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SUMMARY

To evaluate the impact of trash management on sugarcane production and N fertiliser requirements in
environmental conditions of Brazilian coastal tablelands, a simulation was conducted with APSIM-Sugar
cropping systems model. The model was parameterised for, and validated against results from a long term
(over 23 years) experiment comparing the system-burnt trash and green cane trash blanketing (GCTB),
in Linhares-ES. Simulations were conducted over two crop cycles (14 years) with different management
(100%, 75%, 50%, 25% GCTB and burnt trash), and N fertiliser rates from 0 to 240 kg ha−1 (in 40 kg
ha−1 increments) on the ratoon crops, and 75% of these rates on the plant crops. Measured cane yields
and soil carbon were simulated well by the model. The RMSE (root mean square error) of predictions
in burnt and GCTB treatments were 14.02 Mg ha−1 and 13.45 Mg ha−1 for yield, and 0.09 and 0.13%
for soil carbon. In the simulation, the cane yield responded positively to the GCTB systems. Optimum N
rates were higher in the 100%, 75% and 50% GCTB than with burnt trash and 25% GCTB reflecting the
greater yields under GCTB systems. The response to trash retention was dependent on N fertiliser, and
it was smaller or even negative at lower N rates. With adequate N, the positive responses were predicted
to occur in all crops after the imposition of GCTB system. The removal of any proportion of the trash
reduced the potential sugarcane yield. The simulations showed that average environmental losses of N are
likely to be greater from trash-retained systems at all N fertiliser rates.

I N T RO D U C T I O N

Sugarcane (Saccharum spp) is an important crop in many tropical countries, for the
production of both sugar and, increasingly, biofuels. Brazil is the world’s biggest
producer of sugarcane, and sugarcane cropping is one of the main economic activities
in Brazil, with over 8.8 million hectares planted to sugarcane (CONAB, 2014), mainly
in the South Central region of Brazil. In recent times, the majority of the crop is
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harvested mechanically without burning crop residues, a practice known as green
cane trash blanketing (GCTB). GCTB has been adopted by farmers in Brazil over
the last 10 years to comply with legislation banning burning of cane residues in order
to improve air quality, and also to preserve soil organic matter (SOM). More recently
in Brazil, there is interest in ‘harvesting’ trash as a feedstock for energy production in
sugar factories. So this leads to questions about the relative benefits of partial and full
retention of crop residues.

GCTB preserves 10–20 t ha−1 yr−1 of crop residues (dry leaves, tops and
pieces of stalks) on soil surface, which will change both soil water and nutrient
dynamics in the system, thereby potentially changing crop growth, crop nutrient
requirements, supply of nutrients from the soil and hence fertilizer management
strategies (Robertson and Thorburn, 2007b; Vitti et al., 2007). However, the
recommendation for fertilizer applications to sugarcane in Brazil (UFRRJ, 2013),
and other countries (e.g. South Africa; Meyer et al., 2007), has historically been based
on experience gained in burnt-harvesting systems. Thus, it is necessary to study how
the nutrient management for the GCTB production systems differs from the burnt
system.

Trash blankets contain 30–50 kg N ha−1 (Ball-Coelho et al., 1993; Robertson and
Thorburn, 2007b; Wood, 1991), which may potentially be available for sugarcane
crops reducing the N fertilizer requirement. But trash blankets initially immobilise
soil N as they decompose because of the high carbon to nitrogen (C:N) ratio of trash
(70:1–120:1), as has been observed under GCTB systems in Brazil (Basanta et al., 2003;
Fortes et al., 2011), Australia (Meier et al., 2006; Wood, 1991), South Africa (Graham
et al., 2002) and Argentina (Digonzelli et al., 2011). The rate of trash decomposition
and the dynamics of N immobilization and mineralisation are affected by climate, soil
texture, chemical composition of residues, N fertilizer management and time of green
cane management implementation (Galdos et al., 2009; Meier et al., 2006; Robertson
and Thorburn, 2007a).

In sugarcane cropping systems in Brazil, Basanta et al. (2003), found that the yield
in GCTB system was less than burnt sugarcane system in the early years following the
change to residue retention. The authors report that a high percentage of inorganic
N in the GCTB system was immobilized in soil organic pools. Conversely, in some
sugarcane systems there has been no evidence of N stress due to trash conservation.
For example, studies in Brazil (Ball-Coelho et al., 1993; Resende et al., 2006), Australia
(Ridge and Dick 1989) and Mauritius (McIntyre et al., 1996) found increased sugarcane
production when trash was left as a surface blanket. It is not fully clear what specific
process caused the presence or lack of N stress in these different studies, or the
changed yield. Whether or not N immobilisation by decomposing trash blankest causes
crop N stress will depend on the amount of N fertiliser applied in the experiments,
with high amounts possibly providing adequate N to meet the demands of both the
crop and decomposing trash blanket. Thus, where N is applied in excess to crops’
requirements, which is a common situation in many sugarcane producing countries
(Thorburn et al., 2011), there may be little evidence of N stress in recently trash
blanketed sugarcane crops (Thorburn et al., 2004). The outcome may be different in
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countries where N fertiliser application rates are lower, such as Brazil (Basanta et al.,
2003).

In the long-term, trash blankets increase SOM and potential N mineralization. It
is estimated that a number of years (possibly decades) of trash blanketing is needed
before soil C and N cycling settles to a new, dynamic equilibrium (Robertson and
Thorburn, 2007b; Thorburn et al., 2012). When SOM reaches this new equilibrium,
N from trash may ‘substitute’ for N fertilizer, reducing the need for N applications.
However, the reduction in fertilizer might not be equal to the annual N increment
from trash, since a proportion of the N mineralised may be lost to environment. At
equilibrium in a GCTB system, N fertilizer requirements of crops may be different
from those in burnt systems and new recommendations may need to be derived from
field experiments.

Further, there are factors other than N availability that can determine the effect of
trash retention on sugarcane yields, which in turn will affect N fertilizer requirements.
These factors include restricted drainage, water deficit, reduced sprouting and
increased risk of pest infestation and disease which have reduced yields in some studies
(Basanta et al., 2003; Campos et al., 2010; Wood, 1991). Conversely, retention of crop
residues reduces evaporation from the soil and potentially increases water availability
to crops and increases yield (Thorburn et al., 2004; Van Antwerpen et al., 2002). Thus,
the practice of trash blanketing in sugarcane production systems can have many effects,
and the optimum amount of N fertilizer needed in trash blanketed sugarcane may
be little related to the optimum for burnt sugarcane. Long-term experiments on the
interactions between trash management and sugarcane N requirements are required
to determine the optimum N management in GCTB system. There is the same need
where a proportion of the trash is harvested as an energy feedstock. Unfortunately,
there are few experiments comparing different trash management systems and multiple
N fertilizer application rates for sugarcane in Brazil, or other countries. Further,
since GCTB has only recently (i.e. <10 y) been adopted in Brazil, N concentrations
in trash blanketed soils may not have reached equilibrium yet, thus results from
experiments on N requirements of trash blanketed crops may not be expressing
the long-term situation. In the absence of long-term studies of N requirements
in different trash management systems, farming systems models have been used
to gain some understanding of the outcome of these interactions for sugarcane
management (Costa et al., 2014; Thorburn et al, 1999; 2004; Van Antwerpen et al.,
2002).

The objective of this study was to identify the implications of trash retention on N
fertilizer management in the coastal tablelands region of Brazil. The specific objectives
were to investigate: (1) the influence of trash accumulation on fertilizer required for
maximum yield; (2) the time scales over which C and N cycling at the site will achieve
equilibrium; and (3) the influence of trash blanketing on the amount of N lost to
the environment. To address the objectives of this study we parameterised a farming
systems model (APSIM) with data from a long-term experiment on effects of trash
management on sugarcane growth in Brazil, analysing different trash and N fertilizer
management scenarios.
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Table 1. Properties (0–2 m) of the Xanthic Udult soil under the long-term
sugarcane experiment at the LASA distillery, north Espirito Santo, Brazil.

Depth Sand/clay/silt BD ∗DUL ∗LL C-Total
(cm) (g kg−1) (g cm−3) (mm mm−1) (g kg−1) pH

0–5 890 100 10 1.40 0.112 0.064 11.9 5.6
5–10 890 100 10 1.56 0.125 0.060 9.76 5.4
10–20 890 100 10 1.59 0.129 0.058 9.43 5.3
20–30 880 120 0 1.60 0.138 0.067 9.94 5.5
30–40 800 200 0 1.56 0.181 0.103 9.78 5.6

∗DUL = drained upper limit, LL = lower limit; soil water parameters in the
SoilWat model, analogous to field capacity and wilting point. BD = soil bulk
density.

M AT E R I A L S A N D M E T H O D S

Site description

The field study was conducted on measurements taken over 1997–2011 from a
long-term experiment (Benazzi et al., 2011; Ceddia et al., 1999; Mendoza et al., 2000;
Pinheiro et al., 2010; Tavares et al., 2010) in a field of LASA alcohol distillery in
Linhares-ES, in the coastal tableland region of Brazil (19°18′ S, 40°19′ W). The
experiment was established in 1989 as a randomized block design, with five replicates
and two treatments (GCTB and cane pre-harvest burning). The long-term average
annual rainfall is 1000–1250 mm, with an average annual temperature from 22
to 24 °C. The soil is a medium sandy texture Xanthic Udult (Argissolo Amarelo;
Table 1). The coastal tableland soils are formed from weathered sediments of the
Tertiary period, Barreiras formation, and their upper horizons are usually of sandy to
medium texture; distinguishing from clayey Oxisols (Ferralsols) and Ultisols (Nitisols)
in other sugarcane production regions of Brazil. The soil used in the study is typical
of the environment of coastal tablelands, having a loamy texture and kaolinitic clay
mineralogy. This geomorphic surface occupies a large area in Brazil, from State
of Amapá (North region) to Rio de Janeiro (Southeast), with an estimated area of
111.000 km2 (Gomes et al., 2012). The sugarcane is one of the major crops cultivated,
and it plays an important role in the region’s economy.

Model configuration

The model ASPIM (Holzworth et al., 2014) was selected to simulate the experimental
data generated in Brazil, due to its ability to simulate sugarcane yield (Keating
et al., 1999), rate of trash decomposition (Thorburn et al., 2001a) and N cycling
in soil (Thorburn et al., 2005). The model was configured to consist of modules
for soil N and C (APSIM-SoilN; Probert et al., 1998), soil water (APSIM-SoilWat;
Probert et al., 1998), sugarcane residue dynamics (APSIM-Surface Organic Matter;
following Thorburn et al., 2001a), and sugarcane growth (APSIM-Sugar; Keating et

al., 1999). The modules are one-dimensional, use a daily time-step and are driven by
climatic data. Daily meteorological data were obtained from the Brazilian National
Meteorological Institute (INMET) and the LASA alcohol distillery meteorological
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stations. The dynamics of water, N, C and roots are simulated in soil layers (to 2.0 m
in the case of this study), with water (and associated nitrate) moving between layers
where gradients exist. Nitrogen mineralization, N immobilization and nitrification
are explicitly described in each layer, as are the N losses from denitrification and
leaching. Soil moisture and temperature affect all soil N cycling processes, and the
soil water module is a ‘cascading bucket’ water balance model. The presence of plant
residues on the soil surface affects runoff (and hence infiltration) and evaporation.
The sugarcane module uses intercepted radiation to produce assimilates, which are
partitioned into leaf, cabbage (defined as the immature top of the stalk plus green leaf
sheaths), structural stalk, roots and sugar. These processes are responsive to radiation
and temperature, as well as water and N supply. Farming operations (fertilization,
planting, incorporation of crop residues through cultivation, or crop residues burning)
were specified through the APSIM-Manager module. Urea fertiliser was placed
0.1 m below the soil surface in simulations, as this is best practice to limit volatilisation
losses (Prasertsak et al., 2002). The effect of pests and diseases were not included in the
simulations, because these were not registered in the field experiment.

Model parameterization

Model parameters were based on measured soil data, obtained from studies of the
impact of burning and trash blanketing on soil C and N (Pinheiro et al., 2010), and soil
fertility, biological and physical properties (Benazzi, et al., 2013; Ceddia et al., 1999;
Mendoza et al., 2000; Tavares et al., 2010). Values of bulk density, soil C:N ratio and
initial soil organic C were set to match measured values (Table 1). Parameters for soil
water model, drained upper limit (DUL) and lower limit (LL) (Table 1), were derived
from pedotransfer functions (PTF) using water retention at −33 kPa and −1.5 MPa
(Nascimento et al., 2010). The database of the PTFs included 682 horizons from soils
of coastal tableland in Brazil.

The crop physiological parameters used in the simulations were the standard values
in the module established for the Australian sugarcane variety Q117 (Keating et al.,
1999). The variety Q117 was selected for two reasons: First, there were no Brazilian
varieties parameterized in APSIM at the time of the study. Second, there was not
sufficient physiological information on sugarcane from the field experiment to allow
development of specific parameters for variety grown in this experiment. The variety
Q117 was chosen because it is a well-studied variety and it has been used extensively
in previous applications of APSIM. We hypothesized that if sugarcane yields in the
experiment could be accurately reproduced with this variety, useful information
would be obtained on yield responses to different simulated trash and N fertilizer
management treatments.

Simulations

Initially, sugarcane yields and soil C were predicted for the treatments in the
experiment over two crop cycles (1997–2011) to establish the accuracy of the
predictions. There was not much other data available to test the model. However,
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Table 2. Description of the crop management from experimental area in Linhares, Brazil used in the simulation study
of the sugarcane crop on tableland coastal soil.

Planting/harvest Quantities
time Crop cycle Fertilization time Fertilizer and limestone (kg ha−1)

11/04/97 Seedbed preparation 04/1997 Urea/potassium chloride 20 N/80 (K2O)
and planting superphosphate simples 80 (P2O5)

–Spacing 1.2–Soil reduced tillage
29/09/98 Plant cane 26/10/98 Urea/potassium chloride 80 N/80 (K2O)
14/09/99 Ratoon cane 18/10/1999 Urea/potassium chloride 80 N/80 (K2O)
18/09/2000 2a Ratoon 24/10/2000 Urea/potassium chloride 80 N/80 (K2O)
24/09/2001 3a Ratoon 29/10/2001 Urea/potassium chloride 80 N/80 (K2O)
16/10/2002 4a Ratoon 20/11/2002 Urea/potassium chloride 80 N/80 (K2O)
14/10/2003 5a Ratoon 19/11/2003 Urea/potassium chloride 80 N/80 (K2O)
19/10/2004 6a Ratoon – – –

2005 Elimination of ratoon with herbicide
17/05/2005 Seedbed preparation 05/2005 Urea/potassium chloride 25N/100(K2O)

and planting superphosphate simples 100 (P2O5)

–Spacing 1.3-soil reduced tillage
14/08/2006 Plant cane 29/09/2006 Urea/potassium chloride 100N/150(K2O)
17/09/2007 Ratoon cane 23/10/2007 Urea/potassium chloride 100N/150(K2O)
08/09/2008 2a Ratoon 15/10/2008 Urea/potassium chloride 100N/150(K2O)
09/09/2009 3a Ratoon 20/10/2009 Urea/potassium chloride 100N/150(K2O)
17/09/2010 4a Ratoon 28/10/2010 Urea/potassium chloride 100N/150(K2O)
11/09/2011 5a Ratoon 08/10/2011 Urea/potassium chloride 100N/150(K2O)

these two parameters represent important C and N ‘pools’ within a sugarcane
cropping system and accurate representation of their dynamics suggests that the model
predictions are credible for the purposes of this study. To simulate the experiment,
crop management variables (planting, harvesting and fertilizer dates, fertilizer type
and amount) were obtained from the LASA alcohol distillery (Table 2). To represent
trash burning in the burnt treatment, the mass of trash was reduced by 90% after
crop harvesting in the model. Lodging commonly occurs in sugarcane crops and
has a substantial impact on subsequent growth and yield. So in order to reduce the
yield gap between potential and experimental yields the model was parameterized to
represent the effect of lodging on yield. Accordingly, the constraint imposed by crop
lodging on photosynthetic activity and the production of assimilates is represented
in the model on two dates (January 27, 2004 and December 31, 2010) through a
factor (lodge_redn_photo) that decreases radiation use after lodging. The value of
lodge_redn_photo was set to 0.5, which was considered to occur when both stalk dry
weight exceeded 20 t ha−1 and daily rainfall was greater than 20 mm (following Singh
et al., 2002).

Subsequently, to investigate response of sugarcane yields to N fertilizer applications,
additional simulations were conducted over the period 1997–2011 with different rates
of applied N fertilizer and different trash management systems. The trash management
systems were (1) retention of all trash at harvest (100% GCTB); (2) retention of 75%
trash at harvest (75% GCTB); (3) retention of 50% trash at harvest (50% GCTB); (4)
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retention of 25% trash at harvest (25% GCTB); and (5) trash burnt (as described above).
Fertilizer management systems were simulated by varying N fertilizer application rates
from 0 to 240 kg ha−1 (in 40 kg ha−1 increments) on ratoon crops, with plant crops
receiving 75% less of that applied to the ratoon crops, following the recommended
N management in this region. The N was applied as urea in the first layer (0–5 cm).
Initial soil conditions, climate and variety were the same as used when simulating
experimental results. There were two cropping cycles, each with a 15 month plant
crop followed by five 12 month ratoon and a 7 month fallow. The soil tillage system
adopted was minimum tillage, and weeds controlled in the fallow by herbicides. Output
included cane yield, soil C (in different soil layers), nitrate lost from the soil profile
through leaching and denitrification.

Every day the APSIM-Sugar model determines potential growth based on
intercepted radiation via radiation use efficiency (RUE). This RUE is reduced when
photosynthesis is limited by extreme temperature, excess or inadequate soil water
storage and leaf-N deficit. Of particular interest to this study is the stress caused by
plant N or soil water deficits as a result of a change in trash and fertilizer management.
Water stress in the model is calculated as a factor which varies between 0 (maximum
stress) and 1 (no stress) and is referred to as swdef_photo. A similar factor is calculated
for N stress and is referred to as nfact_photo. These factors are calculated on a daily
basis and we characterised an overall average level of stress in the different treatments
by taking the average of all daily values over the two crop cycles simulated.

R E S U LT S

Simulation of experimental sugarcane yield results

Averaged over all years and treatments, the predicted cane yields (82 Mg ha−1) were
within 7 Mg ha−1 of the average measured yield (75 Mg ha−1) with a RMSE between
predicted and measured values of 14.02 Mg ha−1 and 13.45 Mg ha−1 for the burnt and
GCTB treatments, respectively. The difference in mean values and RMSE values are
similar to, or less than those in previous studies simulating long-term experiments on
trash blanketing (Thorburn et al., 1999, 2002). Both the results indicate the accuracy
by which the simulated model evaluated the two treatments. The mean sugarcane
yield in the GCTB treatment was 5 Mg ha−1 greater than the burnt treatment in
the simulations which was close to the measured treatment difference (4 Mg ha−1).
Again, the difference in simulated and measured yield impacts of trash blanketing was
similar to or less than seen in previous long-term simulations (Thorburn et al., 1999,
2002). The larger yields for the GCTB treatment appear to be linked to less water
stress as indicated by the model’s stress indices rather than N benefits (Table 2). Less
water stress indicates improved water availability for the crop as a result of reduced
soil evaporation and/or reduced runoff due to the trash blanket. Simulated yields
followed the temporal patterns in the experiment, with largest yields in the plant
crops, and declining yields in subsequent ratoon crops (Figure 1). Since APSIM is
only responding to climate, soil and management (e.g. planting and harvest date, N
and trash), the results suggest that the declines in yields with time are explained by
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Figure 1. Measured (solid symbols) and simulated (dashed and solid lines – open symbols) cane yield in burnt and
GCTB treatments of trash management experiment. Bars on measured data points show the 95% confidence interval.

RMSE are provided for differences between measured and simulated yields.

those factors. Simulated yields were markedly higher than measured yields in both
trash treatments in 2006 and 2007, and in the retained treatment 2002 and 2000.
Management records from the experiment did not indicate any apparent reason for
these differences, although the differences could be due to infestations of pests and/or
diseases, which were not represented in the modelling.

Simulation of experimental total soil C results

Predicted total soil C was generally within measurement error of the measured
data (Figure 2), provided that the soil C in the model was initialised at higher values
than those measured in 1998 in both the 0–0.2 of 0.2–0.4 m soil layers. We felt
the use of higher C values to initialise the model was justified as they were within
the range of experimental error determined in the subsequent soil C measurements
(but not the initial measurements). As well, the measured C values in 1998 were
considerably lower than subsequent values. It is not clear what in-field factors might
have caused an increase of this magnitude between 1998 and the second sampling,
given the likely C inputs from the crop over these years and the much smaller changes,
including consistent decreases in the 0.2–0.4 m soil layer, in soil C measured between
the second and third sampling times. It is possible the values in 1998 were affected
by sampling time compared with later samples. Considering the soil texture and the
rapid mineralization of organic matter in this environment, the soil organic levels are
usually low in the sampling at the end of a fallow and during the dry season (from July
to August). What was clear in the measurements is that there was no difference in soil
C between the treatment plots at the start of the experiment, an attribute represented
in the model initialisation.

The RMSE values between predicted and measured soil C values were 0.13% and
0.09% for the burnt and GCTB treatments, respectively, again similar to previous
long-term simulations (Thorburn et al., 1999, 2002). Measured total C higher in the
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Figure 2. Measured (solid symbols) and simulated (dashed and solid lines - open symbols) total soil organic carbon
in burnt and GCTB treatments of the trash management experiment. RMSE are provided for differences between

measured and simulated yields. Soil sampling times: July/1998; October/2003/2010 and April/2012.

trash retained treatment in 2003 and 2010 samplings, and this treatment effect was
replicated in the predictions for these times. Predicted total C was higher in the trash
retained than in the burnt treatment in all subsequent years, but this variation was not
seen in the measurements in 2012 in the layer 0–0.2 m. The lack of a trash treatment
effect on total C in the last year, 2012 is inconsistent with previous studies of trash
management and soil C (Galdos et al., 2009; Thorburn et al., 2012). Simulated total
soil C increased through time under trash retention in the 0–0.2 m soil layer, but
declined slightly for burnt treatment in the 0–0.2 m layer and for both treatments in
the layer 0.2–0.4 m over the 14 years of trash management experimentation. There
were no effects of the trash treatments in either the measured or predicted total C at
the 0.2–0.4 m depth, a result consistent with previous studies that measured soil C at
depths > 0.2 m under different trash treatments.

Response to N fertilizer applications

Simulated sugarcane yields increase with increasing N applications until a yield
plateau was reached, after which there were no further N response (Figure 3). The
yield plateau was reached at 80 kg N ha−1 in the burnt, at 100 kg N ha−1 in the 25 and
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Figure 3. Simulated long-term average sugarcane yield response to applied N fertilizer for 100%, 75%, 50%, 25%
GCTB systems and trash burnt system.

Table 3. Average daily values (over the two crop cycles simulated) of parameters in APSIM-Sugar representing soil
water stress (swdef_photo) and N stress (nfact_photo) on photosynthesis for the five trash management systems (100%,
75%, 50%, 25% GCTB and trash burnt) for three rates N fertilizer addition for the Linhares-ES climate, Xanthic

Udult soil. Low values indicate higher levels of stress.

Deficit factors N rates Burnt 100% GCTB 75% GCTB 50% GCTB 25% GCTB

Soil water stress (swdef_photo) 80 0.69 0.75 0.74 0.72 0.71
100 0.69 0.73 0.72 0.71 0.70
120 0.68 0.73 0.72 0.70 0.69

N stress (nfact_photo) 80 0.88 0.85 0.85 0.86 0.88
100 0.90 0.87 0.88 0.88 0.89
120 0.90 0.88 0.89 0.89 0.90

50% GCTB, at 120 kg N ha−1 in the 75% GCTB and at 160 kg N ha−1 in the 100%
CGTB. The N rate at which the plateau occurs in the burnt simulation is in accord
with previous Brazilian results (Resende et al., 2006), and in general agreement with
N fertilizer management recommendations in Brazil (UFRRJ, 2013). The increased
moisture conservation in trash systems influenced the crop yields and N requirement
(Table 3). The nitrogen stress in 100% and 75% GCTB systems was consistently
greater than in the burnt systems, indicating a higher rate of immobilization of N
occurring under a trash blanket. Also N stress was consistently greater in GCTB
systems with low addition of N (80 kg ha−1), except for 25% GCTB, indicating that
trash blanketed crops require higher N rates than a burnt system to meet the demands
of both the crop and soil N immobilisation soon after trash is retained. Sugarcane
yields in all trash retained systems were greater than the burnt systems at all N rates
greater than 40 kg ha−1 (Figure 3). The average yield at N rates where the yield plateau
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Figure 4. Simulated long-term average nitrate leaching and denitrification response to applied N for 100%, 75%,
50%, 25% GCTB systems and trash burnt system.

was reached increased by 10, 6, 4 and 2 Mg ha−1 for the treatments 100%, 75%, 50%
and 25% GCTB, respectively. The simulated response of cane yield to trash varied
with varying N rates. Generally, the response to trash decreased as N rates decreased.
The lower yield response to trash at low N rates is likely due to the system being
N-limited system and not able to fully respond to increasing water availability when
trash is retained.

Losses of N to the environment by leaching and denitrification were simulated to
increase with increasing rates of N fertilizer applied, and to be higher under trash
retained than in the burnt system (Figure 4). This result is consistent with previous
other simulation studies (e.g. Thorburn et al., 2001b, 2004), and indicates that not all
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the additional N recycled in trash retained systems is taken up by the crop. The result
is also consistent with studies on the effect of trash on nitrous oxide emissions, one
of the gases produced by the process of denitrification, from sugarcane production
systems (Thorburn et al., 2010). In Brazil there are few studies about the effect of
trash retention on N leaching. Ghiberto et al. (2009; 2011) applied 120 kg ha−1 as
labelled 15N urea in soils with similar textural class cultivated with sugarcane in
a crop plant cycle. In 2009 they found that 18 kg ha−1 of N were leached, and
only 25 g ha−1 was derived from the fertilizer, already in the study of 2011 the
loss were lower 1.1 kg ha−1 and only 54 g ha−1 was derived from the fertilizer.
In both these studies the textural class of soil differed from soil at the experiment
simulated in this study, which was medium sandy texture. Other studies recorded
leaching losses between 15 and 21 kg ha−1 in a Typic Hapludox cultivated with corn
(Fernandes et al., 2006). All these studies were performed in the State of São Paulo
(Brazil) with different climate and hence water balances to the coastal tableland region,
showing that leaching losses could be different or possibly higher if the conditions are
favourable.

If soil C builds up as a result of a change in trash retention, then some N will
be immobilised. At equilibrium, N immobilised by decomposing trash is balanced
by increased N mineralization due to the higher increase in SOM (Basanta et al.,
2003; Meier et al., 2006; Robertson and Thorburn, 2007b). Thus, the effects of trash
retention on crop N requirement might be; (1) a higher initial N requirement to meet
both crop and immobilisation demands, then (2) a reduced requirement over time as
soil C and N mineralisation–immobilisation reach equilibrium.

To determine the length of time SOM was in disequilibrium, and the N requirement
of GCTB sugarcane systems during this time, yields with N applied at optimum rates
in burnt systems (i.e. 80 kg ha−1 to ratoon) were compared to those in the four trash
retained systems for the different N rates. The cumulative difference (increase or
decrease) between yields in the four trash systems (at six rates of N) and the burnt
system (at optimum N rate) show whether sugarcane production in the different
trash systems is better (i.e. a positive cumulative yield difference) or worse (negative
difference) through time (Figure 5). Cumulative differences are shown to remove the
impact of large year-to-year variability (Figure 1) on results.

The time SOM disequilibrium following implementation of trash retention was
not documented in this simulation study. Except when low (N-40) or no amount of
N fertilizer was applied. At the rates N-0 and N-40, simulated yields under GCTB
systems are generally lower (i.e. cumulative difference increasingly negative) than burnt
yields (Figure 5), following implementation of trash retention. With the rate N-80, the
cumulative difference was close to zero in the first two years of trash retention in
the GCTB and 75%, 50% GCTB systems, and then became increasingly positive.
For the higher N rates, simulated yields tended to be higher under GCTB and 75%,
50% GCTB systems (i.e. cumulative difference increasingly positive) than with trash
burning. However, under 25% GCTB, the cumulative difference was close to zero for
N rates higher to 40 kg in the first 8 years of trash retention. The similarity in yields
between the end of the first and start of the second cycle (that is, at 6 and 8 years,
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Figure 5. Simulated change in cumulative differences in sugarcane yield among rates of (a) 25%, (b) 50%, (c) 75%,
(d) 100% GCTB (six different rates of nitrogen fertilizer), compared to the burnt sugarcane (80 kg N ha−1 fertilizer)

systems over time, after changing from burnt to GCTB systems - Linhares-ES climate, Xanthic Udult soil.

Figure 5) shows that there was little effect of trash management in the plant crop of
the second cycle in the simulation.

D I S C U S S I O N

The simulations undertaken in this study show the potential for trash retention to
increase sugarcane yields and soil C content in the soils and climate of the LASA
alcohol distillery in Linhares-ES, Brazil (Figure 3). The magnitude of simulated yield
increases in trash retained system generally agrees with results of long-term field study
conducted in Timbaúba, north western region in Brazil (Resende et al., 2006).This
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similarity suggests that the results are relevant to other locations in Brazil and not
just the Linhares region. The simulation results also agree with both experimental
and simulation results of previous studies in Australia (Thorburn et al., 1999; 2004;
Wood, 1991) and South Africa (Graham et al., 2002; Thorburn et al., 2002). The
yield increases in trash blanketed systems predicted in this study, and in these above
mentioned simulation studies, come about through increase soil water availability to
crops resulting from lower evaporation from soils under trash blankets. Where water
supply is plentiful, such as sugarcane grown in wetter climates or under full irrigation
soil water will be less influenced by trash and we would expect smaller yield responses to
trash conservation, as predicted for super humid environments in Australia (Thorburn
et al., 2004). In Brazil, the response of GCTB crops when trash is conserved was also
modelled by Costa et al. (2014) in four sugarcane production areas in the São Paulo
State, with different soils and environment. The authors observed that the areas with
trash removal showed higher crop water stress compared to GCTB areas.

Not only does this study predict that sugarcane yields will be higher in GCTB
than trash burnt systems, it predicts that there will still be yield increases, although
smaller ones, when different levels of this trash is removed (Figure 3). There is little
experimental evidence on the response of sugarcane yields to different levels of trash
removal. The positive yield responses to trash retention in this study were caused by
reduced crop water stress (Table 2). The effect of trash on reducing evaporation and
runoff of water from soil, and so increasing soil water availability, is non-linear; that
is, only small amounts of trash (e.g. 3–5 Mg ha−1) are needed to give complete soil
cover and reduce evaporation and runoff. The results of this study indicate a fall of 7,
6 and 3 Mg ha−1 in potential yield when fractions of 25%, 50% and 75% of the trash,
respectively, are left in the field. Thus it can affirm that, trash management systems <

75% GCTB should not be adopted following implementation of trash retention for the
soil and climatic conditions simulated. Further studies will be required to determine
in other soil and climatic conditions what fraction of trash could be removed from the
field without reducing yield.

The simulation results show that the magnitude of the cane yield response to trash
retention depended on the amount of N fertilizer applied. Achieving the maximum
production potential from trash blanketing requires adequate N available for trash
blanketed crops. Previous studies found that, at certain N application rates, yields in
GCTB systems were reduced for a number of years (approximately five years) following
the retention of trash, then became higher than burnt systems (Thorburn et al., 2004).
The temporary yield reduction was caused by short-term immobilisation of N as SOM
concentrations increased in response to trash retention. At low N rates, yields in GCTB
systems were consistently lower than in burnt systems, with the opposite outcome at
high N rates. Already in this study, there was no short-term effect apparent in the
simulation results. Provided N applications were equal to or higher than the standard
for burnt systems (i.e. 80 kg ha-1) trash retention results in higher yields (Figure 5).
Why a short-term disequilibrium effect was not documented in this study is not clear.
The disequilibrium period could be affected by the C:N ratios of the trash and soil,
factors that may have been different at the site simulated in this study compared with
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previous studies. Thus, the difference between our results and those found previously
(Thorburn et al., 2004) suggest that the effect of trash on short-term soil N dynamics
and crop N requirements may be site specific, and generalisations should be avoided.

When 80 kg N ha−1 was applied it took at least two years to reach equilibrium
in the simulations of 50%, 75% and 100% GCTB systems, after which yields in
trash retained systems were higher than in the burnt system. At higher N rates yield
increased in all crops in the trash retained systems from the start of the simulation,
except the 25% GCTB system, which in all rates above of 40 kg N ha−1, the increase
only was started in the second crop cycle of the simulation. This result suggest that
N rates of 120 kg ha−1 for 50% and 75% for GCTB systems and 160 kg ha−1 for
100% GCTB system, higher than those currently recommended in Brazil for burnt
sugarcane systems (80 kg N ha−1; UFRRJ, 2013) would have positive impacts on the
sugarcane production, minimizing disequilibrium in the GCTB systems and allowing
positive yield responses soon after trash was retained. However, the adoption of trash
management systems < 75% GCTB will imply in reduction in the potential yield for
the soil and climatic conditions simulated.

Besides positive impacts already known of trash retention there was also the
increased environmental N losses in the trash retained systems at all rates of N
fertilizer (Figure 4), suggesting that trash blanketing may increase some environmental
impacts of sugarcane production. These effect can be two fold; firstly through increased
movement of N to water bodies through leached N, and secondly through increased
greenhouse gas emissions (i.e. higher nitrous oxide emissions cause by increased
denitrification). Both of these environmental impacts are of concern in Brazil: N
pollution of aquatic ecosystems has been observed in some parts of the country
(Martinelli et al., 2010) and nitrous oxide emissions are an important component of
the greenhouse gas ‘footprint’ of sugarcane biofuel production (Macedo et al., 2008).
These concerns suggest that it is particularly important that N fertilizer applications
greater than recommended should be avoided in trash retained systems.

The simulation study did not consider losses of ammonia (NH3) by volatilization,
which would occur where urea or ammonium (NH4)-based fertilizers are applied to
the soil surface. The simulations are representative of urea being buried in the soil
(e.g. the 0–5 cm layer). Other aspects not considered in the simulations were the effect
of pests and diseases, the sugarcane varietal differences from Brazil, and partitioning
of N losses during denitrification into nitrous oxide (N2O) and di-nitrogen (N2) gases.
New simulations with these factors would be valuable to establish the accuracy of the
simulations results, and to provide insights to the GCTB system efficiency in other
Brazilian regions. Over recent times, there have been substantial developments of
the APSIM model for simulating N dynamics in sugarcane systems including nitrous
oxide losses (Thorburn et al., 2010) and parameters for Brazilian sugarcane varieties
are starting to be developed (Costa et al., 2014; Marin et al., 2013). Thus this model is
becoming an increasingly useful tool for analysing sugarcane production in Brazil.
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