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ABSTRACT
Brazil meets about 16% of its energy needs with bioethanol and other sugarcane products and leads the world in biofuel energy production. However, there are concerns over the environmental credentials of the sugarcane given the high emissions of nitrous oxide (N2O) – a potent greenhouse gas – associated with its production. We quantify N2O fluxes from a sugarcane experiment in the Brazilian Cerrado over an entire year, comparing the magnitude of response to different fertilizer treatments: mineral nitrogen (N), a liquid residue from bioethanol distillation known as vinasse (V) and a combination of both (NV), on irrigated and nonirrigated plots. We find that soil N2O fluxes in plots subjected to the NV treatment are, on average, at least three times higher than those in the other treatments, resulting in four times the emissions intensity per yield than when mineral N or vinasse were applied alone. We also find that irrigation has a positive effect on N2O emissions in the first two weeks after treatment addition and on annual sugarcane yield. Emission factors, defined as net N emissions as N2O as a percentage of the total mineral N added, vary from 0.05 to 4.6% according to treatment. Sugarcane production in the Cerrado is a significant source of N2O, due to the synergistic effect of mineral N fertilizer and vinasse. Using vinasse as the main fertilizer, or applying N and vinasse at widely spaced intervals are effective strategies for climate change mitigation, plant nutrition, waste management and cost-efficient production.
Keywords: bioethanol; Cerrado; emission factor; mineral nitrogen; sugarcane; vinasse.
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[bookmark: _Toc460606605][bookmark: _Toc466297502]INTRODUCTION
Emissions of nitrous oxide (N2O) have increased significantly over the last decades (Ciais et al., 2014; Denman et al., 2007; Forster et al., 2007). This is especially concerning because the global warming potential of N2O is about 298 times greater than that of carbon dioxide (CO2) and it stays in the atmosphere for more than 120 years (Myhre et al., 2013). Additional detrimental effects on the ozone layer make N2O more dangerous than any other greenhouse gas, but it is amongst the least understood (Camargo et al., 2013; Forster et al., 2007; Ravishankara et al., 2009). Land-use change and agriculture have had a large influence on the increase in N2O emissions, due to major contribution of emissions from agricultural soils and nitrogen fertilizers (Bouwman, 1990; Bouwman et al., 2013; Mosier, 1998; Mosier et al., 1997). About 35% of nitrogen released as N2O (N–N2O) that was emitted globally from anthropogenic sources in the year 2000, came from agriculture (Bouwman et al., 2013). Brazil is the largest producer of commodities and emitted approximately 0.6 Tg of N– N2O in 2014, which is about 10% of global anthropogenic emissions (Davidson and Kanter, 2014; MCTIC, 2016). 
Cropland soils usually have high N2O emissions, due to high nitrogen availability and typically high moisture content (Bouwman et al., 2013, 2002; Hill et al., 2006; Signor and Cerri, 2013). In warm wet tropical soils, any surplus of mineral nitrogen accelerates soil microbial activity and boosts the production of nitrogen oxides in the soil (Akiyama et al., 2000; Brentrup et al., 2000; Hao et al., 2001). Freely available inorganic nitrogen, especially ammonium, increases the activity of nitrifying bacteria, which, under moderate moisture conditions and high oxygen availability, leads to increased N2O emissions through nitrification (Cheng et al., 2014; Firestone and Davidson, 1989; Ruser et al., 2006). Moreover, increased microbial activity usually reduces soil oxygen levels, which induces N2O emission by denitrification (Bollmann and Conrad, 1998; Gärdenäs et al., 2011), particularly when soil water content is high following irrigation or strong rains (Weier, 1999).
Brazil already obtains 16% of its total energy from bioethanol and other sugarcane products (EPE, 2016). Large investments have promoted growth in this sector, which has resulted in an expansion of sugarcane plantations in the Brazilian Cerrado, in central Brazil (OECD-FAO, 2015). However, the strong seasonality and water scarcity in the savannahs of this region suggests that the expansion of sugarcane – a water-intensive crop – will be associated with an increase in irrigation (Scarpare et al., 2016, 2015). In fact, the area of irrigated sugarcane plantations has increased in recent years and efficient water management is essential to prevent detrimental environmental impacts (Gerbens-Leenes and Hoekstra, 2012; Scarpare et al., 2016). Even though Cerrado is not a natural source of N2O (Davidson et al., 2001; Martins et al. 2015; Pinto, 2002), studies have shown that land conversion to cropland may cause large increases in emissions (Nobre et al., 1994; Signor et al., 2013). Conversion to sugarcane systems is expected to increase greenhouse gas emissions due to irrigation and the use of fertilizers (Lisboa et al., 2011; Paredes et al., 2014; Previtali, 2011). 
There are particular concerns that applying vinasse, a liquid waste by-product from bioethanol distillation, which is rich in nutrients, will compound the N2O emission problem in fields where mineral fertilizers and irrigation are already applied (Amorim et al., 2011; Carmo et al., 2013; Giachini and Ferraz, 2009; Lisboa et al., 2011). The procedure of applying vinasse to fields, known as fertigation, is thought to be a good waste management strategy. However, besides the addition of nutrients important for plant growth, application of vinasse also adds labile (easily oxidizable) organic carbon, leading to high biological oxygen demand (ANA, 2009; Wardle, 1992). Thus, low oxygen conditions may cause high denitrification rates and associated N2O emissions (Bouwman, 1998), which would reduce the net benefit of bioethanol as an alternative to fossil fuels (Crutzen et al., 2008; de Figueiredo et al., 2010; Filoso et al., 2015). Previous research has shown increased emissions of N2O fluxes from sugarcane plantations in response to fertigation, as well as to conventional irrigation (Lisboa et al., 2011; Paredes et al., 2014, 2015; Sousa, 2016). Nevertheless, data of full crop cycle remain scarce, and are needed for accurate modelling and budget calculations (Saikawa et al., 2014), as well as for calculations of N loss as a percentage of the total N added as fertilizer, known as emission factor (Allen et al., 2010; De Oliveira Bordonal et al., 2015; Meurer et al., 2016). 
In this study, we present novel data collected over a full-year experiment on a sugarcane plantation in the Cerrado. We test whether the combined addition of mineral N (N) and vinasse (V), causes greater soil N2O fluxes than those arising from the application of each fertilizer separately and measure the influence of irrigation on each treatment. Flux data in the sugarcane plantation is also compared with natural emissions. N2O flux data is correlated with soil moisture and soil nitrogen concentration. We monitor the fluxes over an entire year to evaluate seasonal differences and estimate accurate annual cumulative emissions and emission factors. We hypothesise that a combined application of N and vinasse will promote significantly higher soil N2O flux than the other treatments, due to the high mineral N and labile carbon inputs; and that fluxes will be positively influenced by high soil moisture either in irrigated plots or during the wet season. 
[bookmark: _Toc460606606][bookmark: _Toc466297503]MATERIALS AND METHODS
[bookmark: _Toc460606607][bookmark: _Toc466297504]Study area
The study was conducted at the experimental station of the Empresa Brasileira de Pesquisa Agropecuária (Embrapa) Cerrados located in Planaltina, Distrito Federal, 38 km north of Brasília (15°36'17.76"S 47°42'35.51"W). The climate is tropical savannah Aw sensu Köppen (Peel et al., 2007), with dry winters and high seasonality in rainfall. The mean annual temperature is 22-23°C and the mean annual precipitation is about 1,300 mm. Eighty per cent of the rainfall occurs during the rainy season, between October and March. The soil type is clayey Rhodic Ferralsol, Red Latosol in the Brazilian soil classification system (EMBRAPA, 2013). See Appendix Tables A.1 and A.2 in the supplementary material for soil chemical and physical properties, respectively, before treatment addition. 
[bookmark: _Toc460606608][bookmark: _Toc466297505]Experimental design
Design of field plots
We worked in a sugarcane field of about 0.5 hectares, within which sugarcane was planted in rows, spaced 1.5 m apart. We established 18 plots within the plantation. The plots were 2 m by 3 m and included two rows of sugarcane each. We placed two static chambers per plot, corresponding to 36 static chambers in total. Static chambers were placed parallel to the rows, one positioned close to the row and another in between the two rows, covering the entire mid-row surface (see Fig. A.1 in supplementary material). 
We used three fertilizer treatments: (a) mineral nitrogen fertilizer (N), (b) vinasse (V), and (c) a combination of both (NV). Typically, farmers apply mineral N or a combination of N and V. We also selected two extreme levels of irrigation: no irrigation (0%) and that which fulfilled 75% of the plant water demand, as calculated by an evapotranspiration model (see below). Thus, we had three replicated plots for each of the following: nitrogen under no irrigation (N0), vinasse under no irrigation (V0), nitrogen plus vinasse under no irrigation (NV0), nitrogen under irrigation (N75), vinasse under irrigation (V75), nitrogen plus vinasse under irrigation (NV75). No other control treatment was used, because we aimed to test the effect of the addition of vinasse alone or in combination with mineral nitrogen. 
We used the RB867515 sugarcane variety. This type of sugarcane is commonly used by producers in Brazil and shows among the best yield response to irrigation. The sugarcane plantation was in the third ratoon stage at the beginning of the experiment, and had been harvested manually without burning, preserving crop residues on the soil. The straw accumulated on the ground after the harvest, preceding the experiment, was kept the same over all chambers (~10 Mg ha-1). Plots were manually harvested at the end of the experiment in May 2015 to measure the yield. 
To estimate emissions from native vegetation on the same type of soil, we also chose two cerrado remnant stands nearby: a savannah (cerrado sensu stricto) and a woodland (cerradão). We randomly placed three static chambers in each stand.
Fertilizer addition and irrigation procedure
We applied ammonium nitrate (NH4NO3) manually at a dose of 100 kg N ha-1 along both sides of the cane row in 10-cm-wide bands. Fresh vinasse (no longer than three days since production) was applied evenly across the whole plot at 150 m3 ha-1 immediately after the NH4NO3 addition. This specific vinasse dose was chosen as it is the one of most commonly used by farmers in the region to increase productivity, as well as being lower than the level considered toxic for plants and soil (Penatti et al, 2001; Oliveira et al., 2009; Paredes et al., 2014; Schultz et al., 2010). The dose of 100 kg ha-1 of potassium as potassium oxide (K2O) was applied on those plots without vinasse to mirror the effect of the potassium inputs with the vinasse in the V plots. To control for the moisture effect on emissions, we added the same volume of water as that of vinasse application to those plots without vinasse (i.e., 150 m3 ha-1). Fertilizers were added twice: once at the beginning of the dry season on the 6th May 2014, just after the previous harvest, and at the beginning of the wet season on the 19th November 2014, corresponding to an annual application of 200 kg N ha-1. Recommended rates of nitrogen fertilizer for rainfed sugarcane ratoon in Brazil are around 60-120 kg ha-1 of N, but higher rates and split application might be indicated for high-yield irrigated sugarcane. Total mineral N applied as vinasse were 1.9 and 0.7 kg N ha-1, in May and in November, respectively (see Table A.3 in the supplementary material).
Irrigation was conducted using an irrigation bar sprinkler (IrrigaBrasil model 36/42), connected to the TurboMaq 75/GB reel. The first irrigation was performed ten days after the first fertilizer addition in May, when 40 mm was added uniformly to the soil surface . This common practice, known as salvation irrigation, was performed the same on whole plantation once, including the 0% level of irrigation, in the beginning of the experiment, to enhance sprouting after harvest. After that, only the irrigated plots received water approximately every ten days until the end of dry season. Irrigation amounts varied from about 18-50 mm (Fig. A.2 in the Supplementary material), according to the crop evapotranspirative demand, which was calculated using the Penman-Monteith equation (Allen et al., 1998) and adjusted for the sugarcane’s coefficient of evapotranspiration (Da Silva et al., 2013). The annual total amount of water received by the irrigated plots was 2,255 mm, of which 674 mm came from irrigation and the remaining 1,581 mm from rainfall (Fig. A.2). 
[bookmark: _Toc460606609][bookmark: _Toc466297506]Gas sampling and chemical analyses
We used static closed chambers to measure N2O emissions following the protocol developed by the Greenhouse gas Reduction through Agricultural Carbon Enhancement network (GRACEnet) and used in several previous studies (Carmo et al., 2013; Carvalho et al., 2006; Jantalia et al., 2008; Parkin and Venterea, 2010; Signor et al., 2013). Rectangular chamber bases were open-bottomed and open-topped metal boxes (38 cm wide, 58 cm long and 6 cm high), sunk into the ground to a depth of 5 cm leaving a 1 cm rim aboveground. Chambers covered the entire mid-row surface area (Fig. A.3 in the supplementary material).
Sampling was carried out daily for seven days following each fertilizer application, starting on the 7th of May 2014 and on the 20th of November 2014. After that, samples were collected every three days for the following two weeks, and after that, sampling occurred on three consecutive days after a rain or an irrigation event. In the absence of fertilization, rain, or irrigation events, sampling was carried out once every 15 days. Whenever possible, sampling was performed between 8:00-10:00 to make sure our data would represent the daily average, as established in the literature (Alves et al., 2012). 
To measure a particular area, a plastic top of 10.9 cm in height with a rubber seal was installed on top of the base chamber (Fig. A.3 in supplementary material). We were unable to cover the whole plant during sampling due to the high crop height. After chamber was sealed, a 30 ml gas sample was taken at the time of sealing and 15 and 30 minutes after sealing, using a 60-ml syringe. Three data points of gas measurements were chosen following the protocol currently adopted by Embrapa Cerrados and used in previous studies (Signor et al., 2013; Paredes et al., 2015). To avoid gas loss or contamination, samples were stored in sealed vacuum headspace vials, and kept bottom down in a tray filled with water until they could be analysed by gas chromatography (up to two weeks after). Soil and air temperatures in the chamber were measured at the time the samples were taken using soil digital thermometers (Code 6132 Incoterm). Gas samples were analysed using a gas chromatograph (SHIMADZU Thermo Scientific, Trace GC Ultra 1310, equipped with a Porapak Q column and electron capture detector [TCD/FID]). The concentrations of N2O and CO2 in each sample were reported in ppm (ml L-1). The technique had a detection limit of 0.14 ppm and a quantification limit of 0.47 ppm for N2O.
Composed soil samples (three subsamples per plot) with a depth of 10 cm were collected just after the gas sampling to measure moisture and available mineral nitrogen (ammonium [NH4+] and nitrate [NO3-]). Soil samples were kept in a freezer until we could proceed with the analyses (no later than two months), then defrosted completely and soon extracted for NH4+ and NO3- with a 2 mol L-1 potassium chloride (KCl) solution. We are aware that freezing soil samples may cause some overestimation of mineral N concentration (Ma et al., 2005), but we were unable to conduct soil analyses on the day of collection and chose freezing as the best procedure to preserve samples. After extracted with KCl, ammonium and nitrate were analysed colorimetrically with a Lachat Instruments (QuickChem 8500) flow injection analysis system (Trojanowicz, 2000). A few analyses were performed by distillation-titration (semimicro Kjeldahl method), when necessary.
[bookmark: _Toc460606610][bookmark: _Toc466297507]Gas data processing and flux calculations 
N2O concentrations were first corrected for the temperature inside the chamber during sampling. We assumed a linear increase in the chamber gas concentration with the time during sampling period (Parkin and Venterea, 2010). The change in concentration is given by the gradient of the best-fit line of N2O concentrations against time. Most gas rate measurements had three data points, corresponding to the flux readings taken at 0, 15 and 30 minutes after the chambers were sealed. In the rare cases for which a data point was absent (3%), we used the slope of the line between the two data points. 
We determined whether a chamber had a leak by considering simultaneous measurements of N2O and CO2. We assumed that a negative change in CO2 concentration with time would infer the chamber was leaky, according to previous studies and standard sampling protocols (Baker et al., 2004; Parkin and Venterea, 2010). To test this assumption, we fitted a gamma distribution to the positive CO2 data and predicted the probability of a non-leaky chamber to produce a negative flux, which was about 0.7%. This shows that the percentage of the non-leaky data being lost by our criteria, of using only positive CO2 values, is negligible. Leaky data accounted for 10% of the total data, and were discarded.
 For the remaining N2O data, negative fluxes and fluxes below the detection limit, considered as no flux, accounted for 20 and 0.1%, respectively. These were carefully checked to see if there were additional biases before being included in the final dataset for statistical analyses. This left us with a total of 3,091 N2O measurements.
We then used the general equation for ideal gases to calculate the N2O flux, following the approach of Parkin and Venterea (2010) and using the flux package in R (Jurasinski et al., 2014):
Equation 1.               
Where Flux is reported in µg m2 h-1; t is the time of chamber deployment in hours; ∆C/∆t is the change in concentration of N–N2O per unit time during chamber deployment in g m-3 (ppm) hour-1; V is the chamber volume in m3 = 0.02402; M is the molar mass = 28 g for N–N2O; p is pressure at sea level in Pa = 101325; R is the universal gas constant with standard value 8.314 Pa/K mol; T is the mean temperature in degrees Celsius inside the chamber for the period of sampling; and A is the area covered by the chamber in m2 = 0.22. 
[bookmark: _Toc460606611][bookmark: _Toc466297508]Temporal trends in N2O fluxes
To determine the decay behaviour of N2O fluxes just after fertilizer addition, we first selected a temporal window stretching from immediately after treatment application to when emissions returned to background levels. This lasted up to 20 days after the day treatments were applied, as is commonly reported in the literature (Paredes et al., 2014, 2015). A rolling median, with a window of four days, was applied on the raw data to reduce the effect of random fluctuation and sampling error. We verified that the results were robust to changes in the window size. We then fitted an exponential model to the rolling median (± 0.67 and 0.33 quantiles), as follows: 
Equation 2.                                                    
Where Flux is the total flux of N–N2O, in μg m-2 h-1; α and β are estimated parameters by regression and t is the time in days since the treatment was applied. The parameters can be interpreted as follows: β represents the flux immediately after the application of the treatment and α is inversely proportional to the time taken for emissions to return to near background levels.
Soil moisture calculations 
Soil N2O flux was related to soil water content. We calculated the gravimetric soil water content from the difference in moisture between fresh and dry samples. Then soil water-filled pore space (WFPS) or the degree of soil water saturation according to Hillel (1980), was calculated for the top 10-cm soil layer, as follows:
Equation 3.                         
Where WFPS is expressed in per cent (%); SWC is the gravimetric soil water content (g g-1); BD is the soil bulk density (g cm-3), which was 1.36 g cm-3 for the sugarcane plantation and 0.93 g cm-3 for the cerrado; and PD is the particle density of mineral soils (2.65 g cm-3), according to Hillel (1980).
Emission factor and emission intensity calculations
Daily cumulative emissions were calculated per chamber (N–N2O kg ha-1 day-1), and the daily median per treatment was chosen to smooth random fluctuations. We then used numerical integration to calculate the area under curve (AUC) of the cumulative annual emissions using the auc.mc function of the flux package in R (Jurasinski et al., 2014). This function randomly subsamples data to estimate the uncertainty in the area under the curve. We performed 1,000 iterations of the integration, leaving 10% of the data out at each iteration, to estimate uncertainty. Because we had measurement spanning a total of 356 days, results were presented as a yearly rate (365 days).  The resulting AUC median was taken to be the total N–N2O kg ha-1 year-1 for each treatment. The mean absolute deviation of interquartile range was reported as a measure of uncertainty (Leys et al., 2013). Previous studies have also used linear interpolation and the area under the annual emissions curve to estimate the annual N2O emissions (e.g., Carmo et al., 2013; Paredes et al., 2014, 2015). 
We calculated the emission factor (EF) for each treatment according to IPCC (2006), as described by Allen et al. (2010). However, due to the lack of a control plot (without mineral nitrogen and vinasse), we used emission data from chambers at mid-row position within the N0 treatment, since the ammonium nitrate fertilizer was banded in the chambers positioned close to the sugarcane rows. These mid-row chambers had low emissions on average (0.47 ± 0.005 kg N–N2O ha-1), which were similar to the average reported for control (no nitrogen fertilizer and no vinasse) plots in the literature, i.e., mean ± SE: 0.33 ± 0.17 kg N–N2O ha-1 (de Oliveira et al., 2013; Paredes et al., 2014, 2015; Signor et al., 2013; Siqueira Neto et al., 2016). We first corrected the cumulative N–N2O emission measured in each treatment by subtracting the ‘control’ emissions, and then dividing it by the total nitrogen applied as ammonium nitrate or as both ammonium nitrate and vinasse per year. 
Emission intensity from fertilizer use per crop yield was estimated for each treatment (adapted from Zhang et al., 2016). We used the global warming potential for 100-year horizon by the IPCC to transform N2O cumulative emissions (in kg ha-1) into CO2 equivalent emissions (CO2e), assuming that 1 kg of N2O is equal to 298 kg of CO2 (Myhre et al., 2013). Finally, we divided the total annual emissions (in g ha-1) by the crop yield (in kg ha-1) and expressed the emissions intensity in g CO2e per kg of fresh stalk mass.



[bookmark: _Toc460606613][bookmark: _Toc466297510]Statistical analyses
All statistical analyses were performed using R v. 3.2.2 (R core team, 2015), with a statistical significance threshold of P ≤ 0.05. Data were tested for normality using the Shapiro-Wilk test, and in the case of failure, a nonparametric test was used. To reduce the impact of random variation on the N2O fluxes, the median (± 0.67 and 0.33 quantiles) of each day of gas measurements per treatment was used. We then estimated the values of missing data with linear interpolation over the annual emissions curve (approx function in the Package stats in R).
Analysis of variance (ANOVA) was used to test the differences in the mean annual fluxes per treatment and the effect of irrigation. A split plot ANOVA was used to test the effect of chambers within treatments on mean N2O fluxes. ANOVA was also used to test differences in emission intensities and crop yield among treatment. 
 A Spearman rank correlation was performed to test the relationship between N2O fluxes and each of the environmental variables measured during sampling: soil mineral N (mg kg-1); WFPS (%); cumulative water, either from rainfall or both rainfall and irrigation, during the past six days (mm); and mean air temperature (°C). A boxcox transformation was performed on the N2O flux data using the MASS package in R (Box and Cox, 1964; Venables and Ripley, 2002). The transformed data were used in a generalised linear model (GLM) to assess the hierarchical effects of treatment and environmental variables mentioned above on the N2O flux response in the sugarcane plots. The squared residual deviance (D2) is reported as a measure of goodness of fit (Guisan and Zimmermann, 2000; Barbosa et al., 2015).  
[bookmark: _Toc460606614][bookmark: _Toc466297511]RESULTS
[bookmark: _Toc460606615][bookmark: _Toc466297512]Nitrous oxide fluxes in response to fertilizer addition
Soil nitrous oxide fluxes increased significantly immediately after the treatments were applied in the sugarcane fields (Fig. 1). The plots subjected to the NV treatment had significantly higher N2O flux than plots that underwent other treatments, when averaged over a year (F5,12 = 5.9, P < 0.05; Fig. 2.a). These were on average three times larger than the fluxes recorded for the N0 and N75 treatments, and 10 times larger than those for both V treatments. Fluxes measured in the native vegetation were negligible. We found that irrigation resulted in significantly higher annual mean N2O fluxes only for NV plots (Post hoc Tukey test P < 0.05; Fig. 2.b), but it had no detectable effect for plots subjected to the N or V treatments (Post hoc Tukey test n.s.). 
The magnitude of the effect of fertilizer treatments on N2O was dependent on the position of chamber relative to the sugarcane rows (F5,18 = 7.8, P < 0.001). Chambers near the cane rows had, on average, N2O fluxes twice as large as chambers between cane rows (F1,34 = 6.9, P = 0.01). Differences in N2O fluxes between chambers were most pronounced for the NV treatment (Tukey test at P < 0.05; see Fig. B.1 in the supplementary material). 
After an initial peak, immediately following the treatment, flux decreased exponentially, returning to background levels in approximately two weeks (Fig. 3; Table B.1 in the supplementary material). NV treatments resulted in a faster decay rate compared to other treatments (Fig. 3). Moreover, for the NV treatments, N2O fluxes measured in wet season (November) were much larger than those measured during dry season (May). Irrigation was important during the window of two weeks after treatments, influencing, in general, the larger peaks of the irrigated plots compared to those without irrigation (Fig. 3). 
[bookmark: _Toc460606617][bookmark: _Toc466297514]Environmental factors modulating N2O fluxes
During the 20 days following the application of treatments, i.e., the treatment period, the most important factors influencing soil N2O fluxes was the type of fertilizer and the WFPS (Table 1). Responses differed among treatments: N2O fluxes in the nonirrigated NV treatment were positively correlated with ammonium and nitrate soil concentration and with WFPS (rs = 0.34, 0.51 and 0.35, respectively; Table 1); in the irrigated vinasse treatment, N2O fluxes were positively correlated only with soil nitrate concentration (rs = 0.46; Table 1); and in the nonirrigated N treatment, fluxes only correlated with WFPS (rs = 0.35; Table 1). 
We also recorded occasional soil N2O flux peaks of lower magnitude (up to 100 µg m-2 h-1; Fig. 1) outside the 20-day period after treatment. Most of these secondary N2O flux peaks were positively correlated with the percentage of WFPS (rs = 0.26, 0.35 and 0.35, for the N75, NV0 and V0 treatments, respectively) or with the accumulated water input, from precipitation and irrigation, over the six days preceding the sampling day (Table 1). 
Treatments led to different nitrate and ammonium concentrations and WFPS in the soil throughout the year (Figs. B.2 and B.3). In general, considering the whole year of measurements for the sugarcane plots, ammonium concentration in the soil had the strongest positive effect over soil N2O fluxes, followed by the treatment, and then, by the WFPS (F1,903 = 85.4, F2,903 = 12.5 and F1,903 = 15.7, P < 0.001). However, the model was poor in explaining the large variability found in the soil N2O flux data (GLM: null dev. = 2.93 with 910 d.f., res. dev. = 2.57 with 903 d.f., D2 = 0.12).
Annual cumulative emissions and emission factors for N2O
The annual cumulative soil N–N2O emission in the sugarcane fields ranged from 0.5 to 2.9 kg N ha-1. Plots subjected to the irrigated NV treatment showed the largest emissions (Table 2). Native vegetation showed very low annual emissions (woodland: 0.07 ± 0.03 and savannah: 0.15 ± 0.02 kg N–N2O ha-1). Emission factors for N and NV plots varied from 0.05% ± 0.006% in the nonirrigated N to 4.59% ± 0.18% in the nonirrigated V treatment. Plots that underwent the V treatments had relatively high emission factors (range: 1.11 – 4.59%), but because mineral N additions were low (2.7 kg N ha-1), the actual soil N2O emissions were small.
Crop performance
Sugarcane stalk yield was unaffected by fertilizer treatment but responded positively to irrigation (F2,6 = 0.42 n.s. and F2,6 = 0.39 n.s. for nonirrigated and irrigated treatments, respectively; F1,16 = 18, P < 0.001 for all plots; Table 2). However, emission intensities per yield varied considerable among treatments: NV treatments had at least three times as high emissions per fresh stalk mass as those measured in plots under N or vinasse treatments: ~10 vs. ~3 of CO2e per kg of fresh stalk mass (F5,12 = 449, P < 0.001; Fig. 4).
[bookmark: _Toc460606618][bookmark: _Toc466297515]DISCUSSION
[bookmark: _Toc460606620][bookmark: _Toc466297517]Crossroad for mineral and organic fertilizers?
   Effects of fertilizers on N2O flux and crop yield 
We found that the NV0 and NV75 treatments resulted in much higher soil N2O fluxes than those from other treatments (Fig. 1), echoing findings from previous studies (de Oliveira et al., 2013; Paredes et al., 2014, 2015). Adding vinasse to plots recently treated with mineral N fertilizer has a synergistic effect on soil N2O fluxes that can be measured even when fertilizers are applied within a time interval of 15-day (Paredes et al., 2014, 2015). This response is probably due to the high input of easily decomposable organic carbon from the vinasse application in combination with the readily available nitrogen from the mineral fertilizers that boosts the microbial activity and promotes conditions for denitrification (Paredes et al., 2015; Parnaudeau et al., 2008).
We report initial soil N2O flux peaks that are within the range of variation of those reported in previous studies (194 - 2,940 µg m-2 h-1; Table 3). For example, a study conducted in Ribeirão Preto - São Paulo, reported initial peaks for the NV treatment of 4,000 (±1,000) N–N2O µg m-2 h-1 and another study in Seropédica - Rio de Janeiro, showed peaks of ~ 2,000 µg m-2 h-1 just after combined NV addition during wet season (Paredes et al., 2014, 2015). However, de Oliveira et al. (2013) reported an initial peak of approximately 600 µg m-2 h-1 after fertigation during the dry season, which is higher than the average fluxes we reported for the dry season (~270 µg m-2 h-1).
Compared to the combined NV treatment, adding mineral N or vinasse alone results in much lower N2O fluxes (see also Paredes et al., 2014, 2015; Siqueira Neto et al., 2016). Paredes et al. (2014) also found that mean soil N2O flux from plots treated with vinasse were twice as low as those treated with combined NV, while fields treated with urea were 20 times lower. In fact, we found that soil N2O flux in those plots that underwent mineral N treatments were in the lower range of data in the literature, for similar fertilizer doses, respectively: 50 - 72 vs. 60 - 1,200 µg m-2 h-1 (Present study; de Oliveira et al., 2013; Paredes et al., 2015; Signor et al., 2013). The vinasse treatments had the lowest N2O fluxes overall in our study and in a few other studies (Table 3; Paredes et al., 2015; Siqueira Neto et al., 2016), but higher fluxes than those from the N treatment in Paredes et al. (2014). Thus, as suggested before, the effect of vinasse addition is highly complex and responses may vary according to the amounts of labile carbon and N in the vinasse and in the soils, among other factors (Paredes et al., 2015). 
Crop yields were similar across treatments, which suggests that the nutrient levels added with the vinasse treatment, coupled with the previous soil stock, were enough to support plant requirements during the crop cycle. Thus, the addition of mineral N, in this case, was unnecessary for plant growth and had the negative effect of increasing emission intensities in the case of the combined NV treatments (Fig. 4). Prado et al. (2013) assembled the positive consequences of the use of organic fertilizers in plantations, such as vinasse, for improving soil conditions and plant productivity. Studies in Brazil have shown that doses of 100-150 m3 ha-1 of vinasse on sugarcane plantations provide good conditions for plant growth and soil health due to high inputs of potassium, organic matter and minor inputs of other nutrients (Paulino et al., 2011; Zolin et al., 2011; Cherubin et al., 2016). However, because responses of plant growth and N2O fluxes to vinasse addition vary greatly according to the vinasse chemical composition, crop type, age, history and soil conditions, it is important that farmers explore the best use of vinasse according to their crops requirements and local soil conditions (Fuess and Garcia, 2014; Paredes et al., 2014, 2015). 
Cumulative emissions and emission factors
Cumulative N2O emissions found in the present study fell within the range of means reported by previous studies in sugarcane fields in Brazil of 0.1-7.4 kg N–N2O ha-1 (Carmo et al., 2013; de Oliveira et al., 2013; Paredes et al., 2014, 2015; Siqueira Neto et al., 2016), as well as for  croplands in general in the Cerrado (median range: 0.80 to 2.42 kg N–N2O ha-1; Meurer et al., 2016). Annual emissions from sugarcane fields in Brazil are often lower than those elsewhere, because other countries tend to use more mineral N, little or no organic fertilizers and have wetter soil conditions due to higher rainfall. In Australian sugarcane systems, for example, Allen et al. (2010) found mean (± SE) cumulative emissions of 3.9 ± 0.2 kg N–N2O ha-1, while Wang et al. (2014, 2016) reported total emissions of ~ 10 - 23 kg N–N2O ha-1. 
In this study, we find that emission factors vary largely among treatments (0.05% - 4.59%, on average 1.34 ± 0.68%). This average falls in the lower range of nitrogen emission factor for most crops around the world: 0.2 - 9.0%, mean ~1% (De Klein et al., 2006; Mosier et al., 1998b). Nevertheless, these global estimates were dependent on crop type, climate and management, and did not consider the effect of other organic fertilizers such as vinasse (Mosier et al., 1998a). They also had limited data from savannah ecosystems (Crutzen et al., 2008; Mosier et al., 1998a, 1998b). Emission factors from sugarcane fields in Brazil vary considerably: from 0.4% to 4.6% in the core Cerrado region (Carmo et al., 2013; Signor et al., 2013; present study) and from 0.1% to 2.2% in southeast Brazil (Paredes et al., 2015; Siqueira Neto et al., 2016). 
[bookmark: _Toc460606621][bookmark: _Toc466297518]Irrigation has little effect on N2O, but large on crop yield
Irrigation led to higher N2O fluxes only over the two weeks following fertilizer addition in the N and NV treatments (Fig. 3; Table B.1). However, when considering emissions over an entire year, this effect was only significant in the NV treatment (Fig. 2.b). In general, irrigation tends to increase N2O fluxes due to the high microbial activity response to high moisture that results in high mineralisation rates (Halvorson et al., 2008). This, coupled with the concomitant addition of mineral N and the vinasse addition that brings large quantities of labile carbon, potassium and more N, may explain the N2O fluxes of much higher magnitude in the NV irrigated treatment. Our results agree with a recent study on the sustainability of sugarcane under irrigation showed that, in fact, irrigated crop  results in higher greenhouse gas emissions expressed as carbon footprint compared to a rainfed crop (Cardozo et al., 2016). 
Irrigation had a significant effect on crop yield for all treatments, which is commonly the case in mid-southern Brazil (Monteiro and Sentelhas, 2014; Oliveira et al., 2014; Uribe et al., 2013). This is because sugarcane is sensitive to increases in soil water deficit and responds with a strong stomatal control that consequently reduces productivity (Marin and Nassif, 2013). Thus, irrigation is important for increasing sugarcane productivity as it expands though highly seasonal areas in Brazil. Currently, about 12% of Brazil’s arable land is irrigated, being only a small percentage taken up by sugarcane plantations (ANA, 2015; Lisboa et al., 2011; Tsiropoulos et al., 2014). However, it is likely that irrigation will be expanded as croplands spread to drier areas of Brazil (ANA, 2013). While this expansion will benefit sugarcane productivity, it will also increase the likelihood of high N2O fluxes in the near future.
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In the present study, ammonium and nitrate in the soil and treatment were the main factors explaining soil N2O fluxes, especially just after fertilizer addition. Denitrification is often the main process underlying soil N2O flux peaks after fertilizer addition due to the large input of reactive nitrogen, which provides substrate for the fast growth of soil microbes (Dobbie et al., 1999; Weier et al., 1996). Moreover, as mentioned above, the addition of labile (easily oxidizable) organic compounds and moisture, such as those in vinasse, usually enhances microbial activity which accelerates the decomposition of the soil organic matter, reducing oxygen levels (Lisboa et al., 2011). These conditions probably occurred in the plots under NV treatment, where there was a surplus of N, high availability of labile organic carbon and high WFPS (~ 80-90%). Previous studies in sugarcane cropland have also mentioned the effect of these factors on N2O peak fluxes (de Oliveira et al., 2013; Paredes et al., 2015). 
In our study, plots responded positively to increasing soil water content, as well as to the water accumulated over the past six days (Table 1). It is widely known that soil moisture is a key factor in controlling soil microbial activity, affecting indirectly the oxygen availability and the production of N2O in general (Klemedtsson et al., 1988; Stark and Firestone, 1995) and in sugarcane fields (Vargas et al., 2014). Despite its high importance, the WFPS effect was less strong than the treatment effect in our study, and was more influential in the period of 20 days after treatment, when the concentrations of ammonium and nitrate in the soil were reduced (Table 2; Fig. B.3 in the supplementary material). 
Spatial and temporal patterns of N2O flux
Soil N2O flux varies significantly over short distances, due to differences in micro-environmental conditions, soil structure and fertilizer addition practices (Alves et al., 2012; Bouwman et al., 2002). We found higher fluxes in chambers near the cane row for treatments containing mineral N and vinasse. This can be explained by the fact that the fertilizer application was done in 10-cm bands next to the sugarcane row, where a higher concentration of N accumulates and probably due to the synergistic effect of N and vinasse. Higher emission near the crop row is a common pattern and have been attributed to the high nitrogen fertilizer input and high WFPS near the crop row (Allen et al., 2010; Carmo et al., 2013). 
Based on our observations and the literature, soil N2O peak fluxes decay to background levels within the 20-30 days after treatment, which probably is a result of reductions in the available nitrogen and labile carbon in the soil (Fig. 3; Paredes et al., 2014, 2015). Thus, it is likely that whenever a combination of N and vinasse is needed, the best option would be applying the fertilizers separately, with at least a month interval, to avoid large N2O fluxes. Experimental data demonstrating this principle are lacking though, and should be a focus of future studies. 
We found strong differences on N2O fluxes between the wet and dry seasons, which highlights the importance of studies covering at least a year, or a whole crop cycle. Short-term studies tend to neglect the seasonal fluctuations in the environmental variables that influence the N2O production. Most N2O studies on sugarcane in Brazil covered only the initial response to a fertilizer event up to few months (Paredes et al., 2014, 2015; Signor et al., 2013). Carmo et al. (2013) extended their study for longer, but did not repeat the fertilizer application during wet season; as shown here, they also found additional N2O peak fluxes of emissions at the beginning of the rainy season. These peaks may have been a consequence of increased activity of the soil microbiota in response to high moisture caused by rainfall.
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The present study provides data of a full-year N2O experiment on sugarcane cropland in the Cerrado. We discuss, for the first time, the trade-offs between N2O emissions, crop productivity and irrigation in sugarcane cropland, presenting sustainable alternatives to farmers. We also provide new data on the emission factors for sugarcane that should be taken into account in emission calculations by national and international agencies. The combination of vinasse and mineral nitrogen fertilizer leads to N2O emissions that are, on average, at least three times as high as when each fertilizer is applied separately. Thus, the combined addition of nitrogen and vinasse reduces the climate change abatement of sugarcane bioethanol by significantly increasing N2O emissions per crop yield. Instead, the use of vinasse as a main fertilizer in sugarcane fields may be beneficial for greenhouse gas mitigation, crop nutrition, waste management, as well as for economic benefits, by obviating the costs of mineral nitrogen fertilizer. A supplement of mineral N might be needed periodically, depending on the soil features, land use history, crop conditions and crop stage. In this case, we recommend that applications of N and V are separated in time by at least a month, to avoid the synergistic effect of joint application on N2O emissions. Though annual cumulative N2O emissions from sugarcane in the Cerrado fall at the lower end of worldwide emissions for this crop, they might be substantial, representing a drawback for reducing the sustainable energy credentials of the bioethanol in the country.
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Table 1. Spearman rank correlation coefficients for nitrous oxide flux in response to environmental variables, during the 20 days after treatment and after†. Number of observations was 33 during the first 20 days and 111 for the period after treatment effect. 
	Treatment 
	Irrigation
	Ammonium
	Nitrate
	WFPS
	Cumulative water
	Temperature

	During
	
	
	
	
	
	

	N
	0
	-0.08
	-0.12
	0.35*
	-0.02
	0.06

	N
	75
	0.11
	0.13
	-0.06
	-0.15
	-0.17

	V
	0
	-0.03
	0.36*
	-0.19
	-0.18
	0.19

	V
	75
	0.13
	0.46*
	0.09
	-0.27
	-0.08

	NV
	0
	0.34§
	0.51*
	0.35§
	0.10
	0.35§

	NV
	75
	-0.04
	-0.20
	-0.16
	-0.25
	-0.08

	After 
	
	
	
	
	
	

	N
	0
	0.01
	-0.08
	0.16
	0.07
	-0.09

	N
	75
	-0.01
	0.18*
	0.26*
	-0.07
	0.08

	V
	0
	0.16
	-0.14
	0.35*
	0.12
	-0.10

	V
	75
	0.13
	0.04
	0.06
	-0.10
	0.01

	NV
	0
	0.13
	0.05
	0.35**
	0.24*
	-0.09

	NV
	75
	-0.01
	0.02
	0.16
	0.06
	0.01


†from the 21st day after treatment to the day before the next treatment application; *P < 0.05, **P < 0.001, §P = nearly above 0.05.

Table 2. Total mineral nitrogen applied as fertilizer per year‡ (in kg N ha-1), crop yield (in Mg fresh stalk mass ha-1), annual cumulative nitrous oxide emissions (in kg N–N2O ha-1) and emission factor (EF, in %) are reported below for each treatment in the sugarcane and for the cerrado vegetation (mean for woodland and savannah).
	Treatment
	N applied
	Crop yield§
	Cumulative N-N2O†
	EF† (%)

	Control 
	-
	-
	0.47 (0.005)
	-

	N0
	200
	90 (15)
	0.57 (0.02)
	0.05 (0.002)

	N75
	200
	132 (9)
	0.78 (0.03)
	0.16 (0.002)

	NV0
	202.7
	92 (16)
	2.34 (0.16)
	0.92 (0.035)

	NV75
	202.7
	138 (8)
	2.91 (0.20)
	1.20 (0.006)

	V0
	2.7
	106 (4)
	0.59 (0.03)
	4.59 (0.18)

	V75
	2.7
	127 (9)
	0.50 (0.03)
	1.11 (0.27)

	Mean 
	
	114 (8)
	1.29 (0.43)
	1.34 (0.68)

	Cerrado
	-
	-
	0.11 (0.003)
	-


‡For the NV treatments, we accounted the amount from the mineral nitrogen fertilizer plus the mineral nitrogen from the vinasse. §Mean (± one standard error); †Median (± mean absolute interquartile deviation). EF is calculated as the percentage of N added according to IPCC (2006) as described by Allen et al. (2010). 
Table 3. Data gathered from present study and literature shows the responses on soil N2O initial peak fluxes, cumulative emissions and emission factors to combined mineral nitrogen and vinasse or vinasse only application. Responses vary by location, environmental conditions, study length, crop stage, type of fertilizer and doses. 
	Location
	Season
	Mean (accumulated) rainfall (mm)
	Study length (days)
	Stage
	Treatment
	N fertilizer type
	N fertilizer (vinasse) dose
	N-N2O peak flux§ (range)
(µg m-2 h-1)
	Cumulative N-N2O emission
(kg N ha-1)
	Emission factor¥ (%)
	Source

	Planaltina-DF
	D/W
	1,300 (1,581/2,255ǂ)
	365
	3rd ratoon
	NV
NVǂ
V
Vǂ
	AN
	100 (150)*
	291 (228-436)/550 (400-1128) 
251 (194-330)/1,106 (879-2,940)
44 (37-62)/48 (41-68) 
29 (27-38)/8 (6-10)
	2.34 ± 0.16
2.91 ± 0.21
0.59 ± 0.03
0.50 ± 0.03
	0.92 ± 0.035
1.20 ± 0.006
4.59 ± 0.18
1.11 ± 0.27
	1

	Piracicaba-SP
	W
	1,400 (1,026)
	30
	2nd ratoon
	NV
V
	U
	80 (150)
	 500 (300-700)
 500 (200-800)
	8.36 ± 2.13
3.86 ± 0.44
	0.59 ± 0.19
0.77 ± 0.16
	2

	Ribeirão Preto-SP
	W
	1,423 (669)
	211
	2nd ratoon
	NV
V
	AS
	100 (100)
	 4,000 (3,000-5,000)
 1,000 (600-1,200)
	7.32
2.64
	0.77 ± 0.23
2.20 ± 2.93
	3

	Seropédica-RJ
	W
	1,354 (69)
	~ 40
	1st ratoon
	NV
V
	U
	80 (150)
	 2,000 (1,500-2,400)
 1,100 (700-1,400)
	0.79
0.42
	0.7
2.5
	4

	Jaú –SP
Piracicaba-SP**
	W
W
	1,390
	314
335
	plant cane
1st ratoon
	NV
NV
	U
AN
	60 (100)
120 (56)
	 833 
 4,000
	4.6
15.6
	2.65 ± 1.13
~ 1.5
	5

	Piracicaba-SP
	D
	1,419
	15
	1st ratoon
	V†
	N/A
	0 (200)
	 600 (300-900)
	0.46 ± 0.16
	0.44
	6


NV = mineral nitrogen fertilizer and vinasse, V = vinasse, W = wet season, D = dry season, AN = ammonium nitrate, AS = ammonium sulphate, U = urea. ǂIrrigated plots. *Dose per application (applied twice a year) in kg N ha-1 for mineral N, in m3 ha-1 for vinasse. §Data from graphs of those studies lacking tabular data or information in the text. Used median for the present study and mean for the literature data. ¥ In the present study, EF was calculated according to IPCC (2006) described by Allen et al. (2010); EF for V plots was calculated using mineral N. **Used the estimated mean for the trash treatments T7 and T14. †unburnt plots.
1Present study, 2Siqueira Neto et al. (2016), 3Paredes et al. (2015) 4Paredes et al. (2014), 5Carmo et al. (2013), 6de Oliveira et al. (2013).
