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Abstract
Biofuels are essential to ensure the energy transition and mitigating of climate 
change. However, understanding the impact of land use change (LUC) and man-
agement practices on soil organic carbon (SOC) stocks is fundamental to ensur-
ing well-founded policymaking and assessing the sector's carbon footprint. Here, 
we conducted a meta-analysis (511 pairwise observations) to obtain Brazil's SOC 
stock change factors (SOCscf) for LUC and management practices in sugarcane 
fields. Our results showed that converting native vegetation to sugarcane reduced 
the SOC stock in all assessed periods. The conversion from annual crops to sugar-
cane showed a reduction in SOC stock in the first 10 years but with a recovery over 
time. The conversion of pasture to sugarcane reduced the SOC stock only in the 
10–20-year period and had a neutral effect in other periods evaluated. However, 
our dataset showed high variability in SOCscf, with many observations indicating 
an increase in SOC stock, which is related to degraded pastures. We observed that 
the SOC accumulation rate for each ton of sugarcane straw was affected by the 
interaction between soil texture and precipitation. Regarding straw management, 
a low removal rate (< 34%) did not affect the SOC stock, while moderate (34%–
66%) and high (> 66%) removal resulted in losses of 5.0% (SOCscf 0.950) and 9.9% 
(SOCscf 0.901), respectively. Our results also showed that reduced tillage and vi-
nasse application increased SOC stocks by 24.0% (SOCscf 1.24) and 10.0% (SOCscf 
1.10) respectively, proving to be good strategies to support C sequestration in sug-
arcane fields. Finally, we highlight that our results can contribute to the improve-
ment of public policies and also be used in future life cycle assessment (LCA) 
and modeling studies, as they provide robust data to establishing regional SOCscf 
induced by LUC and management practices, enhancing the reliability of the C 
footprint assessment of biofuel production.
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1   |   INTRODUCTION

Accelerating the energy transition from fossil fuels to 
sustainable energy sources (i.e., bioenergy) has been 
widely recognized as an important pathway to achieving 
the net-zero greenhouse gases (GHG) emissions and en-
suring global energy security (García-Freites et al., 2021; 
Van Soest et al., 2021). Given this scenario, Brazil stands 
out globally as the largest sugarcane producer, account-
ing for 40% of world production (FAOSTAT,  2022) and 
as the world's second-largest producer of bioethanol 
(IEA, 2023), with more than 27 billion liters of sugarcane 
ethanol (CONAB, 2023). Furthermore, Brazil is a pioneer 
in elaborating public policies in the ethanol sector and one 
of the leaders of the Global Biofuel Alliance (IEA, 2023), 
recently launched at the G20 meeting in September 2023.

To encourage the adoption of sustainable practices by the 
sector, the National Biofuels Policy (RenovaBio) enables the 
negotiation of Decarbonization Credits (CBIOs) by duly ac-
credited producers of low-emission biofuels (Brazil, 2017). 
In 2023, CBIOs negotiations represented R$3.4 billion reais 
(~ $680 million dollars), with growth projections for the 
coming years (Brazil,  2023). However, although land use 
change (LUC) and management practices are the main driv-
ers of changes in soil organic carbon (SOC) stocks (Lal, 2021; 
Ramesh et al., 2019; Sanderman et al., 2017), they are not 
yet accounted for by the tool used to calculate ethanol GHG 
emissions and CBIOs generation (called RenovaCalc). In 
a recent study, Bordonal et al. (2024) found that the inclu-
sion of SOC changes induced by land use and management 
changes significantly modifies the life cycle GHG emissions 
of sugarcane-based bioenergy. It is important to emphasize 
that SOC changes due to land use and management changes 
can be accounted for using default factors provided by the 
International Panel of Climate Change (IPCC) or by re-
gional (Tier 2) factors derived from local measurements.

In Brazil, in the last decades, several studies have 
shown the effect of different LUC scenarios (e.g., Bordonal 
et al., 2017; Franco et al., 2015; Mello et al., 2014) and sug-
arcane management practices (e.g., soil tillage, harvesting 
system, straw removal) on SOC stocks (Galdos et al., 2009; 
Popin et al., 2020; Tenelli et al., 2019). Considering land use 
changes, studies have shown that the expansion of sugar-
cane cultivation in Brazil has occurred predominantly from 
pasture areas (Adami et  al.,  2012; Cherubin, Bordonal, 
et al., 2021; Oliveira et al., 2019) and the effect of this tran-
sition on SOC stocks was varied (Franco et al., 2015; Mello 

et  al.,  2014; Oliveira et  al.,  2016; Silva-Olaya et  al.,  2017). 
These studies highlight the level of pasture productiv-
ity before conversion as the main driver for SOC changes, 
however, the vast majority of them are local studies, which 
makes a more robust assessment difficult. Furthermore, 
the wide range of edaphoclimatic conditions in sugarcane 
cultivation areas in Brazil affects SOC dynamics and, conse-
quently, sensitivity to different management practices.

Regarding the effects of management strategies on SOC 
changes several practices were evaluated. Overall, it was 
that sugarcane straw represents the main C input into the 
soil (Carvalho et  al.,  2017), thus high rates of straw re-
moval—used to produce second-generation (2G) ethanol 
or bioelectricity—reduce the SOC stock, which has dif-
ferent sensitivity depending mainly on soil texture (Popin 
et al., 2020; Satiro et al., 2017; Tenelli et al., 2021). Other 
studies have shown that no-tillage (Silva-Olaya et al., 2013; 
Tenelli et al., 2019), cover crops (Carneiro et al., 2024), and 
recycling of sugarcane industry residues (Zani et al., 2018) 
can make important contributions to SOC sequestration.

While numerous local studies have investigated the ef-
fects of land use and management changes on SOC stocks, 
there is a lack of comprehensive studies that have system-
atized the local literature and derived regional factors. 
Therefore, there is an urgent need to develop specific factors 
(Tier 2) for SOC changes that better represent the prevail-
ing edaphoclimatic conditions of the areas under sugarcane 
production in Brazil. Establishing regional SOC stock fac-
tors induced by land use and management changes rep-
resents a step forward in refining the real impacts/benefits 
of sugarcane bioenergy production in Brazil. Therefore, this 
study aimed to compile the scientific literature through a 
meta-analysis to establish the SOC stock change factors for 
sugarcane cultivation in Brazil. We believe that the compila-
tion of these data can provide robust results that contribute 
to the improvement of public policies and can be used in 
life cycle assessment (LCA) and modeling studies, allowing 
a more reliable assessment of the C footprint of ethanol pro-
duced from sugarcane.

2   |   MATERIALS AND METHODS

2.1  |  Data collection

To assess the land use and sugarcane management 
changes on SOC stock, we conducted a meta-analysis with 

K E Y W O R D S
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the data available in the literature. The data were extracted 
from the Scopus and Web of Science databases. The terms 
used in the search were ((“soil organic carbon” OR “soil 
organic matter” OR “soil carbon”) AND (“sugarcane” 
OR “sugar cane”) AND (“Brazil*”)). The revtools package 
(Westgate, 2019) in the R software was used to eliminate 
repetitions between the papers found in the databases, ob-
taining a total of 2366 scientific papers (Figure S1). For a 
first selection (first filter), we considered all articles con-
taining the term “stock” and obtained 465 scientific pa-
pers. In the second selection stage, we considered only 
studies that evaluated the effect of LUC and sugarcane 
management practices (i.e., soil tillage, straw removal, 
and vinasse application) on SOC stock changes, resulting 
in 20 scientific papers published between 2007 and 2023 
(Table S1). These papers covered 60 study sites, predomi-
nantly located in central southern Brazil (Figure  1), the 
largest sugarcane-producing region of the world.

2.2  |  Data processing and statistical 
analysis

The compiled dataset contained 511 pairwise observations 
containing SOC stock of sugarcane fields against 
the previous land use (land use change effect) or the 

management effect (straw removal, vinasse application, 
or tillage).

2.2.1  |  Land use and management effects on 
SOC stock

The dataset included studies in which soil samples were 
taken from sugarcane fields with the previous land uses 
of pasture, annual crops, or native vegetation, with SOC 
stock calculated for the following layers: 0–10 cm, 0–30 cm, 
0–50 cm, or 0–100 cm layers. This study also identified 
three management practices that could impact the SOC 
stock of sugarcane fields with the appropriate control 
treatments: straw removal, vinasse application, and soil 
tillage. We divided straw removal into three levels: low 
removal (<34%), moderate removal (34%–66%) and high 
removal (>66%). The land use and management effects 
were grouped according to previous land uses and indi-
vidual management and the effect size was calculated as 
described in the following equations (Hedges et al., 1999):

(1)Response ratio (RR) =
SOCt

SOCc

(2)Effect size (ES) = ln(RR)

F I G U R E  1   Geographical distribution 
of the study sites across the sugarcane 
production regions in Brazil.
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where the SOCt is the SOC stock of fields with the treatment 
effect (land use or management application) and SOCc (land 
use of reference or without the management application) 
is the stock of paired observations without management 
(Mg ha−1). Since multiple studies did not report the standard 
deviation or standard error, we estimated the sampling vari-
ance for weighing the effect size, using the following equa-
tion (Gurevitch & Hedges, 2001):

The mean RR ranged between 1.01 and 0.99, indicating 
no bias in the soil layer evaluation (Figure S2). We used 
the boot function with 5000 permutations to calculate the 
confidence interval of 95%. Since the standard deviation 
or error was not reported in many studies, we used the 
boot function with 5000 permutations to calculate the con-
fidence interval of 95%. The bootstrap results were used to 
calculate the average effect of land use change and man-
agement practices expressed in the SOC stock change fac-
tor (SOCscf),

The original effect size, the bias, and the standard error 
of each bootstrap are reported in Table S2. All the statisti-
cal steps and data processing were done using dplyr pack-
age (Wickham et al., 2019) and R Core Team (2023).

2.2.2  |  SOC accumulation rates in 
sugarcane fields

Our dataset included studies of straw removal, and we 
calculated the rates of SOC accumulation based on the 
length of time and mass of straw left in the field,

where the SOCS is the SOC stock of fields with straw and 
SOCNS is the stock of paired observations without straw 
(Mg ha−1), SM is the straw mass (Mg ha−1 year−1), and Time 
(experimental period) is used to convert for annual rates. 
The studies using straw removal treatments were not ho-
mogenized in soil layers; thus, we restricted our analysis of 
all SOC measurements of the topsoil (10 cm) since it was the 
common layer found in most of the studies. A linear mixed 
model was used to analyze the SOC accumulation rates cal-
culated from the literature. The soil texture (sandy, loamy, 
and clayey) and the historical average cumulative precipita-
tion (lower or higher than 1330 mm year−1, the median of all 
sites) were used as fixed effects. The longitude was used as 
a random effect in the lmer function of lmerTest package to 

fit a Gaussian error distribution on the dataset (Kuznetsova 
et al., 2017).

3   |   RESULTS

3.1  |  Effect of land-use changes on 
SOC stocks

Our dataset showed that the majority of studies evaluated 
the conversion of pasture to sugarcane (n = 188), but to 
a lesser extent, studies also evaluated the conversion of 
annual crops (n = 39) and native vegetation (n = 15) to 
sugarcane. The conversion of pasture to sugarcane areas 
showed a neutral effect for SOC stock changes for both the 
0–10 years and >20 years (SOCscf of 0.997 for both) while 
for the 10–20 years period, the SOCscf was 0.989, indicating 
a 1.1% reduction (Figure  2a). However, our dataset also 
showed a considerable number of observations with 
SOCscf higher than 1.0, indicating an increase in SOC 
stock for this conversion (Figure 2b).

For 0–10 years, the conversion of annual crops to sug-
arcane showed a SOCscf of 0.984, indicating a 1.6% reduc-
tion. Considering the period of 10–20 years, the effect on 
the SOC stock change was neutral, while for the areas 
under sugarcane for more than 20 years an increase of 
1.0% increase was observed (SOCscf 1.01), which indi-
cated a recovery of SOC stocks over time. For the conver-
sion of native vegetation to sugarcane, the SOCscf were 
0.967 (−3.3%), 0.991 (−0.9%), and 0.992 (−0.8%) for the 
periods of 0–10 years, 10–20 years, and >20 years, respec-
tively, indicating a reduction in SOC stocks in all evalu-
ated periods.

3.2  |  Effect of sugarcane management 
practices on SOC stocks

3.2.1  |  SOC accumulation rates and straw 
removal

We observed that the average SOC accumulation rate for 
each ton of sugarcane straw was 45.4 kg ha−1 year−1 Mg 
of straw−1. However, this rate was affected by the inter-
action between soil texture and precipitation (Table S3). 
We observed that sandy soils have the potential to accu-
mulate 4.3 times more SOC in the topsoil when it is in 
sites with annual precipitation higher than 1330 mm 
(79.4 kg ha−1 year−1 Mg of straw−1) in comparison with 
sites with lower precipitation (18.4 kg ha−1 year−1 Mg of 
straw−1). For loamy soils, the SOC accumulation rate was 
37.4 and 57.8 kg ha−1 year−1 Mg of straw−1 at sites with 
annual precipitation levels above and below 1300 mm, 

(3)Effect size variance =
N ∗N

N +N

(4)SOC stock change factor (SOCscf) = expES

(5)
SOC accumulation rates = (SOCS − SOCNS) ÷ (SM∗Time)
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respectively. Whereas for clayey soils, the SOC accumu-
lation rate was 40.1 and 39.3 kg ha−1 year−1 Mg of straw−1 
for the sites with precipitation above and below 1300 mm, 
respectively (Figure 3).

To assess the effect of sugarcane straw management, 
we calculated the SOC stock changes for three levels of 
straw removal (<34%, 34%–66%, and >66%) as compared 
to no straw removal scenario (Figure 4). The low removal 
(<34% of straw removal), showed no difference in the SOC 
stocks when compared to no removal. For removal levels 
of 34%–66% (moderate removal) and >66% (high removal), 
the SOCscf were 0.950 (−5.0%) and 0.901 (−9.9%), indicat-
ing significant SOC losses. It is important to highlight that 

the SOC stock measurements were taken in experiments 
ranging from 11 to 48 months, with a median duration of 
24 months. Thus, this RR represents a short-term evalua-
tion period.

3.2.2  |  Organic amendments—vinasse 
application

The application of vinasse had a positive effect on SOC 
stocks, resulting in a 10.0% increase (SOCscf 1.10) for the 
soil layers that showed a statistical difference (Table  1). 
Although filter cake is a very common organic amendment 

F I G U R E  2   SOC stock change factor and data distribution (histogram) for conversion from pasture (a, b), annual crops (c, d), and native 
vegetation (e, f) to sugarcane. The colors orange, gray, and blue indicate a scenario of loss, neutrality, and gain of SOC stock, respectively.
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in sugarcane production, we found no papers with the 
control treatment that allow us to evaluate the effect of its 
application on SOC stocks.

3.2.3  |  Soil tillage

We identified three papers that evaluated different soil 
tillage practices, comparing conventional tillage with re-
duced tillage or deep tillage (Table 2). However, only the 
study by Segnini et  al.  (2013) observed a statistical dif-
ference with the adoption of reduced tillage, with SOCscf 

of 1.24, indicating a 24.0% increase in SOC stocks in the 
0–5 cm layer.

4   |   DISCUSSION

4.1  |  Land-use change scenarios

Our study synthetized that existing information and pro-
vided robust results on the effect of converting different 
land uses to sugarcane cultivation on SOC stock change 
factors and their variation over time. Converting native 

F I G U R E  3   Average SOC 
accumulation rates of sugarcane straw 
in the top 10 cm soil layers as affected by 
the level of precipitation and soil texture. 
The error bars represent the confidence 
intervals for 95%. Prec.: Historical average 
annual precipitation for the last 30 years.

F I G U R E  4   SOC stock change factor (a) and data distribution (b; histogram) by three levels of straw removal (<34%, 34%–66%, and 
>66%) in sugarcane cultivation in Brazil. The circles represent the average response ratio of each straw removal level, and the bars represent 
the 95% confidence interval obtained by bootstrapping with 5000 interactions. The gray and yellow colors represent the removal rates that 
have neutral and negative response ratios, respectively.
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vegetation to sugarcane resulted in SOC stock losses in 
all the periods evaluated, with SOCscf of 0.967, 0.991, 
and 0.992 in 0–10 years, 10–20 years, and >20 years, re-
spectively. Furthermore, converting native vegetation 
areas to sugarcane also results in a large loss of biomass 
C stock, increasing C debt and payback time (Alkimim 
& Clarke,  2018). However, considering the offset of 
9.8 Mg CO2 ha−1 year−1 by ethanol production (Fargione 
et al., 2008), the carbon payback time for converting na-
tive vegetation to sugarcane in the Cerrado biome ob-
tained by Mello et al. (2014) was 8 years, while Alkimim 

and Clarke  (2018) found payback times of 15, 22 and 
62 years for the Cerrado, Atlantic Forest and Amazon 
biomes, respectively. Despite the higher C debt, the 
conversion of native vegetation to sugarcane in the pe-
riod 2000–2009 was less than 1% in south-central Brazil 
(Adami et al., 2012), a region that accounts for more than 
90% of national sugarcane production (CONAB,  2023). 
However, it is important to highlight that the Brazilian 
Biofuel Policy (RenovaBio) does not encourage the ex-
pansion of sugarcane in native vegetation areas, and bio-
fuels produced in these areas are eligible for certification 
and payment of decarbonization certificates (CBIOs).

However, it is important to highlight that our regional 
SOCscf for conversion from native vegetation to sugarcane 
indicates a lower impact on SOC stock reduction when 
compared to the value of LUC factors for conversion from 
native vegetation to cropland established by the IPCC de-
faults (Tier 1; IPCC, 2019). Sugarcane is a semi-perennial 
crop and although soil tillage reduces SOC stock, it only 
occurs every 6 years in the replanting time. Thus, the LUC 
factor of 0.83 for the wet tropical climate, which considers 
the baseline condition of annual full soil tillage, would re-
sult in an overestimation of SOC stock losses in sugarcane 
fields. However, in our dataset, few observations were 
made for over 20 years of land use conversion, which lim-
its a more robust conclusion.

Our results showed that conversion from pasture to 
sugarcane reduced the SOC stocks only in the 10–20 year 
period and showed a neutral effect for the other time 
spans evaluated. Our results also showed a wide varia-
tion in SOCscf to this land use conversion, and a large 
number of observations indicated an increase in SOC 
stock (Figure 2b). This variability in the SOCscf by pas-
ture conversion may be mainly related to pasture degra-
dation level (Cherubin, Bordonal, et  al.,  2021). Indeed, 
the expansion of sugarcane cultivation over extensive 
and degraded pasture areas increases SOC stock (Franco 
et al., 2015; Oliveira et al., 2016; Schiebelbein et al., 2023). 
Thus, converting these areas with low SOC stock to sug-
arcane represents an opportunity to increase SOC se-
questration, contributing to climate change mitigation 
and other ecosystem services (Cherubin et  al.,  2021; 
Oliveira et al., 2019).

A study conducted by Hernandes et al. (2021) showed 
that there are 20 million hectares of pastures in central 
southern Brazil with suitable conditions for expanding 
sugarcane production. In the Cerrado biome alone, there 
are more than 3 million hectares of degraded pastures 
(Alkimim & Clarke,  2018) where the expansion of sug-
arcane cultivation represents an opportunity to mitigate 
climate change through SOC sequestration and ethanol 
production. In addition, the study conducted by Oliveira 
et  al.  (2019) showed that the conversion of degraded 

T A B L E  1   Effect of vinasse application on SOC stock change 
factor (SOCscf) of sugarcane fields.

Study Treatment
Soil 
layer SOCscf

Statistical 
differences

Canellas et al. 
(2007)

Vinasse vs. 
no vinasse

0–20 1.08 Significant

20–40 1.04 ns

Cardin et al. 
(2016)

Vinasse vs. 
no vinasse

0–10 1.11 ns

10–20 1.10 ns

20–30 0.96 ns

30–40 0.93 ns

40–50 1.00 ns

Zani 
et al. (2018)

Vinasse vs. 
no vinasse

0–30 1.10 Significant*

0–50 1.13 Significant*

0–100 1.09 Significant*

Abbreviation: ns, no significant.
*p < 0.05.

T A B L E  2   Effect of different soil tillage practices on SOC stock 
change factor (SOCscf) of sugarcane fields.

Study Site Treatment
Soil 
layer SOCscf

Statistical 
differences

Tenelli 
et al. (2019)

1 Reduced 
tillage vs. 
conventional

0–10 1.17 ns

0–40 1.12 ns

2 0–10 1.03 ns

0–40 1.09 ns

Scarpare 
et al. (2019)

1 Deep 
tillage vs. 
conventional

0–10 0.86 ns

10–20 0.85 ns

20–40 1.09 ns

40–60 1.04 ns

60–80 0.94 ns

80–100 0.88 ns

Segnini 
et al. (2013)

1 Reduced 
tillage vs. 
conventional

0–5 1.24 Significant*

5–10 1.14 ns

10–20 0.92 ns

20–60 1.06 ns

Abbreviation: ns, no significant.
*p < 0.05.
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pastures to sugarcane cultivation for ethanol production 
can improve different sustainability indices and the provi-
sion of ecosystem services, as well as contribute to climate 
change mitigation.

The conversion of annual crops to sugarcane, although 
resulting in a negative initial impact, shows a recovery in 
the period of 10–20 years, and an increase in SOC stock 
after 20 years. Although converting annual crops to sug-
arcane shows a positive impact on SOC sequestration 
over time, it can raise the debate about the direct compe-
tition between food and biofuel production. In addition, 
the profitability of annual crops is higher than sugarcane, 
making this type of conversion unlikely in the current 
market scenario. Thus, it is more reasonable to project the 
expansion of sugarcane cultivation under degraded pas-
tures, with greater economic and environmental benefits, 
due to the large area of pastures in Brazil having some de-
gree of degradation (Lapig, 2024).

4.2  |  Management practices

We investigated the SOC accumulation rates of sugarcane 
straw in different environments (soil texture and site precip-
itation) as well as the management effects (straw removal, 
organic amendments, and tillage) on SOC stock changes. 
Our results showed a high variability in the SOC accumu-
lation rates for sandy soils as a function of average annual 
rainfall. This result may be associated with the greater sen-
sitivity of sandy soils to management practices, affecting 
the physical, chemical, and biological attributes of the soil 
more significantly than clayey soils (Castioni et al., 2019; 
Cherubin, Carvalho, et al.,  2021; Menandro et al.,  2019). 
Sandy areas with an annual rainfall of less than 1330 mm, 
the SOC accumulation rate was only 18 kg Mg of straw−1 
(1.8%), which would theoretically justify greater straw re-
moval for bioenergy production. Nevertheless, high straw 
removal rates in sandy soils result in a drastic reduction 
in soil water availability—as the straw acts as a barrier to 
preserve soil moisture—as well as an increase in soil tem-
perature and a loss of stalk yield (Carvalho et  al.,  2019; 
Castioni et al., 2019; Santos et al., 2021), especially under 
drier conditions (precipitation <1330 mm). Thus, under 
these conditions, high straw removal rates would result 
in high sugarcane yield losses and, consequently, a lower 
supply of straw in subsequent years, making this practice 
economically less competitive.

Our results showed that a low straw removal level did 
not affect the SOC stock, while moderate and high removal 
rates resulted in a 5.0% (SOCscf 0.950) and 9.9% (SOCscf 
0.901) reduction in the SOC stock, respectively. These re-
sults, especially for high removal (i.e., low residue return 
to the soil surface), were similar to those set by the IPCC 

defaults (0.92; IPCC, 2019) for wet tropical climates. Given 
the economic interest due to the potential for bioenergy 
production (2G-ethanol and electricity) from sugarcane 
straw in a high removal level scenario, SOC stock losses 
should be compensated through a set of good management 
practices. Few studies have assessed the effect of different 
soil tillage methods on SOC stock changes in sugarcane 
areas, which limits a more robust assessment of this man-
agement practice. However, our results showed that the 
SOC stock was 24.0% higher (SOCscf 1.24) under reduced 
tillage when compared to conventional tillage, while the 
IPCC default establishes a management factor of only 1.04 
for adopting reduced tillage (IPCC, 2019). It is important to 
note that the IPCC value was obtained mainly for annual 
crops, which do not represent a sugarcane production sys-
tem. In sugarcane cultivation areas, the intense mechani-
zation increases soil physical degradation, especially due to 
soil compaction, and therefore conventional tillage is the 
business-as-usual scenario in the replanting time, which 
occur in each (five or six-years period). Thus, soil compac-
tion has been one of the main challenges for the adoption 
of more conservationist tillage systems that reduce SOC 
losses (i.e., reduced tillage). Nevertheless, a recent study 
conducted by Luz et  al.  (2023) showed that reduced till-
age associated with machinery traffic control are suitable 
management strategy to prevent physical degradation over 
sugarcane cultivation.

In Brazil, the most common way of harvesting straw 
is by raking, baling, and transporting the residue left on 
the soil surface after harvesting the sugarcane stalks. 
Nevertheless, this set of mechanized operations results 
in additional soil compaction and consequently reduces 
soil physical quality (Castioni et  al.,  2021). Conversely, 
the adoption of the integral harvesting system where the 
sugarcane stalk and straw are harvested and transported 
together, not only has a lower effective cost (Cardoso 
et al., 2013; Lisboa et al., 2017) but also reduces the num-
ber of mechanized operations in the field, reducing the 
risk of soil compaction. Thus, machine traffic control 
combined with the integral straw harvesting system could 
contribute to improving soil physical quality, allowing the 
adoption of the reduced tillage system in sugarcane areas 
and reducing SOC losses.

Our results showed that the vinasse application (or-
ganic residue from ethanol production) in sugarcane 
areas increases by 10.0% SOC stock (SOCscf 1.10). The C 
content of vinasse is low (12.4 g kg−1; Table S4), however, 
depending on its application rate, the annual C input can 
reach 800 kg C ha−1. Furthermore, vinasse application 
increases nutrient cycling and soil moisture, contribut-
ing to higher sugarcane yields and increased straw pro-
duction and C input into the soil (Cherubin et al., 2021; 
Rossetto et al., 2018).
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5   |   SUMMARY AND FINAL 
REMARKS

Our study provides an overview on the effect of land use 
change and sugarcane management practices on SOC stock 
changes in Brazil. The conversion of native vegetation to 
sugarcane resulted in SOC stock losses, regardless of the 
period considered. Although the conversion from annual 
crops to sugarcane shows an initial loss, the SOC stock has 
recovered over time. However, expansion of sugarcane 
cultivation in annual crop areas may generate land use 
competition with other food crops. Thus, expanding 
sugarcane cultivation over degraded pastures is suggested 
as the most feasible scenario, since it contributes to 
increasing SOC stocks and bioenergy production.

Overall, the low straw removal level has no significant 
effect on SOC stock, while moderate and high removal 
rates resulted in reductions of 5.0% and 9.9%, respectively. 
On the other hand, adopting reduced tillage can increase 
SOC stock by up to 24.0% (SOCscf 1.24), proving to be an al-
ternative to support SOC sequestration. Although vinasse 
application as an organic amendment is a low C input, it 
favors crop development and straw production, increas-
ing SOC stock by 10.0% (SOCscf 1.10). Few studies have 
reported the effect of different soil tillage methods and 
vinasse application on C stocks, thus further studies are 
necessary for a robust assessment. Our study was a review 
of all available information on the impact of land use and 
management changes on SOC stocks in sugarcane areas in 
Brazil. Nevertheless, we highlight the need for standard-
ized methodological protocols (e.g., the thickness of soil 
layers collected) and treatments with appropriate controls 
for practices commonly adopted in sugarcane fields (e.g., 
filter cake application).

The trade-offs of using sugarcane crop residues for 
bioenergy production must be carefully thought. It is im-
portant to emphasize that the effects of straw removal and 
other management practices are not limited to changes in 
SOC stocks and that multiple ecosystem services need to 
be considered by decision-makers. Finally, we highlight 
that our results can contribute to the improvement of 
public policies and also be used in future modeling stud-
ies in order to enhance the reliability of the C footprint of 
sugarcane-based products.
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