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a b s t r a c t

While the amount of nitrogen (N) contributed to agricultural soils by above ground legume biomass can
be over 300 kg N/ha when grain is not harvested, its availability to subsequent sugarcane crops is uncer-
tain. In Australia it is generally accepted that inorganic N fertiliser applied to the sugarcane (Saccharum
officinarum L.) crop in the first year (termed the plant crop) following a ‘good’ legume fallow crop that
is not harvested can be substantially reduced, or even eliminated. However, current recommendations
do not consider the carry over of legume N to crops beyond the plant crop (termed ratoons), for which
standard N fertiliser rates are considered necessary. Based on a simple field experiment extending the
duration of a soybean (Glycine max L.) fallow and two sugarcane crops (plant and first ratoon), cropping
system simulation was used to provide a first estimate of how long and how much soybean N remains
available for uptake by sugarcane following a soybean break crop. The soybean and sugarcane rotation
plot was carried out at Mossman, Queensland over 3 years during which crop yield, plant N, and total soil
C and mineral N were measured. The soybean variety Leichhardt produced 9 t/ha (±0.7) above ground
dry weight, containing 301 kg N/ha (±36) which contributed to the soil N stores. After independently
developing parameter values for Leichhardt, model simulations were run. The model explained 91% of
the variation observed in soil mineral N to a depth of 1.5 m. Additional legume and sugarcane rotation

simulations were run for the Burdekin and Bundaberg sugarcane regions. Across all three study sites
the simulations suggested that legume N was available to the sugarcane crop up to the fourth ratoon.
Acknowledging the limitations of this initial exploratory study, it is hypothesized that potential reduc-
tions in fertiliser application rate could be up to approximately 100% in the first ratoon, and 60%, 25%
and 10% in the subsequent ratoons. These findings require further validation but suggest a potential eco-
nomic and environmental win–win outcome from refining N management practices in sugarcane-legume
rotation cropping systems in Australia and other countries.
. Introduction

Growing legumes as a rotation break crop has a long history
Chorley, 1981). It is widely practiced today in both industrial and
ubsistence production systems worldwide (e.g. George et al., 1995;
ecker and Johnson, 1998; Biederbeck et al., 2005), including sug-
rcane (Pramanee et al., 1997; Nixon and Simmonds, 2004; Garside

nd Bell, 2001). The inclusion of a legume fallow within a sugarcane
ropping cycle is practiced to reduce populations of detrimen-
al soil organisms (Pankhurst et al., 2003, 2005; Shoko and Zhou,
009), provide nitrogen (N) through biological fixation (Garside

∗ Corresponding author. Tel.: +61 02 6242 1736; fax: +61 02 6242 1555.
E-mail address: sarah.park@csiro.au (S.E. Park).

378-4290/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.fcr.2010.08.001
© 2010 Elsevier B.V. All rights reserved.

et al., 1996; Shoko and Tawira, 2007), and for weed suppression
(McMahon et al., 1989; Cheruiyot et al., 2003).

Legume break crops were a common feature of Australian sug-
arcane production until the 1970s, when regulations on the amount
of land required to be under fallow were lifted (Garside and Bell,
2001). Their promotion over the past few decades has focused on
improved soil health and increased crop productivity. However, the
N input into cropping systems may have contributed to environ-
mental problems (Crews and Peoples, 2004). These problems are of
particular concern in Australia where pollution of ground waters

(Thorburn et al., 2003), impacts on the Great Barrier Reef (Brodie
et al., 2008) and high emissions of nitrous oxide (Thorburn et al.,
2010) have been observed. The use of management practices to
reduce greenhouse gas emissions from agricultural production is
of broader international interest (Robertson et al., 2009).

dx.doi.org/10.1016/j.fcr.2010.08.001
http://www.sciencedirect.com/science/journal/03784290
http://www.elsevier.com/locate/fcr
mailto:sarah.park@csiro.au
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The amount of N contained in above ground soybean biomass
an be over 300 kg N/ha when grain in not harvested (Garside et
l., 1996) and approximately 60 (Schroeder et al., 2007) to 75%
Bell et al., 2003) less if grain is harvested. The amount of N in
egume residues that is available to the subsequent sugarcane
rops depends on soil processes. Immobilisation and mineralisation
ates of N can vary significantly with on-farm management prac-
ices, including whether the grain is harvested or retained with the
egume residues (Bell et al., 2006), and climate and soil conditions
Garside et al., 1998; Robertson and Thorburn, 2007a). Nonetheless,
t is generally accepted that the amount of inorganic N fertiliser
pplied to the sugarcane plant crop can be substantially reduced,
r even eliminated, following a legume fallow crop (Garside et al.,
997). General practice is for sugarcane growers to then revert
o standard N fertiliser rates for all subsequent ratoon crops. This
ssumes that there is no carry over of legume N available beyond
he plant crop. The duration and magnitude of any N carry over
rom soybean and potential reductions in rates of N fertiliser are, as
et, unquantified. It is therefore rational to conclude that any carry
ver of legume N beyond the plant crop that is not accounted for
hrough reduced N fertiliser applications, will increase the poten-
ial for greater environmental losses of N and reduced profitability
f sugarcane systems containing legume break crops.

Determining the duration and magnitude of legume N carry
ver, subsequent uptake by ratoon crops, profitability and envi-
onmental losses would require a comprehensive and long-term
xperiment based on different rates of N fertiliser and the presence
nd absence of a legume break crop. Whilst a published example of
uch an experiment has not been produced to date, probably due to
he amount of resources required to undertake it, the combination
f short-term field-base research and a simulation study approach
etailed here, provides the opportunity to scope the potential for
urther enquiry and R&D investment.

We have used a simple experimentation and simulation
pproach to undertake a scoping study of the potential of best
anagement practice recommendations for legume rotation break

rops to address both economic and environmental concerns. From

his we assess how long soybean N may remain available for uptake
y subsequent sugarcane ratoon crops. The results are used as the
asis for producing the first published estimates of potential reduc-
ions in N fertiliser use for the sugarcane ratoon crops grown within
sugarcane-legume rotation. If these preliminary results are found

ig. 1. Systems analysis of sugarcane production containing (a) a plant and soil mech
ugarcane-legume rotation experiment.
arch 119 (2010) 331–341

to be universal across sugarcane production systems, current N
management strategies could be refined to account for legume N
supply to ratoon crops, thereby reducing fertiliser costs to growers
and lowering the potential for environmental N losses.

2. Materials and methods

In this study we used the APSIM (Agricultural Production Sys-
tems Simulator) (v. 5.3) cropping systems model (Keating et al.,
2003) to simulate the yield response of sugarcane crops grown after
a ley soybean crop to different amounts of N fertiliser. Before under-
taking this modeling analysis, we (a) parameterised the legume
variety Leichhardt in APSIM with independent data and (b) veri-
fied predictions of crop growth and N response against observed
data from a sugarcane-legume rotation plot (Fig. 1). This combined
approach of using field and simulation data has been previously
found to be useful for optimising management practices in a
cropping systems setting, where there are complex interactions
between inputs, crop growth and soil processes (Lisson et al., 2005).

2.1. General configuration of the APSIM model

The APSIM model was used to simulate the growth of soybean
and sugarcane in rotation at Mossman, Burdekin and Bundaberg.
Model configuration included the soil water module SOILWAT2, the
soil nitrogen module SOILN2 and the surface organic matter mod-
ule SurfaceOM (Probert et al., 1998), with parameters for sugarcane
residue decomposition (Thorburn et al., 2001). Crop modules SUG-
ARCANE (Keating et al., 1999) and Soybean (Robertson et al., 2002)
were also used. As the sugarcane module in APSIM has already been
validated across a wide range of locations and management prac-
tices (Keating et al., 1999; Thorburn et al., 2001, 2005), this provided
confidence in using standard APSIM sugarcane parameter values to
simulate sugarcane growth and extrapolate the results beyond the
observed field data.

2.2. Parameters for the soybean variety Leichhardt
The soybean variety Leichhardt (Lawn and Imrie, 1994) had not
previously been parameterised in APSIM. The National Soybean
Improvement Program varietal evaluation database was there-
fore interrogated and parameter estimates for Leichhardt were

anistic model, (b) independent data on the legume variety Leichhardt and (c) a



S.E. Park et al. / Field Crops Research 119 (2010) 331–341 333

e-sug

d
2
b
i
v
d
m
t
m
d
c
t
n
t
r
fl
fi
r
fl
t

2

m
a
A
a
m
t
D
s
s
s
w
d
g
s
o
r
1
p

Fig. 2. Dates of key management activities in legum

erived from the phenology data and temperature records for
8 trials in which Leichhardt was grown. These trials were sown
etween 2000 and 2007 at a range of summer and winter plant-

ng dates at Ayr and Walkamin in north Qld. Defining parameter
alues required estimating thermal time (i.e. the number of day
egrees, ◦Cd) in each phenological stage of the plant’s develop-
ent. This was done by calculating daily mean temperature for

he duration of the breeding trials using the Queensland Depart-
ent of Natural Resources, Mines and Energy SILO patched point

atasets (Jeffrey et al., 2001). Daily units of thermal time were cal-
ulated using a base temperature of 6.5 ◦C and an optimum growth
emperature of 30 ◦C and summed for each phenological stage. Phe-
ological stage and day degrees were calculated as: emergence
o end of juvenile phase = 60 ◦Cd; end of juvenile phase to flo-
al initiation = 700–2000 ◦Cd; floral initiation to flowering = 24 ◦Cd;
owering to start grain fill = 270 ◦Cd; start grain fill to end grain
ll = 900 ◦Cd; end grain fill to maturity = 40 ◦Cd, and maturity to
ipe = 5 ◦Cd. Thermal time requirement for end of juvenile phase to
oral initiation depends on the duration of the photoperiod (within
he range 11–17 h).

.3. Sugarcane-legume rotation field data from Mossman site

A soybean and sugarcane rotation plot was established at Moss-
an in the wet tropics (16◦25′54′′ S; 145◦23′34′′ E). Soil texture

t the site was a fine sandy loam to light medium clay duplex.
nnual average rainfall for the period 1924 to 2005 was 2365 mm,
nnual average solar radiation 19.8 MJ/m2, and annual average
aximum and minimum temperatures 29.3 and 21.2 ◦C, respec-

ively (SILO patched point datasets (Jeffrey et al., 2001)). On 8
ecember 2005, 30 days after the previous sugarcane crop had been

prayed out with glyphosate, soybean (Glycine max cv. Leichhardt)
eed was inoculated with bacteroids of Bradyrhizobium japonicum,
train CB1809, and directly drilled below the sugarcane residue
ith two rows of soybean sown into each sugarcane mound, pro-
ucing a density of 25 plants/m2 (Fig. 2). The soybean crop was
rown through the local wet season under rainfed conditions and

prayed out on 15 May 2006 using the industry standard practice
f applying glyphosate (450 g/L) at a rate of 2.0 L/ha. Soybean crop
esidues (including grain) were ploughed in on 15 July 2006. On
7 August 2006 sugarcane (Saccharum officinarum cv. Q200) was
lanted into the site and three replicates containing sugarcane were
arcane rotation experiment conducted at Mossman.

established approximately 15.1 m wide (each containing 9 rows
spaced at 1.68 m) and 280 m long. For the sugarcane plant crop,
all three replicates were fertilised at planting with 41 kg N/ha (the
farmer’s standard basal fertiliser application rate) referred to as
‘NS’. For the first sugarcane ratoon crop, each of the three repli-
cate plots was given a different rate of N fertiliser. From that point
onwards, the experiment therefore became an un-replicated field
trial based on an N fertiliser treatment containing three levels of
application (i.e. only the soybean and sugarcane plant crops were
replicated). The application rates for the first sugarcane ratoon
crop were calculated using: (a) the farmer’s standard fertiliser rate,
referred to as ‘NF’; (b) the N-replacement formula, assuming sug-
arcane requires 1.0 kg N for every tonne harvested (Thorburn et al.,
2007) (Eq. (1)) and using the site’s long-term average sugarcane
yield of 100 t/ha as requested by the farmer, referred to as ‘NR’,
and (c) the same N-replacement formula as (b) amended to take
account of N provided by the soybean fallow crop (Eq. (2)), referred
to as ‘NRL’:

NR = Y × 1.0 (1)

NRL = Y × 0.7 (2)

where Y is mean sugarcane yield for the site. The multiplier rate
of 0.7 was determined for the NRL treatment by using 10% as a
conservative estimate of the proportion of legume N likely to be
available for uptake by the first ratoon crop, assuming a soybean
yield of 300 kg N/ha (Garside et al., 1996). The N fertiliser rates for
the first ratoon crop under NF, NR and NRL treatments therefore
resulted in 125, 104 and 73 kg N/ha, respectively, being applied to
the non-replicated plots.

The sugarcane plant crop was mechanically harvested on 15
October 2007 and fresh weight yield (t/ha) determined for each
plot using a commercial weighbridge. The same method was used
to determine yield produced from the first ratoon crop harvest on
1 September 2008. During the 3-year rotation field plot, soils were
sampled at three randomly chosen locations within each treat-
ment plot at between approximately 4–11-month intervals using

50 mm diameter steel tubes inserted to the depths shown in Fig. 2.
Once the sugarcane crop had been planted, at each of the three
locations within the plot, soil cores were taken from both within
the crop row and from the inter-row space and bulked together.
Soil cores were split into 0.3 m increments and soil mineral N
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Table 1
APSIM parameter values for the Mossman region for organic carbon (C), ammonium (NH4), nitrate (NO3) and soil pH to a depth of 2 m.

Soil depth

0–15 15–30 30–45 45–60 60–90 90–120 120–150 150–200

0.33
2.83

65.00
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C (%) 5.25 5.25 2.30
NH4 (kg/ha) 4.872 4.872 2.835
NO3 (kg/ha) 63.336 63.336 65.002
pH 4.84 4.83 4.83

etermined by extraction in 2 M KCl with NO3-N measured using
PA method 353.1 and NH4-N measured colorimetrically (Rayment
nd Higginson, 1992). In summary, this method reduces nitrate
o nitrite with hydrazine sulfate and the nitrite that is originally
resent plus the reduced nitrate is determined by diazotizing with
ulfanilamide and coupling with N-(naphthyl)-ethylenediamine
ihydrochloride to form a highly colored azo dye which is
easured colorimetrically. For each 0.3 m sample, C was also deter-
ined using combustion on a LECO CNS 2000 (LECO Corporation,

003a).
Soybean plants were sampled at half pod-fill stage (6 April 2006)

y collecting all above ground plant material from a 0.5 m length
f crop row at 3 randomly chosen locations within each treatment
lot (Morrison et al., 1999). Sugarcane stalks were sampled for total
content prior to the plant and first ratoon harvests by collect-

ng 15 stalks from each treatment, which is the industry standard
ampling regime for determining N concentration (Muchow et al.,
993; Thorburn et al., 2003). The sugarcane stalks were collected
y randomly selecting three stalks from within each of the middle
ve rows of sugarcane in each plot (thereby avoiding a minimum
f guard rows on each side). The sugarcane stalks were partitioned
nto stem, dead leaf, green leaf and cabbage to enable total N to
e determined for both the portion of the crop exported at harvest
nd crop residues retained in the field (i.e. trash). Plant total N was
etermined for both soybean and partitioned sugarcane stalks by
ombustion on a LECO CNS 2000 (LECO Corporation, 2003b). Sug-
rcane leaf samples were also collected from the plant crop around
id-season for analysis (Schroeder et al., 2007).

.4. Simulation of field data from Mossman

APSIM was used to simulate the growth of soybean and sugar-
ane in rotation using the same experimental design and agronomic
anagement detailed above for the field data produced at Moss-
an and daily climate data obtained from the SILO patched point

atasets (Jeffrey et al., 2001). In order to simulate the soybean
eing sprayed out, the crop was terminated and the above ground
iomass transferred to the surface residue pool, and the roots added
o the soil fresh organic matter (FOM) pool. When the soybeans
ere ploughed into the soil, all surface material was incorporated

nto the top 200 mm of soil (simulated by transferring it to the soil
OM pool). Default APSIM settings for biological N fixation were
sed in the simulations. This meant that fixation of N by the soybean
rop only occurred when demand for soil N could not be satis-
ed via mass flow and diffusion (Robertson and Carberry, 1998).
oil parameters used in the model were based on a well drained
edium to heavy clay soil of alluvial origin (Murtha and Smith,

994). This common soil parameter file has been used in previ-
us simulation studies to represent a common soil type found in
he Mossman region (Webster et al., 2009). Parameter values for
rganic carbon (C), ammonium (NH4), nitrate (NO3), and soil pH to

depth of 2 m are shown in Table 1.

By using the above method it was possible to produced param-
ter values for the model simulations without reference to data
athered from the field. This enabled the performance of APSIM
o simulate sugarcane crop yield and soil mineral N dynamics in
0.33 0.33 0.33 0.33
5 4.050 0.065 0.077 0.045
2 41.715 0.065 0.099 0.020

4.89 4.84 4.80 4.81

the legume-sugarcane rotation plot undertaken at Mossman to be
validated by independently produced data. Goodness of fit of the
model to observed soil mineral N was assessed by calculating the
root mean squared deviation (RMSD).

2.5. Simulation of N response curves for a range of biophysical,
climatic and management conditions at Mossman

Long-term simulations (106 years) were undertaken to esti-
mate the response curves for N fertiliser applied to sugarcane crops
grown in rotation with soybean or bare fallow at Mossman. The sim-
ulated cropping cycles represented common agronomic practices
in the region and consisted of a 12.5-month plant crop, planted 15
August at a density of 10 plants/m2, followed by four 12.5-month
ratoons simulated at densities of 9.5, 9.03, 8.57 and 8.15 plants/m2,
respectively. The simulated decline crop densities represented a 5%
reduction in the number of stalks surviving following each harvest;
this amount being inline with personal observation. The soybean
break crop simulation included the crop being planted, and after
the fourth ratoon (8 December), being terminated mid-May and
incorporated into the soil in mid-July. In the simulated bare fallow
rotation, harvest of the fourth ratoon was followed by a 9.5-month
bare fallow. For both cropping system simulations, production was
rainfed and sugarcane residues were retained to provide a green
cane trash blanket (GCTB). Both rotation scenarios were run for
12 different rates of N fertiliser, with the application rate being
determined as a function of the N exported in the previous crop,
as per the N-replacement approach (Thorburn et al., 2007). Follow-
ing this approach, between 0 and 2.0 kg N was applied for every
tonne of cane harvested in the previous crop (actual replacement
multipliers were 0, 0.27, 0.54, 0.72, 0.90, 0.99, 1.08, 1.26, 1.44, 1.62,
1.80 and 2). In the case of a sugarcane plant crop, the simulated
yield of the last ratoon crop in the previous sugarcane cropping
cycle was used to determine the amount of N fertiliser. Use of the
replacement approach meant that annual N application rates were
not consistent through time, but varied according to previous yield,
however we report N response curves for mean amount of N applied
over the duration of the simulations. Fertiliser was applied to the
plant crop at planting and to the ratoon crops 42 days after simulat-
ing harvest. The model was run using observed daily climate data
for the period 1900 to 2005 sourced from the Queensland Depart-
ment of Natural Resources, Mines and Energy SILO patched point
datasets. In order to synchronise the sugarcane crop cycles across
both the soy and bare fallow treatments throughout the duration
of the 106 years of simulations, the soybean crop was first planted
in 1900, and the bare fallow started in 1901. The simulation output
for the first 4 cropping cycles (up to 1923) were discarded so that
the model could reach equilibrium and the initial values chosen
for the model parameters would not impact results (Lisson et al.,
2000). The remaining data (1924–2005) were used for analysis.

Further simulations were conducted to consider the impact of

the soybean crop on the sugarcane yield and the amount of N fer-
tiliser required to achieve 97% maximum potential yield, compared
to a sugarcane and bare fallow rotation. Parameterisation of the
bare fallow simulations was identical to the soybean–sugarcane
rotation simulations, without the growth of the soybean break crop.
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Table 2
Summary of simulated legume and sugarcane rotations grown under different biophysical and climatic conditions and agronomic management. GCTB: green cane trash
blanket.

Location Soil type Irrigation Management of
legume residues

Management of plant
crop (variety, crop
duration (months), trash
management)

Management of ratoon
crops (no. of ratoon crops,
crop duration (months),
trash management)

Mossman Fine sandy loam to light
medium clay duplex

None Ploughed in Q200, 12.5, GCTB 4, 12.5, GCTB

Burdekin site 1 Alluvial clay 23.3ML Left on surface Q117, 15, burnt 3, 13, burnt
Left on surface Q117, 15, burnt 3, 13, burnt
Left on surface Q117, 15, burnt 3, 13, burnt
Left on surface Q117, 15, burnt 3, 13, burnt
Left on surface Q124, 12-month, GCTB 4, 12, GCTB
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Fig. 3. Mean mineral N (±S.E.) in the soil profile in 0.3 m increments for the five sam-
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Burdekin site 2 Sandy clay loam 23.3ML
Burdekin site 3 Sandy clay 23.3ML
Burdekin site 4 Sandy clay 23.3ML
Bundaberg Clay loam 1.5ML

he yield target was set at 97% maximum potential yield due to the
xtended asymptotes found for the simulated N response curves
or the ratoon crops and the reduced financial returns achievable
er unit of N fertiliser applied as yields approach a maximum.

.6. Model simulations for Burdekin and Bundaberg

In order to initiate a broader consideration of potential reduc-
ions in the rates of N fertiliser in other areas of the Australian
ugarcane industry, similar N response curves were also produced
rom simulated soybean and sugarcane rotations grown in the
urdekin dry tropics and the Bundaberg area of Queensland. Sum-
ary details of soil and crop management for these simulations are

hown in Table 2. Further details of soils for the Burdekin sites can
e found in Stewart et al. (2006) and Thorburn et al. (2009), and soil
nd crop management details for Bundaberg in Bell et al. (2006).

. Results

.1. Goodness of fit of the model to observed data from the field
lot at Mossman

The soybean crop grown in the field trial at Mossman pro-
uced 9 t/ha (±0.7) above ground dry weight biomass containing
01 kg N/ha (±36). The model predicted above ground dry weight to
e 11 t/ha, an over-estimation of 22%, and N content to be 394 kg/ha,
n over-estimation of 24%.

Mean cane fresh weight from the plant crop was 110 t/ha
Table 3). This figure is reported in line with the sugarcane
ndustry convention of recording millable stalk yield. The model
imulated mean cane fresh weight from the plant crop was
04 t/ha, an under-estimate of only 6%. The sugarcane crop grown
t Mosman produced 54.5 t/ha (±0.5) above ground dry weight
ontaining 133 kg N/ha (±1.7). These data compared to model sim-
lations of 36.7 t/ha and 162 kg N/ha, respectively, resulting in an

nder-estimation of 33% for above ground dry weight and an over-
stimation of 18% for N content. Observed commercial cane sugar
c.c.s) in the plant crop was high at 15.1. Industry standard mid-
eason leaf testing showed no indication of N stress in the crop.
here was minimal variation in the observed yield of cane pro-

able 3
bserved (Obs) and predicted (Pred) measures of soybean and sugarcane biomass produ
ifferent rates of N fertiliser (Fert) and management regimes: NF = the farmer’s standa
mended to take account of N provided by the soybean fallow crop.

Sugarcane crop Harvest date NF

Fert Cane yield (t/ha)

Obs Pred

Plant 15/10/2007 41 107 104
Ratoon 1 01/09/2008 125 83 87
ple dates. No standard error bars displayed for the three treatment results reported
for 6 October 2008 (NF – farmer’s standard fertiliser rate; NR – N-replacement; NRL

– N-replacement taking into account N supplied from the soybean crop).

duced across the three N fertiliser treatments in the first ratoon.
Cane yields produced in the first ratoon ranged from 81 to 83 t/ha,
showing minimal variation in response to N fertiliser rate despite
the highest N application rate being over 40% more than the lowest.
Given that there was no account taken of the potential contribution
of N derived from biological N fixation by the soybean crop used
when calculating the reduction in N fertiliser applied to the first
ratoon, and knowledge that fixation by soybeans can contribute a
substantial additional amount of N to the soil (Chapman and Myers,
1987; Garside et al., 1996; Ncube et al., 2009), this would suggest
the reductions in N fertiliser used in this study have potential to
be reduced further. The model performed well in predicting cane
yield in the first ratoon across the full range of N fertiliser treat-
ments (73–125 kg N/ha), producing an average over-estimation of

only 3%.

In terms of field data, a total of 305 kg (±56) of mineral N was
observed in the top 1.5 m of the soil profile on 14 August 2006, about
1-month after the soybean crop had been incorporated (Fig. 3). The

ced for the 3 N treatments in the Mossman legume-sugarcane rotation plot under
rd fertiliser rate; NR = the N-replacement formula; NRL = N-replacement formula

NR NRL

Fert Cane yield (t/ha) Fert Cane yield (t/ha)

Obs Pred Obs Pred

41 111 104 41 111 104
104 81 86 73 82 84
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Fig. 4. Observed (black square symbols with standard error bars) and simulated (black solid line) mineral N in the top (a) 0.3 m and (b) 0.3–0.6 m of soil profile for soybean
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third ratoons, simulated yields responded to increasing amounts
of N fertiliser up to around 110 kg/ha. The fourth ratoon crop failed
to respond to further applications of N fertiliser beyond approxi-
mately 150 kg/ha.
nd sugarcane plant crops. Grey solid line shows predicted NF treatment, dashed g
riangle, circle and star symbols (overlapping on 6 Oct 2008) show observed miner
= soybeans planted (8 December 2005); 2 = soybeans sprayed out (15 May 2006
ugust 2006); 5 = sugarcane plant crop harvested (15 October 2007); 6 = fertiliser tr

ajority of this (61%) was found within the top 0.3 m, and a further
3% at a depth of between 0.3 and 0.6 m. Just over 4 months later
20 December 2006), the amount of mineral N in the top 0.9 m of the
oil profile was largely unchanged at 317 kg N/ha, however N in the
op 0.3 m had reduced by approximately 50 kg and correspondingly
ncreased by approximately 50 kg in the 0.3 to 0.6 m increment.
fter a further approximately 4 months (11 April 2007), mineral
in the top 0.3 m of the soil profile had reduced substantially to

4 kg N/ha. Subsequent mineralisation of N resulted in this increas-
ng to 29 kg N/ha when it was measured again nearly 7 months later
2 November 2007). The three samples taken on 6 October 2008
howed there to be virtually no mineral N in the top 0.9 m of the
oil profile at Mossman by the end of the first ratoon.

Given the vast majority of mineral N was observed in the
op 0.6 m of the soil profile at Mossman, the simulated min-
ral N is shown for only the two top 0.3 m soil increments
Fig. 4). Fig. 5 shows that APSIM accounted for 91% of the varia-
ion in the observed soil mineral N across all 0.3 m increments up
o 1.5 m over the 26-month period, with a significant correlation
etween observed and simulated data (p < 0.01).

.2. Simulation of N response curves for a range of biophysical,

limatic and management conditions at Mossman

The simulated average response of sugarcane plant and ratoon
rop yields when grown in rotation with a soybean break crop at
ossman under a range of N fertiliser application amounts are
e shows predicted NR treatment, and dotted grey line shows NRL treatment. Black
r NF, NR and NRL, respectively. Grey numbered arrows indicate agronomic events:
soybeans ploughed in; 4 = sugarcane planted and 41 kg N/ha fertiliser applied (17
nts applied (5 November 2007); 7 = 1st ratoon harvested (1 October 2008).

shown in Fig. 6. The simulations show no yield response for the
plant crop to N fertiliser applied. The first ratoon crop showed
increased yield with N fertiliser applications up to 50 kg/ha, with no
further response at higher rates of application. In the second and
Fig. 5. Observed and simulated mineral N (kg/ha) in 0.3 m increments of the soil
profile to a depth of 1.5 m. Dashed line shows 1:1 relationship and solid line shows
linear regression. Mineral N: y = 0.98x + 0.22, R2 = 0.91, p < 0.01; RMSD = 62 kg min-
eral N/ha. Standard error of estimate is 20.961. N treatments: NS – standard basal
fertiliser rate; NF – farmer’s standard fertiliser rate; NR – N-replacement; NRL –
N-replacement amended to take account of N provided by the soybean fallow crop.
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ig. 6. Simulated N response curves for sugarcane crops grown in rotation with
legume fallow at Mossman. Cane yield expressed as a percentage of the mean
aximum potential yield obtainable for a crop during the period 1925 to 2008.

SD = least significant difference (p = 0.05).
The long-term (106 years) model simulations showed similar
ugarcane mean annual fresh cane yields were produced in the
oybean fallow grown in Mossman (92 t/ha) to those produced in
he bare fallow rotations (92 t/ha), resulting in similar cumulative

able 4
imulated sugarcane yield (fresh weight) response to applied N fertiliser at Mossman, Bu
b) a bare fallow. Mean (and standard error (±)), total sugarcane yield and N fertiliser am

Location Sugarcane crop Legume fallow

97% maximum potential
yield (t/ha)

Ap
fe

Mossman Plant 89 0
Ratoon 1 92 12
Ratoon 2 94 77
Ratoon 3 91 80
Ratoon 4 92 10
Mean 92 (±0.9) 54
Total 458 26

Burdekin site 1 Plant 156 28
Ratoon 1 139 63
Ratoon 2 147 11
Ratoon 3 147 15
Mean 147 (±3.1) 89
Total 589 35

Burdekin site 2 Plant 182 28
Ratoon 1 165 11
Ratoon 2 166 11
Ratoon 3 164 13
Mean 169 (±3.8) 92
Total 677 36

Burdekin site 3 Plant 131 28
Ratoon 1 113 40
Ratoon 2 120 95
Ratoon 3 118 12
Mean 121 (±3.4) 65
Total 482 25

Burdekin site 4 Plant 116 28
Ratoon 1 104 36
Ratoon 2 113 87
Ratoon 3 113 11
Mean 112 (±2.3) 60
Total 446 23

Bundaberg Plant 100 42
Ratoon 1 109 0
Ratoon 2 102 15
Ratoon 3 109 43
Ratoon 4 118 61
Mean 107 (±3.2) 32
Total 537 16
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sugarcane yields across the duration of a crop cycle (Table 4). The
similar yields enabled a direct comparison to be made between
the amounts of N fertiliser required to achieve 97% of mean maxi-
mum sugarcane yield when grown with and without the soybean
break crop. Neither simulations for bare or soybean fallow rota-
tions required N fertiliser to be applied to achieve 97% maximum
yield in the plant crop. In contrast, all ratoon crops in both crop-
ping systems showed a yield response to applied N fertiliser. A
sugarcane yield of 92 t/ha was achieved in the first ratoon of the
soybean rotation following an N fertiliser application of 12 kg/ha.
When compared to the 91 kg N/ha required to produce a similar
yield from the bare fallow cropping system (93 t/ha), this shows
an 87% reduction in the amount of fertiliser applied. The trend for
a reduced N fertiliser requirement following a simulated soybean
break crop continued through the second, third and forth ratoons,
with N fertiliser applications being reduced by approximately 30,
25 and 10%, respectively.

3.3. Model simulations for Burdekin and Bundaberg
The N response curves simulated for Burdekin and Bundaberg
conditions showed sugarcane yields from the rotation including
the soybean break crop were again similar to those produced when
the soybean was removed and a bare fallow simulated (Table 4).

rdekin and Bundaberg when grown in rotation with (a) a legume fallow crop, and
ounts calculated for the whole crop cycle.

Bare fallow

proximately N
rtiliser applied (kg/ha)

97% maximum potential
yield (t/ha)

Approximately N
fertiliser applied (kg/ha)

89 0
93 91
93 113
92 109

0 92 110
(±20) 92 (±0.7) 85 (±21.5)
9 459 423

160 129
140 142

6 147 160
0 147 177
(±24.3) 149 (±3.7) 152 (±9.4)
7 594 608

188 118
4 166 186
7 167 160
7 165 157
(±27.8) 172 (±4.9) 155 (±12.5)
8 686 621

134 74
115 111
120 117

3 118 129
(±24.6) 122 (±3.8) 108 (±10.6)
8 487 431

118 95
105 93
113 120

5 113 127
(±23.0) 112 (±2.4) 109 (±7.7)
8 449 435

102 42
113 37
113 38
120 45
129 62

(±10.9) 115 (±4.6) 45 (±4.6)
1 577 224



338 S.E. Park et al. / Field Crops Rese

F
y
d

T
y
b
M
o
a
w
w
T
b
i
S
s
a
a

4

t
c
s
s
r
5
a
c
a
e
i
e
y
t
r
s
v
7
m
y
c
e
b
2
t

ig. 7. Comparison of reductions in N fertiliser across a number of long-term (106
ears) simulated legume and sugarcane rotations across different biophysical con-
itions and crop management practices. R = ratoon.

he amount of N fertiliser required to achieve 97% of maximum
ield was also generally lower in rotations containing a soybean
reak crop. The general trend across all sites simulated (including
ossman) was for older ratoon crops to require increasing amounts

f N fertiliser (Fig. 7). Across all scenarios, the amount of N fertiliser
pplied to the plant crop to reach 97% of maximum production
as between approximately 60% and 100% lower when soybean
as grown as a break crop compared with the bare fallow rotation.

his reduction was between 40% and 100% in first ratoon crops,
etween 20% and 60% in second ratoon crops, between 5% and 25%

n the third ratoon and between 2% and 10% in the forth ratoon.
imulations over the whole crop cycle show that incorporating a
oybean break crop reduces the amount of N fertiliser required to
chieve 97% potential yield by approximately 30–40% of the total
mount of N required for a crop cycle incorporating a bare fallow.

. Discussion

The most important issue addressed in this paper is the assump-
ion that N from a well grown legume break crop does not
ontribute N to sugarcane beyond the initial plant crop. We have
hown this assumption not to be valid for the sugarcane production
ystems studied and simulated, particularly for the first sugarcane
atoon crop. Results from the 3-year field plot in Mossman show
4 kg mineral N/ha was present within 1.5 m of the soil surface
t the beginning of the first ratoon growing season, a depth that
orresponds to the root zone of sugarcane ratoon crops (Smith et
l., 2005). Using a widely used simulation modelling approach to
xtrapolate the results beyond the duration of the field plot data, it
s confirmed that sufficient net mineralisation could provide almost
nough mineralised N to grow the plant crop without depressing
ield. The virtually identical sugarcane yields observed across the
hree N fertiliser rates for the first ratoon crop also indicate no
esponse to increasing rates of N fertiliser, and suggest sufficient
upplies of N were already present in the root zone. This obser-
ation was also supported by model simulations that showed just
kg N/ha was needed by the first ratoon crop simulated for Moss-
an to produce the target yield, i.e. 97% of maximum potential

ield (Rabbinge, 1993). This resulted in a reduction of 113 kg N/ha

ompared with present N fertiliser recommendations (Schroeder
t al., 2008). The modelling study also suggests subsequent ratoons
enefit from soybean N, with the total reduction in N fertilisation
01 kg N/ha over a 5-year sugarcane production cycle. A general
rend of diminishing reductions in N fertiliser requirement follow-
arch 119 (2010) 331–341

ing a soybean break crop was also estimated across the full six sites
and three growing regions included in the long-term simulations.

Translating the field plot and model simulation findings into
practical N management recommendations will require further
field and simulation investigations focusing on the cycling and fate
of legume N during the cropping cycle. Using the model output from
the long-term simulations in this study, it is seen that N continues
to become available more than 4 years after the soybean crop is
harvested (over and above that available in a bare fallow system).
Over the nearly 70 years of the long-term crop simulations data
analysed, this results in an average increase in soil mineral N con-
tent of approximately 4% (data not shown). Model output confirms
that higher levels of N in rotations containing a soybean crop were
immobilised into the soil organic matter (represented by the fresh
organic matter and soil microbial biomass pools in APSIM) follow-
ing crop termination, compared with rotations containing a bare
fallow. This increased supply of N enabled net mineralisation and
provided a readily available supply of mineral N for uptake by the
sugarcane crop. The additional input of N into the system thereby
lowered N fertiliser requirement in the simulated soybean rota-
tion necessary to maintain sugarcane yield. The lower quantities
of mineralised N simulated in the bare fallow rotations resulted
in the sugarcane crops consequently showing a yield response to
applications of N fertiliser.

This study contributes a first step in providing a “rule-of-thumb”
for reducing N fertiliser application rates following a soybean break
crop and demonstrates the usefulness of combining limited obser-
vational data with an extensively-validated mechanistic model
of crop growth. Operationalising this information in say, the N-
replacement approach, would require the appropriate percentage
of N contributed from the soybean break crop to each crop in the
sugarcane cropping cycle be used to modify the N fertiliser require-
ment. Whilst the exact percentage reduction in N fertiliser for each
crop is yet to be tested in field experiments over a wide range of con-
ditions, the combination of independent model parameterisation,
a sugarcane-legume field plot and model simulations presented in
this paper is offered as a first step in modifying the balance sheet
approach to N fertiliser management to take account of N inputs
from organic sources such as legumes. Other target yield based N
management strategies (e.g. Schroeder et al., 2007) should similarly
look to subtract legume N sources from current recommendations
for sugarcane ratoon crops to avoid potential over-fertilisation of
ratoons, decrease grower costs and reduce the amount of N avail-
able for loss to the environment.

The concept of reducing N fertiliser rates in response to organic
N contributions is not new to the Australian sugarcane indus-
try. Green cane trash blanketing (GCTB) may contribute up to
54 kg N/ha to the soil, as well as large quantities of C which increase
the ability of the soil to immobilise and subsequently mineralise
N (Robertson and Thorburn, 2007a). In response to this contribu-
tion of N and resulting enhanced N cycling capacity (Robertson and
Thorburn, 2007b), modelling predicts that it is possible to decrease
the amount of inorganic N fertiliser applied to sugarcane once the
soil has reached a new equilibrium in C (typically a period of greater
than 15 years). Long-term changes to N management in response
to GCTB differ from those suggested here for legume residues due
to the relatively higher amounts of N and lower carbon content of
legumes resulting in more immediate changes to soil N cycling.

The similar yields observed in both the soybean and bare fal-
low rotational systems suggests that net economic benefits from a
soybean/sugarcane rotation will only be realised if the relative pro-

duction costs for growing the soybean fallow are out-weighed by
the reduced requirement for N fertiliser. Given that a soybean break
crop costs approximately $200–250/ha (Roebeling et al., 2004) and
2008 price of urea is approximately $2.40/kg of N, the fertiliser N
saving needs to be in the order of 80–100 kg N/ha to achieve parity.
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ver the 5-year crop cycle, savings in N fertiliser were greater than
70 kg N/ha at the Mossman site and all Burdekin sites, but only
3 kg at Bundaberg. Whilst a soybean crop grown at Mossman is
nlikely to be harvested for grain due to the coincidence of crop
aturity with the wet season, financial gains from harvested soy-

ean grain in drier regions such as the Burdekin and Bundaberg,
ould need to be taken into consideration in financial analyses.

In addition to the above potential benefits to profitability, align-
ng rates of N fertiliser more closely to crop N demand by accounting
or N contributed from other sources, such as a legume break
rop, are generally considered to lower the risk of environmental
osses (Hemwong et al., 2009). This is particularly important given
ncreasing scrutiny of land use impacts on reef water quality (e.g.
eef Water Quality Protection Plan (Anon, 2003)) and the identifi-
ation of sugarcane production as the most likely major source of N
ound in some stream catchments discharging into the Great Barrier
eef Lagoon (Mitchell et al., 2005). It is therefore concluded from
his scoping study that there is sufficient potential for improved
conomic and environmental outcomes to justify further enquiry
nd R&D investment into a more extensive sugarcane-legume rota-
ion experiment.

Whilst the above results have been produced for sites in Aus-
ralia, similar recommended rates of N are typically associated with
ugarcane production in Guatemala (Pérez et al., 2008), Mexico
Palma-López et al., 2002), South Africa (Meyer and Wood, 1994)
nd areas of USA (Anon, 2001; Wiedenfeld and Enciso, 2008), India
Roy et al., 2006). Nitrogen runoff from sugarcane production is
lso implicated in the degradation of downstream environments
n a number of these countries (Liao, 2008; Yu et al., 2008). Possibly
he most notable is the Everglades National Park in Florida, USA,
here agricultural production has been associated with high con-

entrations of N in Lake Okeechobee and the downstream wetlands,
esulting in loss of native plant species such as sawgrass (Cladium
amaicense Crantz) (Capone et al., 1995). Similar to the Great Bar-
ier Reef Marine Park, the Everglades has received national and
nternational recognition as an area of outstanding environmen-
al importance (Maltby and Dugan, 1994) and is thus the target of

uch surveillance.
Interest and use of legumes in the sugarcane rotation in regions

f Brazil (Resende, 2000), the USA (Muchovej, 1995) and Guatemala
Pérez et al., 2008) suggests widespread and substantial reductions
n inorganic N fertiliser use may be possible at a global scale through
n increased appreciation of the potential contribution of N from
oybean crops within the sugarcane rotation. In broader terms, the
se of legumes as a rotation crop in combination with other crop
pecies, e.g. cotton (Sankaranarayanan et al., 2010), maize (Ndufa
t al., 2009), sorghum (Ncube et al., 2009) and pearl millet (Ghosh
t al., 2007), highlights the need for further understanding of the
patial and temporal contribution of N from legume crops.

A secondary issue addressed in this study was the use of an inde-
endent dataset to parameterise the soybean variety and provide
n initial test of the skill of the APSIM model to simulate the growth
f Leichhardt soybean variety. Whilst the simulated biomass and N
ontent for soybean were both over-estimated by approximately
0%, this is unlikely to alter the potential reductions in N fertiliser
ates substantially, resulting in application rates that are still well
elow those presently used across the industry.

Sugarcane yield (cane fresh weight) and N content were sim-
lated reasonably well, and were in line with previous modelling
tudies (Keating et al., 1999; Inman-Bamber and McGlinchey, 2003;
horburn et al., 2005). The model was also able to capture well

he cycling of soil N stores over the 26-month period within the
op 1.5 m of the soil profile. However, above ground dry weight,
articularly for sugarcane, was less well simulated by the model.
his may have in part resulted from differences between the car-
on content of the sugarcane variety grown in Mossman, and that
arch 119 (2010) 331–341 339

used in the simulations. Notwithstanding this matter, the general
model output provides sufficient confidence to continue using the
model to assist N management decision-making for both produc-
tion and environmental optimisation in a sugarcane and soybean
rotation.

It is important to note the limitations in APSIM when estimating
crop yields and soil N status. The long-term mean yields obtained
for sugarcane grown in rotation with either the soybean break crop
or bare fallow suggest that there are no additional yield benefits
associated with the soybean break crop provided N requirements
are satisfied with fertiliser additions. However published data show
legume crops offer yield benefits throughout the sugarcane crop
cycle due to good establishment of the plant crop (Garside and Bell,
2007) and improved soil health (Pankhurst et al., 2003). Whilst the
model is able to reflect yield benefits resulting from an increase
in soil carbon and mineral N following the incorporation of soy-
bean residues, other benefits related to crop establishment and soil
health are not represented.

In summary, this study provides initial evidence for the con-
tinued availability of legume N to sugarcane crops beyond the
plant crop. The limited number of sites and management prac-
tices included in this study means that more extensive validation
is required before sugar industries around the world can support
a reduction in the amount of N fertiliser applied to ratoon crops.
This study has focused on the Australian sugarcane industry, and
more specifically on the amount of N assimilated by the sugarcane
crop as represented in N response curves produced for a limited
number of biophysical and management scenarios. The clear divi-
sion in N reduction potential between the four sites in the Burdekin
region and those at Mossman and Bundaberg, reflects the substan-
tial influence that soil and management practices have on crop and
soil N dynamics in a legume and sugarcane rotation (Bell et al.,
2006; Hemwong et al., 2008). It is therefore recommended that any
future studies use field experiments to produce empirical response
curves. These will enable the model simulation results in this study
to be more extensively evaluated and guide the identification of
data requirements for developing evidence-based N management
recommendations for the sugarcane industry in Australia, and other
countries where legumes are a part of the sugarcane production
system.

This study describes a proof-of-concept exercise focusing on the
combined use of a simple field experiment (with replicated and un-
replicated treatments) and an extensively-validated mechanistic
model of crop and soil dynamics, to scope potential environmental
and economic benefits resulting from reductions in N fertiliser use
on sugarcane ratoon crops following a soybean fallow. The scop-
ing exercise has also enabled the identification of specific areas of
research that warrant further investigation. These include oppor-
tunities to further improve the predictive ability of the model in
respect to above ground dry weight, the need for an examina-
tion of the magnitude of biological N fixation by the soybean crop
in contributing N to soil stores, and an evaluation of the status
of soil N over time. Long-term levels of soil N stores have been
shown to be unaffected by N fertiliser management, including the
N-replacement management regime (Thorburn et al., 2010). This
indicates potential for further refinement of the N-replacement
approach to account for sources of N in addition to those provided
by fertilisers and sugarcane residues. This study shows that by tak-
ing the contribution of N from the legume fallow crop into account,
sugarcane industries have the potential to demonstrate improve-
ments in sustainable and responsible nutrient management. As a

consequence of assuming legume N is only available to the plant
crop, current best practice recommendations for N management
in sugarcane may be responsible for widespread and system-
atic over-fertilisation in Australia, and other sugarcane-producing
nations.
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