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AbstrAct: The objective of this study was to evaluate sugarcane 

straw decomposition and the potential of increasing soil carbon 

as a function of the initial biomass and vinasse addition to soil 

surface. The experimente consisted of incubation (240 days, in the 

dark, humidity equivalent to 70% of soil water retention capacity 

and average temperature of 28 °C) of Oxisol soil samples (0-20 cm 

soil layer) with straw added to soil surface at rates of 2; 4; 8; 16 and 

24  t∙ha−1 and with or without vinasse addition (200 m3∙ha-1). The 

following variables were determined: released C-CO2, remaining 

straw dry matter, carbon straw and soil carbon concentration. The 

added biomass did not influence straw decomposition rate, but 

vinasse treatments provided rates between 70 and 94% compared 
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to 68 to 75% for the ones without vinasse. The straw (16 and 

24 t∙ha−1) decomposition rate increased between 14 and 35% due 

to vinasse addition, but the same behavior was not observed 

for released C-CO2. This result was explained by the twofold 

increase of soil carbon concentration, estimated by mass balance 

and confirmed analytically by the carbon concentration of soil 

samples. It was concluded that sugarcane straw decomposition, 

under no limiting conditions of humidity and temperature, 

did not depend on biomass initially added and that vinasse 

addition accelerated straw decomposition and potentialized 

carbon input into the soil. 
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introduction

Brazil is a major sugarcane producer in the world, 
with approximately 660 million tons of stalks produced 
in the 2013/2014 harvest, in approximately 9.1 million 
hectares (CONAB 2014). São Paulo State is the largest 
national producer, with about 4.7 million hectares 
planted with sugarcane, equivalent to 51% of the planted 
area (UNICA 2014).

  In addition to sugar and ethanol, bagasse, and, 
more recently, straw, also started to add value to the 
production process of the sugar and alcohol industry 
since they represent important raw materials for 
power generation (Dias et al. 2009). Currently, the 
sugarcane biomass is the main source of bioenergy 
in the country, playing a strategic role in diversifying 
the energy sources and reducing the use of fossil fuels 
(CNBIO 2015).

Among the important innovations in the industry, 
the mechanized harvest of raw sugarcane is noteworthy 
because it allowed harvesting sugarcane without pre- 
viously burning it. In São Paulo State, the area harvested 
without burning increased from 37% in 2004 (Smeets et 
al. 2008) to 83% in 2014 (UNICA 2014). In this system, 
the straw input varies between 10 and 30 t∙ha−1∙year−1, 
representing a significant amount of carbon (C) and 
the possibility of nutrient recycling in the system. 
However, straw has become an input/raw material 
due to the demand for renewable energy and a change 
in focus of the industry and/or large business groups, 
which incorporated into their activities the production 
of “bioenergy” (Dias et al. 2009). 

The value of straw as a raw material for bioenergy 
can be estimated relatively easily. On the other hand, 
the value in the field is related to potential benefits such 
as increased soil C (Razafimbelo et al. 2006; Canellas 
et al. 2010), reduced use of fertilizers (Thorburn et al. 
2012), and maintenance of soil moisture (Marin et al. 
2014). However, the straw can cause losses as well, such 
as budding failure and increased likelihood of fires 
(Rossetto et al. 2008) in the agricultural fields, and, 
therefore, should continue to be studied. A key aspect in 
this sense refers to the process of straw decomposition 
over time, since most of the straw benefits may be 
related to the presence of a physical barrier on the 

soil surface and the mineralization process of organic 
compounds.

The decomposition of straw or the mineralization 
of sugarcane straw carbon were evaluated in some 
studies in Brazil. In general, the average decomposition 
rate of straw to a ratoon cycle is 66 ± 20% (Oliveira 
et al. 1999; Robertson and Thorburn 2007; Vitti et al. 
2008; Fortes et al. 2012). Differences in the straw 
decomposition process are related to the biomass 
chemical composition (Oliveira et al. 1999; Oliveira et al. 
2002), soil type and its attributes (Kliemann et al. 2006), 
climate (Alvarenga et al. 2001; Kliemann et al. 2006), 
and water and oxygen availability (Oliveira et al. 1999; 
Austin and Ballaré 2010). However, the amount of straw 
remaining on the field after harvest may affect the 
decomposition process since it keeps the soil moisture 
(Oliveira et al. 2002) favorable to microbial activity, 
partially regulating the amount of inorganic nitrogen 
immobilized by soil microorganisms in an attempt to 
reduce C/N ratio and favor the mineralization process 
(Vitti et al. 2008).

The decomposition of sugarcane straw is strongly 
influenced by its composition, especially regarding 
the C/N ratio, lignin, cellulose, hemicellulose, and 
polyphenols present in the residue (Fortes et al. 2012; 
Santos et al.  2012). Therefore, under appropriate 
temperature and moisture conditions, N availability 
should play a key role in the straw decomposition 
process (Potrich et al. 2014). 

Vinasse, a byproduct of ethanol production, is used 
as potassium source in the sugarcane crop. It contains 
soluble carbon between 3.5 and 36 g∙L−1 and nitrogen 
between 0.09 and 0.35 g∙L−1,  which, added to the 
dose commonly applied in the field, may change the 
dynamics of organic matter in the productive system 
(Penatti 1999), increasing pH and microbial activity 
(Doelsch et al. 2009). Thus, maintaining the straw on 
the soil and adding vinasse may be considered strategic 
to maintain or increase the soil fertility in long-term 
sugarcane crops (Canellas et al. 2003).

This study evaluated the decomposition rate of 
sugarcane straw and the potential to increase soil carbon 
as a function of the initial biomass, with and without 
vinasse addition, considering that the industry needs 
the straw for energy and that the benefits of maintaining 
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straw on the field depend on the decomposition process, 
among other factors.

MAtEriAl And MEtHods

The experiment was conducted under controlled 
conditions (in a dark room at 28 ± 2 °C).  The soil and 
straw samples were incubated in 2.5 L (13.8 cm diameter 
and 21.5 cm tall) glass jars closed with plastic lid, with 
and without vinasse addition.

The soil used in the incubation is classified as Yellow 
Oxisol clayey (67% clay) (Embrapa 2006), collected from 
the 0 – 20-cm layer in a sugarcane planted area. The 
soil fertility was determined following the methodology 
described in van Raij et al.  (2001): pHCaCl2 = 4.6; 
O.M. = 30 g∙kg−1; Presin = 15 mg∙dm−3; K = 1.3 mmolc∙dm−3; 
Ca = 3.4 cmolc∙kg−1; Mg = 1.4 cmolc∙kg−1; H + Al = 4.1 
cmolc∙kg−1; and V = 55%. 

The straw of the RB86-7515 sugarcane variety used 
in incubation was collected manually, separating green 
(pointers) from dried leaves. This material was dried in 
an oven at 40 °C and sieved to remove the remaining 
soil. The incubated straw samples contained a mixture 
of 25% green and 75% dry leaves (weight/weight), 
cut into 1 to 3-cm long fragments. Subsamples were 
ground and used to determine the levels of C and N by 
dry combustion in an TruSpec CN LECO® elemental 
analyzer (Leco, St Joseph, MI, USA). The C and N levels 
were 469 and 5.5 g∙kg−1 on a dry basis, respectively, and 
C/N ratio was 85. 

The vinasse used in the experiment was not mixed 
with any other liquid waste from the industry. The vinasse 
chemical parameters were pH = 4.7; 116 mg∙L−1 Na, 
1,496 mg∙L−1 K; 10.4 g∙L−1 C and 0.35 g∙L−1 N, determined 
following the Technical Standard P4.231 (CETESB 
2006). 

T h e  e x p e r i m e n t  f o l l o w e d  a  c o m p l e t e l y 
randomized design, 6 × 2 factorial, consisting of 6 
quantities of straw on the soil surface and 2 vinasse 
levels  (with  and without) .  E ach t reatment  was 
performed in triplicate, totaling 36 experimental 
units.

Each jar contained 750 g of soil, a 5-cm deep layer on 
the bottom of the jar. The following straw quantities were 

deposited on the soil: 20; 40; 80; 120; and 240 mg∙cm−2 
dry basis, equivalent to 2; 4; 8; 16; and 24 straw t∙ha−1, 
respect ively,  and 9.38;  18.76;  37.53;  56.29;  and 
112 .58  mg∙cm −2 in  terms of  carb on.  The  s t raw 
quantit ies were calculated based on the jar area 
(149.57 cm²).

The vinasse was applied at the rate of 200 m3∙ha−1, 
and this volume was assumed to be distributed in 
the 0 – 20-cm layer. As the soil height was 5 cm in 
the jar, the applied dose corresponded to ¼ of the 
reference dose, which was equivalent to 150 mL∙jar−1. 
In addition to the straw and straw + vinasse treatments, 
soil and soil + vinasse (control) treatments were also 
incubated in jars to isolate the effect of the tested 
factors.

The humidity was monitored using the Time 
Domain Reflectometry (TDR) technique during the 
experimental period to maintain 70% of the maximum 
water retention capacity. In the treatments with vinasse, 
only supplementary water volume was used to adjust 
moisture.

Straw decomposition pattern was evaluated according 
to the respirometry method recommended by the 
Technical Standard P4.230 (CETESB 1999). The C-CO2 

was captured using standard NaOH solution; the 
jars were opened periodically to change the NaOH 
solution, while the CO2 of the removed solution was 
quantif ied by reading the electrical conductivity 
(Rodella and Saboya 1999), as described in Coscione and 
Andrade (2006).

The NaOH solution was renewed daily in the first 
30 days of incubation and every 5 days after that until 
the end of the experimental period, which lasted 
240 days.

At the end of the incubation experiment,  the 
remaining straw was manually collected from each 
jar, and the jars remained open in an airy room to dry 
the soil. The straw samples were washed with ultrapure 
water and dried at 40 °C to constant weight. Weights 
were recorded to calculate the straw decomposition rate. 
Subsequently, the samples were ground in a Wiley mill 
(0.84-mm mesh sieve) to determine C and N content 
in the TruSpec CN LECO® elemental analyzer. Soil 
samples were ground in a mortar and sieved through 



Bragantia, Campinas, v. 76, n. 1, p.135-144, 2017138

C.S. Yamaguchi et al.

a 0.150-mm opening mesh to quantify total C, also in 
the mentioned elemental analyzer.

Mass balance calculations for soil C and statistical 
correlation analysis were performed to assist in the 
discussion of the results. To determine whether the soil 
gained or lost C, the mass balance was performed using 
the equation:

carbon (mg∙cm−2) that remained in the straw at the 
end of the incubation period; Cvinasse is the carbon 
(mg∙cm−2) added to the soil-straw system via 150 mL 
vinasse; C-CO2 is the total carbon (mg∙cm−2) released 
as CO2 until the end of the incubation period. 

The results were submitted to analysis of variance 
considering a completely randomized design, double 
factorial (straw versus vinasse), and, in case of significant 
effect, we used regression for straw quantities and Tukey’s 
test (p ≤ 0.05) to compare means for vinase levels.

Statistical correlations between the mass balance 
results and soil carbon levels were determined to assist 

Figure 1. Carbon released as CO2 (C-CO2) over time, with and without vinasse. (a) 0 t∙ha−1 straw; (b) 2 t∙ha−1 straw (20 mg∙cm−2); (c) 
4 t∙ha−1 straw (40 mg∙cm−2); (d) 8 t∙ha−1 straw (80 mg∙cm−2); (e) 16 t∙ha−1 straw (160 mg∙cm−2); (f) 24 t∙ha−1 straw (240 mg∙cm−2). 
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in the discussion of the results. The Sisvar software was 
used for statistical analysis (Ferreira 2000).

rEsults And discussion

The C-CO2 f lows varied significantly with the 
addition of vinasse over time, during the incubation 
period (Figure 1). C-CO2 emission peaked was observed 
on the third day of incubation for all treatments with 
vinasse, which was attributed to microbial metabolism 
of soluble carbon residue. This effect lasted 20 to 25 days 
in the controls (without straw) and in the 3 treatments 
with lower straw quantities (20; 40; and 80 mg∙cm−2). In 
the treatments with higher straw quantities, the peak 
lasted less than 20 days. In general, the C-CO2 flow 
associated with vinasse varied from 120 to 285 mg∙cm−2.

In fact ,  carbon vinasse  or ig inates  especia l ly 
f rom the  compounds der ived f rom the  lys is  of 
yeast cells and partially-fermented must, which are 
easily decomposed and a labile energy source for 
microorganisms (Glória 1980). Minhoni and Cerri 
(1987) also reported that vinasse decomposition in the 
soil resulted in CO2 emission peak, in the first days of 
incubation.

Then, C-CO2 flux peaked again for all amounts 
of straw regardless of vinasse, after the first 25 days of 
incubation (Figure 1a,b,c,d,e,f ). Carbon mineralization 
is accelerated by increasing microbial activity due to the 
addition of more easily decomposable substrates to 
the soil (Souza et al. 2006). In this process, the initial phase 
is more intense, in which less recalcitrant compounds 
are sources of energy and carbon to microorganisms, 
but, over time, the process intensity tends to decrease 
concomitantly with increased participation of other 
more recalcitrant compounds (Gonçalves et al. 2010). 
Thus, the microbial community needed approximately 
25 days to adapt to the carbon substrate characterized 
by the straw (more recalcitrant), since, almost all C 
of this residue (readily available) had already been 
mineralized in the vinasse treatments.

The highest C-CO2 emission peak, associated with 
the straw decomposition, occurred near the 50th day of 
incubation (Figure 1) with variable magnitude depending 
on the amount of straw initially added to the soil. 

The C-CO2 flows increased as the straw amount also 
increased (0.5; 0.7; 1.4; 2.6, and 2.9 mg∙cm−2 C-CO2 for 
20; 40; 80; 160 and 240 mg∙cm−2 straw, respectively). The 
cumulative C-CO2 increased linearly with the amount 
of straw (Figure 2). The accumulated C-CO2 was not 
affected by vinasse for straw quantities up to 80 mg∙cm−2; 
however, the value was lower for higher straw amounts 
(160 and 240 mg∙cm−2) in the presence of vinasse. The 
C-CO2 emitted as a function of applied vinasse averaged 
7.86 ± 3.34 mg∙cm−2, close to the C levels (10.43 mg∙cm−2) 
applied via vinasse.

Figure 3. Remaining straw dry matter for the straw amounts 
(0; 20; 40; 80; 160 and 240  mg∙cm−2) with and without vinasse. 
Vertical bars represent the least significant difference between 
the average amounts of remaining dry matter by Tukey’s test 
(p ≤ 0.05).

Figure 2. Cumulative carbon emission (C-CO2) for the studied 
quantities of sugarcane straw (0; 20; 40; 80; 160 and 240 mg∙cm−2) 
with and without vinasse. Vertical bars represent the least 
significant difference between C-CO2 accumulated at each 
evaluation time.
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The C-CO2 accumulated at the end of the 240-day 
period was proportional to the amount of straw deposited 
on the soil, and, for straw amounts up to 80 mg∙cm−2, 
vinasse had non-significant effect (Figure 3). The 2 
largest amounts of straw released less C-CO2 in the 
presence of vinasse, which is apparently contradictory 
considering that vinasse is a labile C source. However, 
it must be considered that the vinasse nitrogen can 
assist in stabilizing the organic material in the soil, 
similarly to what occurs in areas with straw and mineral 
fertilizers (Graham et al. 2002). Therefore, the fact 
that the C-CO2 flow, for lower straw amounts (20; 40; 
and 80 mg∙cm−2), was not affected by the presence of 
vinasse can be explained by the lower N demand for 
carbon stabilization, since the soil is an N source as 
well. The higher the initial amount of straw, the higher 
the straw dry matter remaining on the soil (Figure 3). 
For the lower straw amounts (20; 40; and 80 mg∙cm−2 
straw), vinasse had non-significant effect.

The remaining mass was 11 and 24% lower for 160 
and 240 mg∙cm−2 straw (16 and 24 t∙ha−1, respectively) in 
vinasse treatment compared to without vinasse (Figure 3). 
On the contrary, the treatments with vinasse had higher 
accumulated C-CO2 compared to treatments without 
vinasse (Figure 2). In fact, greater straw decomposition 
rate was expected in the presence of vinasse since 
this residue is a source of soluble C, which is readily 
metabolized by soil microorganisms (Glória 1980; 

Brito et al. 2009), and N, which also often limits the 
microbial activity.

The straw decomposition rate can be estimated from 
the slopes of the straight lines shown in Figure 3, assuming 
that the C mineralization or straw decomposition 
process stabilized in time. Straw decomposition rates 
were estimated as 79 and 71% with and without vinasse 
application, respectively. The straw decomposition 
rates at the end of the 240-day period (Figure 4) were 
not affected by the straw amounts. However, there was 
significant difference between treatments with and 
without vinasse. These differences occurred for the 
lower (20 mg∙cm−2) and higher (160 and 240 mg∙cm−2) 
straw amounts, where the straw decomposition rates 
were higher in treatments with (70 and 94%) and without 
(68 – 75%) vinasse.

The highest decomposition rate in the presence of 
vinasse may be due to soluble carbon and nitrogen present 
in this residue, in amounts able to change the dynamics 
of the mineralization process in the system, especially 
in the presence of sugarcane straw, rich in lignin and 
low in nitrogen. Furthermore, the application of vinasse 
may increase the pH, favoring the increase of microbial 
community and activity in the soil (Da Silva et al. 2007) 
and accelerating the decomposition of organic substrates.

Other studies in the literature reported that the 
straw decomposition rate is independent of vinasse 

Figure 4. Straw decomposition rate for the studied amounts 
(0; 20; 40; 80; 160; and 240 mg∙cm−2) with and without vinasse. 
Vertical bars represent the least significant difference between 
the straw decomposition rates in the treatments with and without 
vinasse by Tukey’s test (p ≤ 0.05). 

Figure 5. Remaining straw carbon for the amounts (0; 20; 40; 
80; 160; and 240 mg∙cm−2) with and without vinasse, added to 
the soil after 240 days of incubation. Vertical bars represent the 
least significant difference between the average amounts of 
remaining straw dry mass, with and without vinasse by Tukey’s 
test (p ≤ 0.05).
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application. Oliveira et al. (1999) reported a straw 
decomposition rate between 66 and 75% regardless 
of vinasse for the 100 m3∙ha−1 dose. Similarly, Zotelli 
(2012) also found no effect of vinasse (56 m3∙ha−1) on 
straw decomposition rate for the amounts between 
7 and 21 t∙ha−1. It is noteworthy that, in both papers, 
the vinasse amount applied was less than half of that 
used in this study, and the experiment was carried out 
under field conditions in which uncontrolled variability 
tends to be higher.

The remaining C results are consistent with those of 
dry matter, including the differences between treatments 
with and without vinasse for the 2 largest amounts of 
straw studied (Figure 5).

The contrasting behavior between the presence 
and absence of vinasse for the 160 and 240 mg∙cm−2 
straw treatments, observed for accumulated C-CO2 
(Figure 2) or the remaining dry mass (Figure 3), may 
be better explained by the C content in the soil and 
the mass balance.

The soil carbon content increased with the initial 
amount of straw in the treatments with vinasse (Figure 6), 
while, in the treatments without vinasse, the straw 
amount did not affect soil carbon.

It is possible to suppose that the soil carbon increased 
assuming that vinasse increased the straw decomposition 
rate and that the sugarcane straw, with high initial 
C/N ratio, could help stabilize C due to N deposition 

Figure 6. Soil carbon for the straw amounts (0; 20; 40; 80; 160 and 
240 mg ∙cm−2), with and without vinasse after 240 days of incubation. 
Vertical bars represent the least significant difference between the 
average carbon content in the soil with and without application of 
vinasse by Tukey’s test (p ≤ 0.05).

Figure 7. Carbon mass balance in the soil for the straw amounts 
(0; 20; 40; 80; 160 and 240 mg∙cm−2), with and without vinasse. 
Vertical bars represent the least significant difference between the 
average balance of carbon in the soil with and without vinasse by 
Tukey’s test (p ≤ 0.05).

Figure 8. Correlation between soil carbon content and mass 
balance estimated based on the contributions from straw and 
vinasse, emitted as C-CO2 and remaining straw dry matter. 
 Cbalance = (Cinitial straw − Cfinal straw) + Cvinasse − C-CO2. (a) Without vinasse; 
(b) With vinasse.
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through vinasse. The challenge is to determine the C soil 
gains or losses, especially when considering short-term 
studies. Thus, a mass balance is proposed to diagnose 
C soil losses or gains to assist in the description of the 
mineralization process and the potential impact on 
the edaphic system.

A negative soil C balance occurred for low straw 
quantities, regardless of vinasse (Figure 7), while 
balance was neutral for 20 mg∙cm−2 (≈ 2 t∙ha−1) and 
26 mg∙cm−2 (≈ 3 t∙ha−1) straw with and without vinasse, 
respectively. C soil gains were twice as high for 160 
and 240 mg∙cm−2 straw with vinasse (Figure 7). The 
relationship between the carbon contents estimated by 
mass balance and quantified directly in soil was tested 
using statistical correlations (Figure 8). 

A statistically significant correlation was observed 
between the C soil values   obtained in the mass balance 

and quantified directly in the soil,  validating the 
estimates, since the C soil results were not included 
in the mass balance. Note that, in treatments without 
vinasse, the correlation was only observed for the 
data pairs generated in the 160 and 240 mg∙cm−2 straw 
treatments (Figure 8a), which is reasonable due to 
small C inputs (less than 3.3 mg∙cm−2 — estimated by 
the mass balance, Figure 7).

conclusion

The straw decomposition rate is not affected by the 
amount initially deposited on the soil in non-limiting 
conditions of temperature and humidity. The vinasse 
application accelerates the straw decomposition rate 
on the surface and potentiates carbon input to the soil.
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