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Abstract: Environmental benefits from bioenergy production derived from sugarcane crop residues
(straw) can be lost by soil organic matter depletion resulting from excessive straw removal rates from
fields. Soil organic carbon stock is the core for sustaining soil health, supporting nutrient cycling,
and sequestering carbon dioxide. To find out that how much sugarcane straw can be removed from
the field to produce bioenergy without changes in soil C concentrations, we investigated effects of
straw removal rates (total, moderate, and no removal of sugarcane straw) on soil carbon and nitrogen
fractions in an Oxisol and an Ultisol in southeastern Brazil for two years. Soil C and N fractions were
affected by increased rates of straw removal at the second year. In the Oxisol, total straw removal
decreased labile and microbial-C by ~30% and soil C stock by 20% compared to no straw removal.
No removal decreased microbial-N and total N stock by ~15% and ~20%, respectively. In the Ultisol,
no straw removal resulted in increases in C stock by >10% and labile and microbial-C by ~20% related
to total straw removal. Total straw removal showed more microbial-N (~10%) and total-N stock
(~25%) compared to no straw removal. The moderate straw removal intensity (i.e., 8 to 10 Mg ha−1

of straw) may control the straw-C release to soil by straw decomposition. This study suggests that
excessive straw removal rates should be avoided, preventing SOM depletion and consequently,
soil health degradation. Moderate straw removal seems to be a promising strategy, but long-term
soil C monitoring is fundamental to design more sustainable straw management and bioenergy
production systems.

Keywords: crop residue management; soil organic matter quality index; bioenergy

1. Introduction

A global effort has been done to diversify energy sources and reduce the consumption of fossil
fuels towards a planet safe from environmental threats [1]. Renewable energy sources account for
nearly 24% of the total world energy demand while fossil fuels supplied about 70% of the demand for
fuels in 2018 [2]. Biomass energy is one of the new renewable energy technologies that are now under
development with potential to provide energy free or nearly free of emitting greenhouse gases [3].
As Brazil is the world’s largest sugarcane producer, accounting for 40% of global production with
35.3 million tons of sugar and 29.3 billion L of ethanol [4], the sugarcane straw in commercial farms
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represents a viable feedstock for biomass energy production [5]. The area devoted for sugarcane
harvest in 2020 will be around 8.4 million hectares mainly concentrated in the south-central Brazil,
representing more than 92% of sugarcane production.

For a long time, Brazilian sugarcane fields have been burned for manual harvesting and
transportation, however to reduce the negative environmental impacts such as air pollution and health
issues [6], there was a shift from burned to a non-burned harvest system with implementation
of legislation in some states [7]. With gradual change on harvest systems in the last decade,
the south-central region of Brazil has more than 90% of sugarcane fields being harvested mechanically
in a green cane system management [8]. In this system, most of the sugarcane straw is maintained
on the soil surface, equivalent to, on average, 14 Mg ha−1 yr−1 of straw (dry weight) in Brazilian
sugarcane fields [9], which results in annual straw-carbon (C) inputs into the soil [10]. However,
the amount of straw produced, and the soil C retention depend on climatic conditions, sugarcane type,
and management practices.

In sugarcane fields, the preservation of straw on the soil surface may have some disadvantages
such as disease proliferation and increased risk of fires [11]. On the other hand, straw mulching
was indicated as beneficial to the improvement of soil nutrient cycling and water retention and the
reduction of soil susceptibility to compaction and erosion processes [12–16]. In addition, previous
studies indicated that straw maintained on the soil surface is an additional source of C, which can
be transformed into soil organic matter [17]. Because the existing soil C in terrestrial ecosystems is
greater than the atmospheric and the biotic C pools, in which soil organic carbon (SOC) accounts for
more than half of the global soil C pool [18], land use and soil management determine if terrestrial
C pool is a source or sink of atmospheric CO2 [19], which influences climate change adaptation and
mitigation [20].

Soil organic matter (SOM) has a multifunctional role in sustaining soil health by influencing not
only biological processes, but also chemical and physical functions [21,22]. As preservation of soil C
pools is critical to sustain soil ecosystem services and mitigate the global climate change with soil C
sequestration [5,23], there is a substantial interest in identifying management strategies that improves
stable SOM accumulation [8]. Therefore, the adoption of bioenergy crop managements contributing to
SOC increase or maintenance has an important role to sustain soil health in the long-term [24,25].

While the effects of sugarcane straw removal on labile fractions of SOM are not yet widely explored,
the preservation of soil labile C pools has advantages for a more sustainable crop management,
such as immobilization of soil nutrients, aggregate formation, microorganisms and enzyme activities
enhancement, and soil C pools protection [26–28]. Since labile C is more sensitive to soil management
systems, it provides a better measurement of C dynamics in the short term related to C stock alone and
can be used as predictor of SOM changes [29–32]. Although recent field studies have investigated the
impact of sugarcane straw removal on soil C stocks, there is still relatively little information about the
effects of straw removal rates on sensible and labile fractions of SOM, particularly in tropical areas
under sugarcane cultivation.

Thus, field experiments are necessary to investigate the effect of different straw removal rates
on soil organic matter fractions in sugarcane fields and quantify the amount of straw that can be
removed without negative impacts on soil quality and crop production. Such information is essential
for helping farmers to adopt best soil management practices, which sustain or even increase SOM
contents. Therefore, experiments in two south-central Brazilian sugarcane fields were designed to
test the hypothesis that bioenergy can be generated from sugarcane crop residues by a certain rate of
straw removal from field without causing negative impacts on soil organic matter and environment.
The objectives of this study were to evaluate the influence of different amounts of straw removal on
the labile fractions of soil organic matter as well as on the soil carbon and nitrogen stocks in sugarcane
farms in southeast Brazil.
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2. Materials and Methods

2.1. Study Area and Experimental Design

The experimental sites represented typical conditions of sugarcane growing in São Paulo (SP)
state, southeast Brazil, which is situated inside of the south-central region of sugarcane production.
Two field experiments were carried out within commercial farms in the Oxisol site (Capivari-SP;
Lat. 22◦59′42” S; Long. 47◦30′34” W) and in the Ultisol site (Valparaíso-SP; Lat. 21◦14′48” S; Long.
50◦52′04” W). The climate under the Oxisol and Ultisol soils are subtropical (Cwa type-Köppen-Geiger
classification) and tropical (Aw type), respectively. During the experiment, in the Oxisol site mean
annual temperature was 21 ◦C and mean annual precipitation was 1365 mm, and in the Ultisol site
mean annual temperature was 24 ◦C and mean annual precipitation was 1549 mm (Figure 1). Soils were
classified as sandy clay loam soil (Oxisol) and sandy loam soil (Ultisol) [33].
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Figure 1. Climate characteristics of studied regions. Monthly maximum (red dots) and minimum
(blue dots) temperature (◦C) and precipitation (mm) in the region studied during 2014 (experiment
establishment) and 2016 (last growing season) years: (a) Oxisol site (Capivari—São Paulo, Brazil);
(b) Ultisol site (Valparaíso—São Paulo, Brazil). Sources: CANACAP (http://www.canacap.com.br) and
Valparaiso Experimental Station/UFSCar (http://pmgca.dbv.cca.ufscar.br).

The field experiments were initiated at each location in February 2013 with sugarcane planting of
cultivars CTC-15 and RB86-7515 in the Oxisol and in the Ultisol, respectively. Three treatments were
arranged in a randomized block design with four replications within each area after the harvesting
of plant cane in October 2014. The treatments comprised of three straw removal rates (total [S- -],
moderate [S-] and no removal [S]). In both experiments, the straw was composed of about 30% of
tops and green leaves and about 70% of dry leaves. The size of each individual plot was 50 × 20 m,
comprising 12 experimental plots with rows of 0.9 and 1.5 m apart from each site. The assessment
of straw removal rates and the determination of the biomass were achieved by an experiment with
harvester extractors manipulation and calibration [34]. At that time, soil samples were collected for
baseline characterization of the sites (Table 1).

Table 1. Soil texture and chemical properties in the two experimental sites.

Local
Clay Silt Sand C Bulk Density pH Ca Mg K BS CEC P

g kg−1 g cm−3 mmolc kg−1 mg kg−1

Oxisol 330 60 610 11.3 1.32 5.2 26.1 7.7 9.3 68.8 62.6 29.3
Ultisol 112 23 865 1 6.2 2 1.51 5.2 3 9.3 2.9 3.3 4 51.1 30.2 17.4 5

1 The determination of soil texture was based on Buyoucos method. 2 Dry combustion method by an elemental
analyzes 3 pH measured in water. 4 Ca, Mg, and K: extraction with ion exchange resin and determination in a
spectrophotometer of atomic absorption. 5 Colorimetric method extracted with ion exchange resin.

http://www.canacap.com.br
http://pmgca.dbv.cca.ufscar.br
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The same procedures were performed in the re-establishment of trials after harvest of the first
ratoon (December 2015) (Figure 2). The total dry matter of each treatment is presented in Table 2.
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Figure 2. Experimental activities timeline during three growing seasons of sugarcane cycle.

Table 2. Amount of sugarcane straw (Mg ha−1 of dry mass) maintained on soil surface for each
treatment in after experiment establishment in each area.

Treatments Oxisol Ultisol

Total removal [S–] 0 0
Moderate removal [S-] 8.7 10.2

No removal [S] 18.9 16.4

2.2. Soil Sampling and Analysis

In October 2015, soil samples were collected from 0–10 cm layer in both sites for assessing
the potential effects of the treatments, even after a short-term period (i.e., one year under straw
cover). After harvesting the second ratoon of sugarcane, soil was sampled for the second time in
both sites to determine total organic carbon (Ctot), total nitrogen (Ntot), labile fraction of carbon (Clab),
and carbon and nitrogen microbial biomass (Cmic, Nmic). To represent the heterogeneity of the system,
composite soil samples were collected randomly from the rows within each plot. To determine the
bulk density, undisturbed soil samples were collected using 5-cm (diameter) by 5-cm (height) stainless
steel cylinders. The total mass and water content were quantified, and bulk density was calculated
(soil dry mass/ring volume).

Ctot and Ntot were measured in air-dried soil samples sieved through 100 mesh with dry
combustion method by an elemental analyzer (LECO© TruSpec® CN, St Joseph, MI, USA).
The fumigation-extraction [35] was used to estimate soil microbial biomass extractable with 0.5 M
K2SO4 from fumigated and non-fumigated soils. Cmic and Nmic concentrations were determined
using Shimadzu© TOC-VCPN® (Tokyo, Japan) coupled with a module Shimadzu© TNM-1® (Tokyo,
Japan). Extraction factor of 0.33 (KC) and 0.54 (KN) were considered to estimate Cmic [36] and Nmic [37]
concentration, respectively. Clab was considered as the K2SO4-extractable carbon from fumigated
soil [38]. Stocks were calculated using C and N concentrations, soil bulk density and soil depth (10 cm).
Stock correction was performed with the same mass of soil using bulk density from no removal
treatment of each site as reference, according to the literature [39].

Soil carbon and nitrogen indexes were calculated based on the amounts of total, microbial,
and labile C, as well as total and microbial N. Total C and N were used to calculate C:N ratio. Microbial
C and N were used to calculate Cmic:Nmic ratio. The Clab:Ctot, Cmic:Clab, Cmic:Ctot, and Nmic:Ntot indexes
were also calculated.

In October 2016, physical fractionation of SOM was carried out to investigate C accumulation
in each soil compartment due to the levels of straw removal in samples collected from 0–5 and
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5–10-cm layers. This technique is useful to characterize and quantify the compartments of SOM with
different responses to soil management practices [40]. The physical fractionation of SOM followed
the methodology described in the literature [41], grouping into large size particles (2.000–53-µm),
small size particles (<53-µm), and free organic material fractions (FOM). Soil samples were air dried
and passed through a 2-mm sieve, and 20 g of sample was extracted with 70 mL of deionized water.
The soil solution was sonicated using an ultrasonicator Vibra-Cell™ Ultrasonic Liquid Processors
Sonics® model VCX 500 (Newton, CO, USA), equipped with a converter (Model CV 334) and a high
intensity titanium alloy sonotrode with 13 mm of diameter, immersed 20 mm. The generator power
output control was set at 70% (approximately 50 J g−1 of soil) with a frequency of 20 kHz for 15 min.
After dispersion, the soil extract was passed through a 0.53-mm sieve to separate the sand large size
particle fraction. The remaining was dried to determine the small size particles. After that, each fraction
was dried at 40 ◦C, weighed, and total-C content was determined with dry combustion.

2.3. Statistical Analysis

The statistical analysis of data was performed using the software Statistical Analysis System
(SAS Inc., Cary, NC, USA), version 9.3. Analysis of variance (ANOVA) was used to assess differences
among treatments (total, moderate and no straw removal) within each paired area (Oxisol and Ultisol).
The normality of data was checked by Shapiro–Wilk’s test (p > 0.05). Data transformation was not
required to meet ANOVA assumptions. If the ANOVA results were significant (p < 0.10), average values
of dependent variables were compared using Tukey’s test (p < 0.10). Differences between the two areas
were not evaluated due to distinct soil attributes and sugarcane cultivars.

3. Results

3.1. Soil Carbon and Nitrogen Concentration and Stocks

In the Oxisol and Ultisol, soil Ctot, Ntot and Cmic stocks were not affected by straw removal in
2015 (p > 0.1, Figure 3a–d), and in the Oxisol site, the Clab stock was the highest in the sugarcane
plots with moderate straw removal [S-] (p < 0.10; Figure 3e). The Nmic stock was influenced by total
sugarcane straw removal from the field [S- -] (p < 0.10; Figure 3j) in the Ultisol site. Soil C and N
concentrations and stocks in the first year of experiment (2015) did not respond to straw removal rates
in both locations. In contrast, the effects of straw removal showed significant depletion of soil microbial
N stock upon complete removal of the sugarcane straw under Ultisol (p < 0.10; Figure 3j), suggesting
that straw removal enhances the soil N mineralization due to the limited source of C for microbiota.

In both experimental sites in 2016, soil Clab and Cmic stocks were the highest in the plots that
sugarcane straw was maintained in the surface soil (p < 0.1, Figure 3c–f) and the concentration of those
attributes in soil followed the same trend (p < 0.1 Supplementary material; Table S1), indicating an
increase in labile and microbial fractions of soil C with decreasing in straw removal rates in both areas.
In the Ultisol, surface soil Ctot stock was higher in the soil without straw removal [S] compared to the
soil with moderate [S-] and total straw removal [S- -] (p < 0.1, Figure 3b). In the Oxisol, the soil Ctot

was also higher in plots with straw on the soil surface, although there was no significant difference
between the two rates: moderate [S-] and no removal [S] (p < 0.1, Figure 3a). In contrast to the effects
of straw removal in 2015 observed in this study, the overall effects of the straw removal for two years
showed significant depletion of soil C stocks, comparing complete straw removal with no removal [S].

Soil C and N concentrations were affected by sugarcane straw removal in both sites. In the
Oxisol site, soil Ctot concentration was the highest in the soils with moderate and no straw removal,
while in the Ultisol, the difference was only observed between [S- -] and [S] (p < 0.10; Supplementary
material, Table S1). The soil Ntot and Nmic concentrations in the [S- -] and [S-] treatments were higher
than the treatments without straw removal (p < 0.10; Supplementary material). In the Ultisol site,
the soil Ntot concentration was influenced by no removal of sugarcane straw [S] compared to total
removal [S- -] (p < 0.10; Supplementary material, Table S1), and since the same trend was observed
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for soil N stock, this probably occurred due to the increase in C concentration (due to both the straw
deposition [in S and S-], and the root system renovation [in all treatments]), which actives soil microbial
biomass, and consequently, favoring the net N mineralization. Mineralized N derived from SOM can
be absorbed by the culture, or in a worse situation, may be removed from the system by leaching or as
gaseous forms. In the first year of experiment, labile C and microbial N fractions were more sensitive
to straw removal compared to total C (Figure 3e,j). After two years, not only these two C fractions but
also total C stocks were influenced by straw removal rates, indicating that the complete removal of
straw could reduce soil C stock in long term.Sustainability 2020, 12, x FOR PEER REVIEW 6 of 14 
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Figure 3. Soil C and N stocks. Soil C, N, labile C, microbial C, and microbial N stocks in the 0–10 cm
soil layer under levels of sugarcane straw removal in October 2015 and in October 2016. Soil Ctot stock
(a); soil Ntot stock (c); soil Clab stock (e); soil Cmic stock (g); soil Nmic stock (i) in the Oxisol site and Soil
Ctot stock (b); soil Ntot stock (d); soil Clab stock (f); soil Cmic stock (h); soil Nmic stock (j) in the Ultisol
site ([S- -]: total removal; [S-]: moderate removal; [S]: no removal). Each bar represents the Mean (n = 4)
± S.D.; same letter in soil sampling time did not differ according to Tukey’s test (p < 0.10).

3.2. Soil Carbon and Nitrogen Indexes

In both sites, the impacts of straw removal management on soil C and N indexes were greatest in
the second year of analysis and yet the effects of straw removal were more apparent for the Oxisol
compared to the Ultisol site (Supplementary material, Table S2). In 2016 in the Oxisol site, difference in
soil Ctot:Ntot ratio between the straw managements decreased with sugarcane straw removal and the
highest soil Clab:Ctot and Cmic:Nmic ratios were recorded under [S] (p < 0.10; Supplementary material,
Table S2). Similar pattern was observed for the Cmic:Ctot ratio, which differed significantly among
[S- -] and [S] straw managements (p < 0.10; Supplementary material, Table S2). In the Ultisol site,
the Clab:Ctot ratio became lower with increasing straw removal from the field (p < 0.10; Supplementary
material, Table S2). In contrast, soil Cmic:Clab ratio was higher for total removal of straw [S- -], while the
highest soil Cmic:Nmic ratio was found under [S] (p < 0.10; Supplementary material, Table S2).

In 2015, straw removal affected only the Nmic:Ntot and Cmic:Nmic ratios in the Ultisol site. The highest
soil Nmic:Ntot ratio was recorded under [S-] and [S] straw managements, with no difference between
them, while the Cmic:Nmic ratio was the highest in the soil with total straw removal (p < 0.10;
Supplementary material, Table S2).

Overall, in the Ultisol site, the straw management improved the soil organic matter quality indexes
between the years. Such increments with time was also observed in the Oxisol site for the Clab:Ctot and
Cmic:Ctot ratios.

3.3. Soil Physical Fractionation of Soil Organic Matter

In the Oxisol site, the soil Ctot concentration in the 0–5 and 5–10 cm depths for each straw
management was the highest in the smallest organic fraction (<53 µm) (Figure 4a,b), which was affected
by straw removal. The lowest soil C concentration was reported under the [S- -] straw management in
both soil layers and both sites (Figure 4a,c).

In both sites, the particles with sizes smaller than 2.000 µm and bigger than 53 µm represented
from 15% to 30% of the Ctot concentration (Figure 4b,d), in contrast, sugarcane straw management had
no effect on this specific fraction of soil organic matter. Straw removal reduced soil C content of FOM
in both soil depths for the two sites. This fraction decreased with depth and constituted about 5% of
the Ctot in both sites.
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4. Discussion

The effects of crop residue removal for bioenergy production on soil functioning have been widely
investigated in recent years [5,9,24]. One of the most important tradeoffs associated with crop residue
removal is soil C depletion [9,42]. Our findings indicated that total sugarcane straw removal depleted
stocks of soil organic C fractions, while the moderate removal did not show any significant difference
with no removal of straw.

Crop residues sustain or increase SOM by direct and indirect mechanisms. Straw contains about
50% of C, being the principal C input into the soil (i.e., 70%) in sugarcane fields [43,44]. A recent
literature review revealed that straw maintenance on soil surface in Brazilian sugarcane fields promoted
a soil C accretion at annual rate of 0.81 ± 0.56 Mg ha−1 yr−1 and 1.37 ± 0.62 Mg ha−1 yr−1 for 0–0.3 m
and 0–1.0 m layers, respectively [9]. Concerns about the relevance of crop residues on soil C was
also reported through a meta-analysis study on corn stover management in areas mainly located in
the USA and China [45]. The authors showed that corn stover retention promoted soil C accretion
by 0.41 Mg ha−1 yr−1, and that a moderate residue removal (<50%) may induce a greater soil C
accumulation, even compared to managements with stover removal.

In our study, the changes in soil C and N fractions caused by straw management were detected
only in 2016, after two successive years of straw management. These results corroborate those found
by Bordonal et al. [8] who showed that after two years of complete straw removal, the soil C stocks
depleted significantly while intermediate intensity and no straw removal did not affect soil C stocks.
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The lowest soil C stock observed under total removal of straw (Figure 3a,b) may be associated to the
absence of C input and this result indicates the influence of straw removal on soil C accumulation
rates, as observed previously in a sugarcane field in Australia [46]. The soil’s chemical and physical
properties can also influence SOM stabilization [47], for instance, clayey soils may sustain greater
C stocks related to sandy soils. That fact is supported by the evidence that soil physicochemical
characteristics determine the maximum soil C storage potential [4]. Soil type and clay content were
also demonstrated to influence the rate of SOC changes [48].

Another benefit provided by straw is the soil cover [49] and physical protection against water and
wind erosion [50], which reduces soil and SOM losses [13]. The straw supplies C to soil, which enhances
the soil aggregate stability and ameliorates soil structure quality [51,52]. The aggregate formation and
stabilization provided by straw provides physical protection of SOM from microbial oxidation which
induces SOM accumulation [51]. The residue removal from the soil surface reduces the aggregation
stability and, consequently, SOM decreases over time and the C contents are depleted [9]. This fact
might explain the lower contents of soil C fractions under straw removal compared to no removal
found in both sites in our study (Figure 3). Complete straw removal on a short-term basis decreases the
labile fractions of soil organic matter, and thereby in a long-term perspective this can impair critical soil
processes related to soil organic matter. Although two years is not enough to assess soil total carbon
sequestration, changes in soil carbon and nitrogen fractions can indicate changes in soil carbon within
this short period [53].

The study of SOM forms contributes to investigate its dynamics and predict its response to soil
use and management [28]. A strong relation between the size of fraction and the physical quality of soil
organic matter has been reported in the literature [40]. It has been shown that fine stable aggregates
(<53 µm), when destabilized, are useful to soil microorganisms and plants as source of labile-C [28].
A recent evidence suggests that sugarcane management leaves 14 Mg ha−1 yr−1 of straw on the soil
surface which promotes an increase of 60% of total soil C, and the smallest fraction of organic matter
(<53 µm) had the greatest increment [52]. The current study found that straw removal led to a decrease
in the <0.53 µm fraction compared to moderate or no removal of straw (Figure 4). It is also supported
by Brandani et al. [54] who observed a similar trend after 4 and 12 years with inputs of sugarcane
residues, whose highest C concentration was also found mainly in the <0.53 µm fraction in the 0–5 cm
soil layer. The results of SOM physical fractionation found in the current study reinforced these
findings, with increases in Ctot under [S-] and [S] through inputs of organic C mainly to the fine soil
particles (Figure 4).

Studies investigating the decomposition of sugarcane straw suggest that the straw C decomposition
is influenced by the amount of straw left on the soil surface. Carbon released into the soil is higher
under no straw removal in comparison with straw removal in different rates [55]. It has been observed
that C released by sugarcane straw decomposition over a period of 180 days is between 0.5 and
3.1 Mg ha−1 [56]. Some studies used a modeling approach to explore the effects of long-term straw
management on soil C stocks [17,57]. A simulation using DayCent model predicted that no removal
of sugarcane residue contributed to an increase in soil C stocks of 2.8 to 5.7 Mg ha−1 in a period
of 30 years [17]. In agreement with that, a simulated model to predict soil C stock changes in
sugarcane verified losses rate of 0.19 Mg ha−1 yr−1 under 75% of straw removal and accretion rate of
0.11 Mg ha−1 yr−1 when straw was not removed from fields [57].

We also found a decrease in the contents of labile and microbial C when straw was removed
(Figure 3e–h). This result may be explained by the fact that the input of C to soil stimulates the biological
activity and increases microbial biomass, which promotes greater decomposition process [58]. On the
other hand, the straw removal results in soil microbial biomass decline [58]. It was in accordance with
data shown by [50], which a portion of C derived from straw enters into the soil as labile organic C
pool. Additionally, a greater protection and increase in C in humic substance fractions in areas where
there is a minimum tillage of soil was reported by Lopes [59]. Studies using stable isotopes of C (δ13C)
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have shown that a greater proportion (about 60%) of soil C is derived from the straw in the sugarcane
field, which indicates that the humification process was stimulated [54].

The results of this study suggest that 8–10 Mg ha−1 of straw can be enough to sustain soil organic
matter quality indexes and the excesses of straw can be used for bioenergy use. Therefore, straw removal
should be considered as a feasible management only in sites with high straw-producing potential,
while straw should be preserved in sites with low straw production [57]. This finding showed the
importance of assessing the impacts of straw removal to verify the effectiveness of residue management
and the better understanding of how much straw can be removed from the sugarcane fields.

Although this study focused on the effects of sugarcane straw removal on soil C fractions, there are
several soil and plant parameters that must be taken into account to establish the amount of straw
that can be removed without impairment of the soil quality and plant growth [5,9,11]. It is essential to
guide the sugarcane sector to remove straw in a sustainable way, preserving soil and crop yields and
increasing bioenergy production in the coming years.

5. Conclusions

This study provides information to guide decision-making on the optimum amount of straw
to be maintained in sugarcane fields to sustain soil health while providing feedstock for bioenergy
production in Brazil. Excessive straw removal depletes soil organic matter pools, especially labile and
microbial-C stocks. The adoption of moderate straw removal can be a suitable management strategy to
control the depletion of labile soil organic matter fractions since 8–10 Mg ha−1 of straw left in the field
did not have a negative impact on SOM fractions.

We also emphasize that long-term monitoring of soil health changes is fundamental to design
sustainable straw management, not only considering soil C changes but also including soil chemical
and physical aspects, and crop responses. Additionally, it should be emphasized that a fully effective
straw removal management must be coupled with the adoption of best management practices, such as
the use of no-tillage, crop rotation and organic amendments [9,57], which helps to mitigate the negative
effects of straw removal [54].
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0–10 cm soil surface under different sugarcane straw level.
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