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Abstract

Among the main greenhouse gases (CO2, CH4 and N>O), N> O has the highest global warming
potential. N>O emission is mainly connected to agricultural activities, increasing as nitrogen
concentrations increase in the soil with nitrogen fertilizer application. We evaluated N, O emissions
due to application of increasing doses of ammonium nitrate and urea in two sugarcane fields in the
mid-southern region of Brazil: Piracicaba (Sao Paulo state) and Goianésia (Goids state). In
Piracicaba, N> O emissions exponentially increased with increasing N doses and were similar for
urea and ammonium nitrate up to a dose of 107.9 kg ha~! of N. From there on, emissions
exponentially increased for ammonium nitrate, whereas for urea they stabilized. In Goianésia, N,O
emissions were lower, although the behavior was similar to that at the Piracicaba site. Ammonium
nitrate emissions increased linearly with N dose and urea emissions were adjusted to a quadratic
equation with a maximum amount of 113.9 kg N ha™!. This first effort to measure fertilizer
induced emissions in Brazilian sugarcane production not only helps to elucidate the behavior of
N, O emissions promoted by different N sources frequently used in Brazilian sugarcane fields but
also can be useful for future Brazilian ethanol carbon footprint studies.

Keywords: greenhouse gases, ammonium nitrate, urea, global warming, ethanol

1. Introduction

The N, O atmospheric concentration increased from 270 parts
per billion (ppb) in the preindustrial period to approximately
319 ppb in 2005, and agriculture is considered the main
cause for this (IPCC 2007). Approximately 70% of annual
anthropogenic N,O emissions in the world come from animal
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and crop production (Mosier 2001). N,O emissions are of
great importance due to its high global warming potential:
298 times greater than CO3, considering 114 years lifetime
and 100 years of time horizon (Forster et al 2007). Brazilian
N>O emissions in 2005 were around 221.2 Mt CO; eq (11%
of national emissions) and agricultural soils were responsible
for 87.20% of this (Cerri et al 2009).

Nitrogen gaseous emissions (N;O, NO and N;) from
soils are a consequence of several processes (Bockman
and Olfs 1998, Stevens and Laughlin 1998, Conrad 1996),
but most of the N;O is produced by nitrification and
denitrification reactions. Emissions depend on the balance

© 2013 IOP Publishing Ltd Printed in the UK
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Table 1. Physical and chemical characteristics of the two oxisols in the studied areas. (Sand, silt and clay determined by the Bouyoucos
method. Ca>*, Mg?*, P and K* determined by ion exchange resin (Raij and Quaggio 1983). AI** determined by titration with KCI,

1 mol 1=, H+Al determined by the SMP buffer method.)

Soil

layer Sand  Silt Clay pH C* Ca2t Mgt K+t APt H-+AI P

(em) (g kg_l) (g kg_l) (g kg_l) water (g kg_l) (mmol, dm~?) (mmol, dm~3) (mmol, dm™3) (mmol. dm~?) (mmol, dm ) (mg kg_l)
Piracicaba

0-10 442 49 509 5.1 15.7 38 22 1.1 1 35 10

10-20 433 32 535 4.7 13.9 21 12 0.6 7 49 7
Goianésia

0-10 194 240 566 54 246 36 91 3.5 1 36 5

10-20 187 253 560 53 21.2 39 92 2.5 2 39 3

@ Carbon determined by Walkley—Black method (wet combustion) in Piracicaba and by dry combustion in Goianésia.

among production, consumption and diffusion of nitrogen
gases to the atmosphere (Firestone and Davidson 1989). As
N, O production by nitrification or denitrification depends on
the N available in the soil (Akiyama et al 2000), nitrogen
fertilizer application is an important driver of N,O emissions
(Brentrup et al 2000, Bergstrom et al 2001, Passianoto et al
2003, Chen et al 2008).

Brazil is the largest sugarcane producer in the world,
with 8368 million hectares planted and a harvest of 571 439.3
million tons of sugarcane in the 2011/2012 crop (CONAB
2012). Brazilian sugarcane production is concentrated in two
distinct regions: northeastern and mid-southern. The second
one is responsible for around 90% of the national production.
Approximately 50% of Brazilian sugarcane production was
directed towards ethanol production (CONAB 2012), that is
used as biofuel by vehicles. According to the International
Fertilizer Industry Association (IFA), in 2007/2008 Brazilian
sugarcane used 22.3% of nitrogen fertilizers consumed in
the country and 0.6% of the world consumption (Heffer
2009). According to the Brazilian National Supply Company
(CONAB), around 92.4% of the recent sugarcane area
expansion took place in the mid-southern region (43.3% in
Séo Paulo state and 10.9% in Goias state) (CONAB 2008).

Given the importance of Brazilian sugarcane ethanol
to substitute for fossil fuels, it is important to evaluate
greenhouse gas (GHG) emissions associated with its
production process, including those deriving from the
sugarcane agrosystem. Macedo et al (2008) estimated ethanol
GHG emissions in Brazil as 436 kg CO, eq m ™~ and affirmed
that this value was mainly affected by cane productivity,
N-fertilizer use and ethanol yield. Taking in account data from
Macedo et al (2008) and CONAB (2012), Brazilian GHG
emissions in sugarcane areas would be 1.19 kg CO, eq ha™!.
GHG emissions related to sugarcane production are associated
with land use change; fertilization, fertigation and irrigation;
residue management (including preharvest burning); tillage
operations and diesel use (Figueiredo and La Scala Jr 2011,
Lisboa et al 2011). Excluding land use change, since in
Brazil sugarcane areas are not established directly after the
native vegetation conversion, N fertilization is the major
contributor to the GHG emissions of the ethanol-sugarcane
system (Lisboa ef al 2011). However, these authors, in a GHG
balance for bioethanol from sugarcane, affirmed that there is

a large uncertainty on the information due to lack of available
data, and highlighted the need for GHG quantification after
liming and N-P-K fertilization.

We hypothesized that there are differences in N;O
emissions according to sources and rates of N fertilizers
applied to the soil. The objective of this research was
to evaluate N,O emissions according to different urea
and ammonium nitrate application rates in sugarcane crop
areas in Brazil’s mid-southern region. This will provide
useful information for Brazilian GHG inventories because
information about N>O emissions induced by N fertilizers
for sugarcane in Brazil is not currently available. Moreover,
our results can directly contribute to international institutions
and organizations such as the IPCC, GHG Protocol, GBEP,
Bonsucro etc related to biofuel assessments.

2. Materials and methods

Two experiments were conducted in Brazil’s mid-southern
region. The first one was done in Piracicaba (22°43’ S, 47°38'
W) in Sao Paulo state (site 1), and the second one was
conducted in Goianésia (15°19” S, 49°07" W) in Goiés state
(site 2). Characteristics of the soils in the two experimental
sites are in table 1. In Piracicaba, the area was cultivated with
sugarcane for more than 60 years and the cane was in the
second ratoon during the experiment. Harvesting was done
without fire, and there was 15 Mg ha~! dry matter of straw
on the soil surface.

The Piracicaba climate is tropical moist (Cwa, Kdeppen),
with rainy summers and dry winters. The annual average
temperature is 21.5 °C, and precipitation is about 1270 mm.
The influence of nitrogen fertilizers on N>,O emissions was
evaluated by comparing emissions in areas without fertilizer
application and in areas that received different doses of
nitrogen from two sources (urea and ammonium nitrate).
Treatments tested were C (control; with no application of
nitrogen fertilizer), four rates of urea (60 (U60), 90 (U90), 120
(U120), and 180 (U180) kg N ha™! year~!), and four rates
of ammonium nitrate (60 (AN60), 90 (AN90), 120 (AN120),
and 180 (AN180) kg N ha™! year~!). For all treatments, we
made a single fertilizer application at the beginning of the
experimental period.
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At site 1, plots of each treatment were formed by four
sugarcane rows, each 10 m long. Fertilizers were applied to
the soil in the same way as done in commercially cultivated
areas, i.e. on the surface at approximately 10 cm from the
sugarcane ratoon. No>O emissions were measured with static
chambers (Steudler et al 1996) (volume about 10 liters),
composed of two parts: a 28 cm diameter metal base partially
buried in soil (approximately 5 cm deep) and a polyvinyl
chloride (PVC) lid with a small opening where gas samples
were collected. The upper end of the metal base had a rim
(approximately 2.8 cm high) where the lid was supported at
collection time and where water was placed to ensure perfect
sealing between the lid and the base.

Four bases were installed in the two central lines of each
plot, representing four replicates of each treatment. The bases
were installed one day before the fertilizer applications and
stayed in the same place until the end of the experiment. In
each evaluation gas samples was collected from each chamber
at three times: immediately after closing the chamber and
10 and 30 min after that. Samples were collected in 20 ml
plastic syringes coupled to a three-way connector to avoid
the loss of gas. After this, the lids were removed and the
metal bases remained uncovered until the next collection.
Immediately after the collection, syringes were sent to
the laboratory for determinations of N>O concentrations
in a gas chromatograph with a detector temperature of
310°C and column oven temperature of about 350 °C. N,O
concentration over time, chamber volume, chamber area,
soil temperature and atmospheric pressure were used for
calculation of N>O flux expressed as ;g N-N,O m~2 h™!
In Piracicaba, measurements were made from 21 October
to 9 December 2009 (50 days). In the first 10 days, daily
samplings were conducted. After this, collections were carried
out every two days. Moreover, immediately after rain events
the measurements were made daily.

The second experiment was conducted in Goianésia (site
2), from 23 January to 8 February 2010. The Goianésia
climate is tropical (Aw, Koéeppen) with dry winters; annual
temperature varies between 22 °C and 25 °C and precipitation
is about 2473 mm. Sugarcane has been cultivated in the area
for more than 20 years, harvesting has been done without
fire and plants were in the fifth ratoon during the experiment.
Treatments tested at site 2 were C, three rates of urea (U60,
U120 and U180) and three rates of ammonium nitrate (AN60,
AN120 and AN180). Each treatment was applied separately
in a 1 m long row, on the soil surface at approximately 10 cm
from the sugarcane ratoon. Chambers used in this experiment
were the same as described above and were installed in
the middle of the fertilizer application row. Four chambers
were used per treatment (replicates) and gas samples were
collected as the same way as described above. The samples
were immediately transferred from syringes to pre-evacuated
vials closed with a rubber stopper, sent to the laboratory in
Piracicaba and analyzed as the same way as for site 1.

Statistical analyses of the two sites were done
individually using the SAS 9.0 program. During the
experiments, daily means of N,O fluxes for each treatment
were compared by mean test (Tukey, o < 0.05), using the

glm procedure. Total amounts of NoO emitted during the 50
days study at Piracicaba and during the 16 days study at
Goianésia were estimated by integration of N, O daily fluxes
from each plot. With accumulated emissions, we calculated
the proportion of the added N that is emitted as N, O.

Cumulative N,O emissions in each N source were
subjected to regression analyses. At site 1 the following
exponential equation was used: y = ae?, where y represents
N,O emission during the evaluated period (mg N-N,O m~2),
x is the amount of fertilizer applied (kg ha™!), a represents
the intercept of axis y and b determines the shape of the
curve. The exponential equation was adjusted through the
glm procedure of the SAS 9.0 program to the linear form of
the following model: In(y) = by + b1x. From the parameters
obtained with this equation we calculated the terms needed
for the exponential equation, considering that a corresponds
to e”0 and b of the exponential equation is equivalent to by of
the linear equation (Sit and Poulin-Costello 1994).

For site 2, accumulated N>O emissions were adjusted
to a linear model for ammonium nitrate (y = ax + b) and
to a second degree polynomial (quadratic equation) for urea
(v = ax® + bx + ¢), where y is the cumulated N>O emission
(mg N-N»O m~2) during the experiment and x is the N rate
(kg ha™h).

3. Results

Precipitation during the experiment and N,O fluxes for each
treatment at site 1 are presented in figure 1. For site 2, data
of soil moisture and N,O fluxes are presented (figure 2).
Considering precipitation and soil moisture are related, we
consider that the influence of precipitation on N,O fertilizer
induced emissions was more evident at site 1 (Piracicaba),
probably because the period of study was longer than at
site 2 (Goianésia) and precipitation was lower than at site 1.
When emissions began to decline in Piracicaba (after the 20th
day) rainfall increased N>O emissions. In Goianésia, as the
experiment was shorter, fertilizer effects were more important
than rainfall events.

In site 1, nitrogen sources increased N,O emissions in
different ways. Higher N;O fluxes occurred for ammonium
nitrate (maximal flux of 6543.71 ug N-N,O m~2 h~! on the
tenth day in AN180) when compared to treatments with urea
(maximal flux of 2528.69 ug N-N,O m~2 h~! on the 20th
day in U120) (figures 1(a), (b)).

N,O fluxes at site 1 increased with N rates for both
fertilizers (figure 1). On all evaluation days, AN60 and AN90
fluxes were not different from unfertilized plots (Tukey, o <
0.05). On the first day after N application, AN120 and AN180
fluxes were similar and higher than those for other treatments
(Tukey, @ < 0.05). On the sixth day of measurements, AN180
flux became higher than AN120 flux and remained so until
the 30th day. As AN180 increased, AN120 fluxes became
similar to those of the other treatments. Approximately 30
days after the fertilizer application, fluxes of all treatments
were enhanced by rainfall events. After that, AN180 N,O
fluxes still surpassed emissions of the other treatments. On
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Figure 1. N,O fluxes (lines) according to different doses of ammonium nitrate (a) and urea (b) applied to soil and precipitation (mm) (bars)
during the experimental period in sugarcane farmland in Piracicaba (n = 4).
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Figure 2. N,O fluxes (lines) according to different doses of ammonium nitrate (a) and urea (b) applied to soil and soil moisture (%) (bars)
during the experimental period in sugarcane farmland in Goianésia (n = 4).

the last day of measurements, all ammonium nitrate fluxes
became similar (figure 1(a)).

For urea treatments at site 1 (figure 1(b)), differences
between treatments occurred after the fourth day of
measurements, when U120 flux was similar to U90 and higher
than those for other treatments. U60 and U90 fluxes were
similar to control along the 50 days of evaluation (Tukey,
a < 0.05). U120 fluxes were higher than U180 fluxes until
the seventh day, but became similar from then on (Tukey,
o < 0.05). Approximately 20 days after fertilizer application,
N, O fluxes started to decrease and U120 fluxes were similar
to the higher fluxes of U180 and to the lower fluxes of U60
and U90. After the 30th day of measurements, fluxes of all
treatments were enhanced by rainfall events.

Exponential models for cumulated emissions at site 1 had
determination coefficients of 0.82 (p < 0.05) and 0.66 (p <
0.05) for ammonium nitrate and urea respectively (figure 3a).
U180 emission in this study was similar to that of U120,
suggesting there is a plateau in urea emissions, while for

ammonium nitrate increasing the dose from 120 kg ha~! to
180 kg ha~! increased the N O emissions by 35%. Despite the
stabilization observed in urea induced emissions, we adjusted
cumulated emission of this N source to an exponential
equation because in this case a second degree equation would
show a minor determination coefficient.

At site 1, the proportion of added N lost as N,O varied
between 0.80 and 12.94% for ammonium nitrate and from
2.84 to 6.67% for urea (table 2). For ammonium nitrate,
increasing the N rate increased the proportion of N lost, while
for urea the proportion of N lost was not the highest when the
highest N rate was applied. This behavior is similar to that
observed for total emissions (figure 3).

N>O emissions in the second experiment (Goianésia)
had similar behaviors to those observed at site 1 although
flux magnitudes were lower (figures 2(a), (b)). Negative N,O
fluxes on control plots were observed through most of the
sampling period, so our estimate of mean fluxes for control
plots was negative (—10.74 & 8.99 ug N-N,O m~2 h™1).
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Figure 3. N,O emissions related to N doses applied to the soil as ammonium nitrate and urea in sugarcane farmland areas in Piracicaba (50
day experiment) (a) and Goianésia (16 day experiment) (b). Vertical bars represent standard mean error (n = 4).

Table 2. Cumulated N,O emission and proportion of added N lost as N, O associated with different ammonium nitrate and urea doses

applied to the sugarcane farmland areas in Piracicaba and Goianésia. (Values represent mean + mean standard error (n = 4).)

Emission Proportion of N emitted as
N Rate Emission (mg N-N,O m~2) Emission (kg N-N,O ha™1) treatment—control® N,0O?
(kg ha’l) Ammonium Ammonium Ammonium Ammonium
nitrate Urea nitrate Urea nitrate Urea nitrate Urea
Piracicaba
60 141.37 £39.55 263.754+104.47 141+039 2.64+1.04 048 +£0.60 1.71+1.14 0.80+1.00 2.85+1.90
90 213.22 +£32.16 41603 £115.85 2.13+032 4.16+£1.16 120+ 056 323+£125 1.334+0.62 3.59+1.39
120 837.82 +-248.95 893.80 £ 18545 838 +249 894+ 1.85 7454253 801+191 621+2.11 6.67+1.59
180 2421.84 £+ 528.16 868.77 & 163.19 2422 £528 8.69 £1.63 23.29+£530 7.76 £1.69 1295+295 4.31+0.94
Control 93.21 £45.84 0.93 +0.46
Goianésia
60 67.85 £ 1542 60.15+11.76 0.68 £0.15 0.60£0.12 0.734+£0.16 0.66=+0.13 1224027 1.10+0.22
120 177.88 +7.53 70.25 £ 13.24 1.78 £0.08 0.70 £ 0.13 1.83 £0.09 0.76 £0.14 1.534+0.07 0.63£0.12
180 213.68 + 21.68 50.19 £+ 15.33 2.144+£0.22 0.50£0.15 2194022 0564+0.16 1.224+0.12 0.31 +0.09
Control —5.56 +4.53 —0.06 &+ 0.05

@ Mean standard errors calculated considering error propagation.

Ammonium nitrate induced emissions could be observed
on the first day after fertilizer application. N,O fluxes from
ANG60 were similar to control on all the evaluated days

(Tukey, o < 0.05). AN120 and AN180 had greater fluxes
than ANG60O in the first 8 days of experiment and then they
were similar. The highest flux in the ammonium nitrate
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treatments was observed in AN120 on the second day after
fertilizer application (1296.894285.49 ug N-N,Om~2h~1).
However, AN180 and AN120 presented similar fluxes until
the 11th day and AN180 fluxes were higher on days 15 and
16.

The highest flux for the urea treatments occurred for
U120 on the 8th day (362.34 & 41.22 ug N-N,O m~2 h™1),
N>O fluxes induced by urea application could be seen just
after the 8th day, when U120 presented flux similar to that
of U180 and U60 but higher than control plots.

Ammonium nitrate induced a pulse in N>O fluxes more
rapidly than urea, as differences between control plots and
treatments could be seen on the 1st day after the N application
on soil for ammonium nitrate and just on the 8th day for urea.
Moreover, ammonium nitrate fluxes at site 2 began to decrease
between the 3rd and 10th days, while for urea they increased
until the 10th day (figure 2).

At site 2, increasing ammonium nitrate input by
1 kg ha~! enhanced N,O cumulated emissions by almost
1.3 mg N-N,O m~2 (0.013 kg N-N,O ha_l) (figure 3(b)).
Urea emissions were adjusted to a second degree polynomial
(quadratic equation; p < 0.05), the maximum emission
corresponding to 73.6 mg N-N,O m~2 and occurring when
113.9 kg ha™! of N of urea was applied.

The proportion of added N that was emitted to the
atmosphere as N»>O was similar in all ammonium nitrate
treatments (table 2). When the N source was urea, the
proportion of lost N was higher when low doses were
used. This was a consequence of accumulated N,O emission
behavior, with has a point of maximum emission from which
N> O emissions decrease with increasing N dose.

4. Discussion

Generally, the highest N>O fluxes occurred in the first or
second week after application of N fertilizers to the soil
(Liu et al 2005, 2006, Schils et al 2008). According to
Zhang and Han (2008), the effect of fertilization disappears
approximately two months after the application of N. In site
1, NoO fluxes for urea and ammonium nitrate started to
decrease approximately 20 days after the fertilizer application.
Probably the presence of sugarcane stubble on the soil
surface contributes to maintain the soil moisture, enabling
anaerobic conditions in some microsites and, consequently,
allowing elevated N>O emissions for more than one week.
Additionally, precipitation events occurring at site 1 may
have extended the fertilizer N-induced emissions. At site
2, the influence of rainfall events was less important,
probably because the evaluation period was restricted to
16 days after fertilizer application. Based on results from
the experiment carried out at site 1, we considered that,
although limited in time duration, the evaluation period
in the Goianésia experiment was adequate to generate a
comprehensive behavior of N,O emissions for the two N
tested sources.

In both experiments, N> O fluxes enhanced by ammonium
nitrate were observed at the beginning of the experiment,
while for urea this took several days to occur (figures 1

and 2). At site 1, urea induced emissions occurred on the
fourth day after the fertilizer application (figure 1(b)). At site
2, emissions of control, U60, U120 and U180 were similar
during the first three days of evaluation (figure 2(b)). This
delay time might be attributed to a reduced availability of N at
the beginning of the experimental periods, since the N in urea
has to be hydrolyzed before being available for nitrification
and denitrification processes.

Carvalho et al (2006) evaluated N,O emissions in the
first five days after urea application (60 kg ha=! of N) in
a corn field in the Brazilian Cerrado, and they found N>O
concentrations below the chromatography detection level.
According to them, urea does not affect NoO emissions.
However, according to figures 1 and 2, the restricted
evaluation period after the fertilizer application considered by
these authors and the lower urea dose tested may not have
been sufficient to observe urea effects on soil N>O fluxes. In
figure 2(b), U60 presented fluxes similar to control during the
whole evaluation period.

The exponential model adjusted to N,O emissions from
site 1 (figure 3(a)) was also used by Ma et al (2010).
Urea cumulated emissions in Piracicaba suggested there was
stabilization in N>O emissions due to the N dose of this
fertilizer. In corn crop areas in Canada, Ma et al (2010) did
not notice the occurrence of a threshold in urea induced N,O
emissions. In figure 3(a) this stabilization occurs between
120 and 180 kg N ha~!, but it is not possible to identify
exactly when it happens. Doing the same experiment in
another area (site 2) has permitted us to better understand
the behavior of urea induced N>O emissions. Although the
magnitude of emissions in Goianésia was lower than those
in Piracicaba, we can affirm that the urea stimulates N,O
emissions, but emissions are reduced when elevated rates are
used. Nitrogen addition has a negative effect on microbial
biomass (Treseder 2008) and on soil microbial respiration
(Ramirez et al 2010), and hence it can have a negative effect
on soil N;O fluxes that are mediated by microorganisms.
Although we did not evaluate the microorganism activity or
biomass, our results suggest that rates of urea application
greater than 114 kg N ha~! would potentially cause harmful
effects under soil transforming N microorganisms.

While at site 1 ammonium nitrate emissions were
adjusted to an exponential equation, at site 2 a better
determination coefficient was obtained in the linear equation.
This difference may be attributed to the reduced evaluation
time (50 days at site 1 and 16 days at site 2) and also to the
fewer available data (treatments AN90 and U90 were not used
in the second experiment).

According to equations in figure 3, at site 1 (Piracicaba)
urea and ammonium nitrate had the same N,O emissions
at a dose of approximately 107.9 kg ha~! of N and then
emissions were higher for ammonium nitrate (figure 3(a)). In
Piracicaba differences between urea and ammonium nitrate
occurred only for the 180 kg ha~! dose, while at site 2
(Goianésia) differences between N sources occurred for 120
and 180 kg N ha~'. Despite this, emissions had similar
behaviors in the two experiments. In Canada, 100 kg N ha™!
of urea, ammonium sulfate and calcium nitrate resulted in
similar N> O emissions (Bergstrom et al 2001).
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N>O emissions presented a high standard mean error
(table 2). Buchkina et al (2010) also reported high variability
in NoO accumulated fluxes in areas receiving applications
of different nitrogen fertilizers. Jones et al (2011) reported
a coefficient of variation of 139% for N,O emissions after
fertilization events. A high variability in NoO emissions
occurs independently from the N»O origin being nitrification
or denitrification. The heterogeneity in NoO emissions may
be explained by a variation in nitrification potential, which,
in turn, is associated with differences in distribution of
nitrifying microorganism populations (Davidson et al 1996).
These considerations may also be applied to denitrifying
communities.

In this work N>O fluxes were measured using static
chambers. Rochette and Eriksen-Hamel (2008) emphasized
that several precautions should be taken into account to
avoid biased flux estimates when chambers are used, which
is a major limitation of the method. Micrometeorological
techniques can also be used to estimate N»O fluxes with
high time and spatial resolution (the area evaluated can range
from 0.01 to 1 kmz) (Jones et al 2011). However these
techniques require high expertise and uniform source surface
and are expensive (Jones et al 2011). Moreover, comparisons
between static chamber and micrometeorological techniques
for measurements of N,O fluxes have shown no significant
differences between these two approaches (Jones et al 2011,
Denmead et al 2010, Christensen et al 1996). Despite the
static chamber disadvantages, such as high labor requirement,
large number of replicates to overcome spatial variability, the
possibility of the chamber to alter gases fluxes, and other
bias in fluxes, the method is useful to establish the effects of
variables on N,O fluxes within a given study (Rochette and
Eriksen-Hamel 2008, Smith er al 1995). Our results could not
be so reliable as to be directly used in national greenhouse
gas inventories, but they may be useful for them, because
there are no data available for sugarcane emissions induced
by N fertilizers in Brazil, as stated by Lisboa et al (2011).
Additionally, our static chamber measurements allowed us
to understand the pattern of N>O emissions according to N
sources and doses in sugarcane fields, achieving the objectives
of this research.

The influence of rainfall events on N>O emissions in all
treatments suggested that these events increase soil moisture
and microbial processes involved in NpO production and
emission. NoO is produced by nitrifying microorganisms
under aerobic or semi-anaerobic conditions (Stevens et al
1997) and by denitrifying microorganisms under anaerobic
conditions (Bremner 1997, Khalil er al 2004). Buchkina et al
(2010), Metay et al (2007) and Smith and Owens (2010)
have associated N,O emission with application of fertilizers
under humid weather conditions and to rain events. Therefore,
the rain one day after the application of fertilizers probably
contributed to higher N>O fluxes at site 1. In addition, this
may have favored urea transport to the inner soil, probably
reducing the N loss through volatilization, allowing a greater
amount of N available to nitrification and denitrification
processes Havlin et al (2005).

In Southern Brazil, Jantalia et al (2008) observed no
relationships between N>O emissions and the number of soil

pores filled with water. Nevertheless, Allen et al (2010) also
verified significant correlations between soil NoO emissions
and water field pore space in soil and Gomes et al (2009)
observed the highest N> O fluxes were connected to rain events
in Brazil’s South Region, confirming our results. Similar
results were obtained in sugarcane fields in Australia (Weier
1999) and in cornfields in Canada (Ma et al 2010).

In GHG inventories, the amount of N fertilizer lost as
N> O is estimated through an emission factor proposed by the
IPCC (International Panel on Climate Change). This emission
factor considers that NoO emissions are equivalent to 1% of
the amount of N applied as fertilizer. Only a few studies are
available with direct N,O emissions in sugarcane fields and
most of them were done in Australia. Nevertheless, Lisboa
et al (2011) reported an emission factor of 3.87 £ 1.16%
for N fertilizer induced emissions from a sugarcane field in
Brazil. In site 1, the proportion of N lost as N,O ranged
from 0.80 to 12.95% (table 2). The proportion of N emitted
as N,O for AN180 is almost twice that for AN120. Ma
et al (2010) observed similar emission factors for 30 and
90 kg ha~! of urea, whereas they practically double for the
150 kg ha™! dose. Increasing the N application rate on maize
land had increased the N>,O emission and also the emission
factor, independently of the N source (calcium ammonium
nitrate, injected cattle slurry or injected pig slurry) (Velthof
and Mosquera 2011). In our second experiment (Goianésia),
N>O emissions varied from 1.22 to 1.53% of added N for
ammonium nitrate treatments and from 0.31 to 1.10% for
urea. Other studies conducted in Southern Brazil found N,O
emission factors below the value proposed by IPCC (Jantalia
et al 2008, Gomes et al 2009).

The emission factor proposed by IPCC is also associated
with a wide range (0.3%-3%). This is common, as related
by Li et al (2001) and Clayton et al (1997), who presented
N>O emission factors ranging from 0.25 to 4% and from 0.2
to 2.2%, respectively. Mosier et al (2004), considering 35
studies conducted in farming systems in temperate climate,
presented emission factors ranging from 0.1 to 7.3%. In
Australia Denmead et al (2010) observed emission factors of
2.8% in a sandy loam soil and of 21% in a clay loam soil (acid
sulfate soil) both cultivated with sugarcane. It is necessary to
consider that the behavior of different fertilizers also depends
on soil type and crop (Clayton et al 1997), soil structure,
soil water content and temperature (Smith et al 1995), and
these variable factors are not considered in the emission factor
proposed by IPCC.

Although the proportions of N emitted as NoO were
different in Piracicaba and Goianésia, these values showed the
same behavior of cumulated emissions during the evaluation
periods. The proportion of N emitted as N,O in Goianésia
is similar to emission factors proposed by IPCC. However, to
establish the present carbon footprint of Brazilian ethanol, it is
necessary to monitor all of the ethanol production stages, from
planting the sugarcane until the disposal of residues produced
during the industrial process. Despite the wide data range
and the differences in the magnitude of N,O emissions, the
present study is the first initiative to contribute to evaluating
N> O emissions derived from nitrogen fertilizer application in
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soils in sugarcane farming in Brazil. Moreover, our results
elucidated the behavior of N>O emissions promoted by
different N sources frequently used in Brazilian sugarcane
fields.

5. Conclusions

Adding ammonium nitrate or urea as N source in sugarcane
fields induced a pulse in N>O emissions. However,
ammonium nitrate promotes more intense and faster N;O
emissions than urea. Ammonium nitrate induced emissions
can be noted the day after the fertilizer application on soil,
while urea induced emissions took some days to occur.

Our results confirm that N>O induced emissions by N
fertilizers are dependent on the N rate and the responses
are different according to the N source. Emissions induced
by ammonium nitrate increase as the N dose applied to soil
increases. However, urea emissions present a maximum point
that occurs at an approximate dose of 114 kg N ha™!.

The wide range in proportion of N emitted as N,O
observed here confirmed the difficulty of using a pre-
established value of emission factor. Moreover, our results
demonstrated that not only the rate of N fertilizer applied to
soil influenced the proportion of N lost as N, O.
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