in wheat/canola
growing seasons and the proportion of canola in crop sequences
(Fig. 4a–b). The negative impact of the proportion of canola related
to the lower residual water in the 0–120 cm soil proﬁle when grain
legumes were sown after canola in comparison to after wheat (data not
shown). This agrees with Heenan (1995) and Kirkegaard et al. (2008)
who showed that in semi-arid environments negative impacts of
broadleaf break crops on residual water would lead to the negative
impacts of production in the following crops. BNF values estimated by
above-ground biomass were 25–40% lower than BNF estimated by the
whole plant biomass (Fig. 4c–d).

3. Results
3.3. Yield beneﬁts to the subsequent non-legume crops
3.1. Model performance for simulating plant growth and biological N2
ﬁxation

In both non-legume crop rotations and legume cereal-based crop
rotations, canola and wheat yields increased as N fertilizer inputs
increased from zero to optimal levels, and plateaued once N inputs
exceeded optimal levels (about 150 and 125 kg N ha− 1 for canola and
wheat respectively, Fig. 5). Inclusion of ﬁeld pea or lupin in crop

As shown in Fig. 2, observed data of phenological stages, aboveground biomass, biological N2 ﬁxation and N concentrations in crop
parts for both ﬁeld pea and lupin were well predicted by the calibrated
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Fig. 2. Calibration of APSIM in modelling phenology (ﬂowering and harvest days after sowing), above-ground biomass, yield, N concentrations of crop residues and grain, and N ﬁxation
of ﬁeld pea and lupin in rainfed cropping systems at Wagga Wagga in 2011.

3.5. Gross margin competitiveness between cereal-based crop rotations with
and without legumes

sequences increased canola and wheat grain yields, especially when N
inputs were lower than optimal (Fig. 5). Lower residual soil water
availability after canola lead to slightly lower wheat yield in LCW and
FCW rotations in comparison to the wheat yield in LWW and FWW
rotations (data not shown).

Comparisons of crop gross margins (GM) in diﬀerent rotations in
response to N fertilizer inputs are summarized in Fig. 8. For individual
crops, there were large GM variations in response to N fertilizer inputs.
When N inputs in the wheat/canola growing seasons were lower than
25 kg N ha− 1 (Fig. 8), returns were canola AU$100–700 ha− 1 y− 1,
wheat AU$150–350 ha− 1 y− 1, and legume AU$ 150–200 ha− 1 y− 1. In
general, canola and wheat GM increased in rotations as N fertilizer
inputs increased to optimal levels, and decreased slightly (about AU
$50 ha− 1 y− 1) beyond the optimal rate (Fig. 8). In contrast, ﬁeld pea
and lupin GM decreased slightly with increased N fertilizer inputs in the
wheat/canola growing seasons (Fig. 8c–d). Canola and wheat GM in
legume cereal-based crop rotations were higher than those in nonlegume crop rotations, notably when N input was lower than
75–100 kg N ha− 1.
GM values in response to N fertilizer inputs varied signiﬁcantly
across rotations (Fig. 9). In general, GM of legume cereal-based and
non-legume crop rotations increased with increasing N input to optimal
N input levels, and plateaued or slightly decreased beyond optimal
levels. Optimal N input levels with the highest GM varied
(75–125 kg N ha− 1) with rotations (Fig. 9). There was a break-even
GM between the legume cereal-based and non-legume crop rotations in
response to N input levels. For instance, break-even GM of rotations of
continuous canola (CCC), ﬁeld pea-canola-canola (FCC) and lupincanola-canola (LCC) was 75 kg N ha− 1 (Fig. 9). Below this level, GMs of

3.4. Nitrogen contributions of grain legumes
The contribution of legume-ﬁxed N to the subsequent crop (NC) and
the proportion of N contribution to the net N inputs of legume-ﬁxed N
(CF) were determined by N inputs in the subsequent crops (Fig. 6). NC
and CF were highest (30–65 kg N ha− 1 y− 1 and 30–55% CF) with no N
fertilizer application. Levels decreased exponentially as N fertilizer
inputs increased to 125 and 50–75 kg N ha− 1 in canola and wheat
crops respectively, beyond which there was no N contribution from
grain legumes. In general, assimilated N from grain legumes that ﬁxed
N2 was greater in canola than wheat (Fig. 6).
Fig. 7 illustrates the N contribution of grain legumes in diﬀerent
rotation
combinations.
Legume-ﬁxed
N
contributed
60–110 kg N ha− 1 y− 1 to subsequent crops over two years (Fig. 7a),
corresponding to 60–85% of net input of legume-ﬁxed N (Fig. 7b). The
N contribution decreased exponentially to zero as N fertilizer inputs in
wheat/canola growing seasons reached 75–125 kg N ha− 1 (Fig. 7).
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Fig. 3. Comparisons of observed and simulated phenology (ﬂowering and harvest days after sowing), above-ground biomass, yield, N concentrations of crop residues and grain, and N
ﬁxation of ﬁeld pea and lupin in rainfed cropping systems at Wagga Wagga, NSW, Australia.

2015).
In the present study, we calibrated and validated the APSIM model
with three years of experimental data. APSIM performed well in
simulating phenology (ﬂowering and maturity), above-ground biomass,
grain yield, and biological N2 ﬁxation for ﬁeld pea and lupin. Our
results showed that this model captured the crop-environment interactions processes well, similar to previous studies (Anderson et al., 1998;
Chen et al., 2016; Farre et al., 2004). In addition, N concentrations in
crop residues and grain enabled us to further evaluate the model's
performance to estimate net N input of legume to ﬁx biological N2 to
the subsequent crops (Figs. 1 and 2), estimated by the diﬀerence
between the total biological N2 ﬁxation in total plant biomass and
removed biological N2 ﬁxation in grain (Beckie et al., 1997; Espinoza
et al., 2012). This meant APSIM could be used to evaluate a broader
range of farming systems and environmental conditions.
Our study revealed that average annual biological N2 ﬁxation by
ﬁeld
pea
and
lupin
in
above-ground
biomass
was
160–175 kg N ha− 1 y− 1 without N fertilizer inputs in legume cerealbased crop rotations (Fig. 4). These values were within the range
(100–216 kg N ha− 1 y− 1) reported in Australia (Anderson et al., 1998;
Evans et al., 1989; McCallum et al., 2000; Peoples et al., 2009) and
other dryland environments (Peoples et al., 2009; Preissel et al., 2015).
Simulated BNF from the total plant biomass was 25–40% higher than
simulated BNF from the above-ground biomass (Fig. 4). This is
consistent with Russell and Fillery (1996) and McCallum et al. (2000)
who used the 15N technique to ﬁnd that biological N2 ﬁxation in aboveground biomass and roots was 20–40% higher than in above-ground
biomass alone. This indicated that the simulated values of biological N2

legume cereal-based crop rotations were higher than those of nonlegume crop rotations; above this level they were lower. Incorporation
of grain legumes into crop sequences would be proﬁtable when N
fertilizer input in the wheat/canola stage is below 75 kg N ha− 1.
4. Discussion
Grain legumes have the potential to improve soil N availability in
following crop growing seasons, but more knowledge is needed to
understand their role in legume cereal-based crop rotations (Chalk,
1998; Peoples et al., 2009; Preissel et al., 2015). In this study, we linked
ﬁeld experimental data with the APSIM model to present three
propositions relating to the beneﬁts of grain legumes in rotations: (1)
simulations of the net input of legume-ﬁxed N2; (2) N contribution of
grain legumes to subsequent crops; and (3) economic proﬁtability of
incorporating grain legumes in crop sequences.
4.1. Simulations of the net input of legume-ﬁxed N with APSIM
Nitrogen is the primary soil nutrient limiting agricultural productivity in Australia (McNeill and Penfold, 2009; Nichols et al., 2007) and
elsewhere (FAO Joint, 1998). Understanding the processes of N
accumulation (demand, uptake and translocation of N) in response to
climate variables, soil water and N supply, and their eﬀects on crop
yields, is an important research issue for crop production. The role of
symbiotic N2 ﬁxation by grain legumes to improve soil N fertility in
agricultural systems has been the subject of numerous studies (Jensen
et al., 2006; McCallum et al., 2000; Peoples et al., 2009; Preissel et al.,
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Fig. 4. Response of yields (a, b), biological N2 ﬁxation in above-ground biomass (c, d) and whole plant (e, f) of ﬁeld pea and lupin to N inputs in wheat/canola growing seasons and
rotation systems in rainfed cropping systems at Wagga Wagga, NSW, Australia. FCC, FWW, FCW represent ﬁeld pea-canola-canola rotations, ﬁeld pea-wheat-wheat rotations and ﬁeld
pea-canola-wheat rotations, respectively; LCC, LWW and LCW represent lupin-canola-canola rotations, lupin-wheat-wheat rotations, and lupin-canola-wheat rotations, respectively.

ﬁxation in total plant biomass in this study were acceptable and further
conﬁrmed the capability of APSIM to estimate the net input of ﬁxed N2
to subsequent crops, N contributions of grain legumes to subsequent
crops, and the productivity beneﬁt of wheat/canola planted after grain
legumes caused by legume-ﬁxed N. However, this applies only to the
pure nitrogen eﬀect; the full nitrogen plus break-crop eﬀect of grain
legumes is not estimated by APSIM, which needs further model
development.

explored at both crop and rotation levels in this study. Our simulation
results showed that, without N fertilization, grain legumes contributed
25–60 kg N ha− 1 of ﬁxed N to subsequent crops (Fig. 6c–d), which
agreed with results from previous studies (Anderson et al., 1998; Beckie
et al., 1997; Chalk et al., 1993; Evans et al., 1991; Evans et al., 1989;
McCallum et al., 2000). However, legume N, as an organic material, has
the notable feature of mineralization, and N release follows the
exponential decay function and can take years (Davidson et al., 1991;
Ladd and Amato, 1986; Ladd et al., 1983). Nevertheless, 60–80% of
organic material decomposes in the ﬁrst two years (Davidson et al.,
1991; Ladd and Amato, 1986; Ladd et al., 1983). Our simulations also
showed that 30–55% and 60–85% of net N input of legume-ﬁxed N

4.2. Nitrogen contribution of grain legumes at crop and rotation levels
The direct N contribution of grain legumes to subsequent crops was
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Fig. 5. Impact of N inputs in wheat/canola growing seasons on yields of wheat and canola in legume cereal-based and non-legume crop rotations in rainfed cropping system at Wagga
Wagga, NSW, Australia.
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subsequent crop growing seasons increased, legume N contributions
reduced, similar to ﬁndings reported by Peoples et al. (1995), Peoples
et al. (2009) and Preissel et al. (2015). Additionally, we conﬁrmed that,
in this region, the direct N beneﬁt of grain legumes to subsequent crops
would be invisible when N fertilizer was applied over the optimal level.
In our studies, the optimal rate of N fertilizer was 125 and
75 kg N ha− 1 y− 1 for canola and wheat respectively. The typical N
fertilizer application rate in the study region is about 50 kg N ha− 1 y−1
to canola and 40 kg N ha− 1 y−1 to wheat. At these application rates,
the addition of grain legumes in crop sequences could provide up to
40 kg N ha− 1 of average annual N beneﬁt to the next crop and up
to70 kg N ha− 1 to crops over two years.
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4.3. Economic proﬁtability
Our simulated results showed that individual legume crops were
uneconomic compared with wheat and canola (Fig. 8c–d) as previous
studies have reported (Lehmann et al., 2013; Li et al., 2010; Preissel
et al., 2015). This is one of the major reasons for the decline of legume
production, especially in Australian rainfed cropping systems (Seymour
et al., 2012), because proﬁt-motivated farmers seek and adopt cropping
systems that provide higher net economic beneﬁt (Zentner et al., 2002).
The decline of legume production in Australian cropping systems can be
attributed to insigniﬁcant N beneﬁt from individual legume crops,
higher economic risk in using grain legumes as break crops in
comparison to cereal crops (Seymour et al., 2012), and the signiﬁcant
increase in more proﬁtable canola production (ABARES, 2016; Li et al.,
2016), since canola was introduced into Australia in the late 1980s
(ABARES, 2016; Seymour et al., 2012).
However, our simulations indicate that the proﬁtability of incorporating legume crops into crop sequences may be underestimated, as may
estimates of N beneﬁt from grain legumes. We observed that legume
crops provided additional N to subsequent crops (Fig. 6), resulting in a
yield beneﬁt to the subsequent crop (Fig. 4) and higher farm proﬁtability of subsequent crops in legume cereal-based crop rotations
(Fig. 8a–b). This resulted in a higher gross margin from legume

40
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Fig. 7. Response of N contribution of grain legumes to wheat/canola (a) and the fraction
of N contribution to the net N input of legume-ﬁxed N (CF, b) at rotation level to N
fertilizer inputs in wheat/canola stages at Wagga Wagga, NSW, Australia.

would contribute to the succeeding crop and to two crops respectively,
corresponding to a total 60–110 kg N ha− 1 in the two years after the
legume crop (Figs. 6 and 7). This indicated that the N beneﬁt to crops
should be measured over two years to fully evaluate the N contribution
of grain legumes.
To further explore the proﬁtability of incorporating legume crops in
the study region, we investigated the response of legume N contribution
to N fertilizer applied in wheat/canola in legume cereal-based crop
rotations (Figs. 6 and 7). Our results showed that as N inputs in
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Fig. 8. Response of gross margins gained by sowing canola (a), wheat (b), ﬁeld pea (c) and lupin (d) to N inputs in wheat/canola growing seasons in non-legume crop and legume cerealbased crop rotations at Wagga Wagga, NSW, Australia. FCC, FWW, FCW represent ﬁeld pea-canola-canola rotations, ﬁeld pea-wheat-wheat rotations and ﬁeld pea-canola-wheat rotations,
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crop beneﬁt and reduced greenhouse gas emissions, were not considered in this study. By acting as a break crop, grain legumes have
potential to reduce pests and diseases in following crops, thereby
reducing control costs and increasing net proﬁt. In ﬁxing nitrogen,
legumes potentially reduce nitrous oxide emissions (Reckling et al.,
2016). The break crop beneﬁts of canola to wheat productivity were
also not considered in this study. Further research should incorporate
break crop and emissions beneﬁts to fully evaluate the proﬁtability of
retaining or adding legume crops in crop rotations.

cereal-based crop rotations in comparison with non-legume crop
rotations when N fertilizer inputs in the canola/wheat crop growing
seasons were lower than optimal N input levels (Fig. 9). The gross
margins of legume rotations would be even higher, when break crop
beneﬁts were considered. Our results, supported by Sánchez-Girón et al.
(2004) and Preissel et al. (2015), demonstrate that addition of grain
legumes into crop sequences could lead to an economic beneﬁt to
farmers, and that beneﬁts of grain legumes need to be considered at the
rotation level rather than the individual crop level. Moreover, our study
conﬁrmed an upper limit of 75 kg N ha− 1 of N fertilizer input in the
wheat/canola growing season if inclusion of grain legumes in crop
sequences is to be proﬁtable. This provides useful information for
farmers in the region looking to gain optimal proﬁt under diﬀerent N
inputs.
Additional beneﬁts of legume crops in rotations, including the break

5. Conclusion
Our simulation study conﬁrmed that APSIM is a reliable tool to
estimate the pure N contribution of grain legumes to subsequent crops
after careful validation against observed data relating to growth, above-
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