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Abstract
Green harvest sugarcane management has increased soil organic C and N stocks over time. However, emerging sugarcane
straw removal to meet increasing bioenergy demands has raised concerns about soil C and N depletions. Thus, we con-
ducted a field study in southeast Brazil over nearly three years (1100 days) for assessing soil C and N responses to
increasing sugarcane straw removal rates. In order to detect the C input as a function of the different amounts of straw over
three years, a field simulation was performed, where the original soil layer (0–0.30 m) was replaced by another from an
adjacent area with low total C and δ13C. The treatments tested were as follows: (i) 0 Mg ha−1 year−1 (i.e., 100% removal),
(ii) 3.5 Mg ha−1 year−1 (i.e., 75% removal), (iii) 7.0 Mg ha−1 year−1 (i.e., 50% removal), (iv) 14.0 Mg ha−1 year−1 (i.e., no
removal), and (v) 21.0 Mg ha−1 year−1 (i.e., no removal + extra 50% of the straw left on the field). The results showed that
sugarcane straw removal affected the soil C and total N pools. In the first 45 days of straw decomposition, a small but
important straw-derived C portion enters into the soil as dissolved organic carbon (DOC). The lower the straw removal rate,
the higher was straw-derived DOC content found into the soil, down to 0.50 m depth. After 3 years of management, keeping
sugarcane straw on soil surface significantly increased C and N stocks within surface soil layer (0–0.025 m). Our findings
suggest that under no straw removal management (i.e., 14 Mg ha−1), approximately 364 kg ha−1 of C and 23 kg ha−1 of N are
annually stored into this low-C soil. The contribution of the straw-derived C (C-C4) to the total soil C increases over time,
which accounted for about 60% under no straw removal rate. The greatest contribution of the C storage preferentially occurs
into the fraction of organic matter (< 0.53 μm) associated with soil clay minerals. We concluded that indiscriminate
sugarcane straw removal to produce cellulosic ethanol or bioelectricity depletes soil C stocks and reduces N cycling in
sugarcane fields, impairing environmental gains associated with bioenergy production. Therefore, this information, linked
with other agronomic and environmental issues, should be taken into account towards a more sustainable straw removal
management for bioenergy production in Brazil.
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Introduction

Brazil is the largest sugarcane producer in the world,
representing 40% of global production [1]. In the 2016/2017
season, 9.1 Mha were cultivated with sugarcane in Brazil,
resulting in a stalk production of 657 million of tons. About
half of this production (47%) was destined to produce 39
million of tons of sugar and the rest (53%) to produce 28
billion liters of ethanol [2]. Historically, sugarcane manage-
ment included burning of straw before harvesting. However,
due to socio-economic and environmental issues, since begin-
ning of 2000s, burnt harvesting has been gradually replaced
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by the unburnt harvesting (i.e., green harvesting), especially in
São Paulo state, where more than 90% of fields are harvested
without burning [3].

Green sugarcane harvesting results in large amounts of
straw (i.e., 10–20Mg ha−1 of dry mass) left on the soil surface
every year [4]. Several studies have shown that C inputs an-
nually added to soil through sugarcane straw resulted in soil C
and N stocks accretion over time [5–10]. Cherubin et al. [9]
have compiled in-field available data from studies carried out
in central-southern Brazil and found an average rate of soil C
accretion in sugarcane areas without burning of 0.81 and
1.37 Mg ha−1 year−1 for the 0–0.3 and 0–1.0 m layers, respec-
tively. Two recent studies predicted 30-year soil C changes
induced by sugarcane straw management using DayCent
model [8, 10]. Carvalho et al. [8] verified that the maintenance
of sugarcane straw on the soil surface would increase soil C
stocks into 0.09 and 0.19 Mg ha−1 year−1 in two study sites in
central-southern Brazil. Oliveira et al. [10] found similar av-
erage accretion rate of soil C stocks (0.11 Mg ha−1 year−1)
when sugarcane straw is left on the soil surface in this same
region.

In order to meet increasing global demands for bioenergy
and accomplish international commitments (e.g., iNDC as-
sumed in COP 21, Paris), Brazil intends a significant increase
of the bioenergy participation into the energy matrix by next
few years [11]. Consequently, a new management of sugar-
cane straw has emerged in Brazil, in which straw has been
collected and used to produce cellulosic ethanol and to co-
generate bioelectricity. Both products are strategic towards
meet these increasing demands for renewable bioenergies
[12] as well as increase the productivity and profits of the
sugarcane industry [13].

In light of this promising scenario, the total or partial sug-
arcane straw removal from the field has raised concerns about
potential soil organic matter (SOM) depletion and its impacts
on the ecosystem functioning [9, 14]. It also has driven the
demand for additional studies to better comprehend the impli-
cations of straw management to avoid negative impacts, espe-
cially in terms of agronomic and environmental issues [14].
Aboveground, crop residues are the main C-residue source to
the soil in the current bioethanol sector and that indiscriminate
removal of crop residues to produce cellulosic biofuels can
reduce the soil C stocks and attenuate GHG mitigation in
comparison with fossil fuels [8]. The magnitude of the C
losses resulting from residue removal varies by soil texture,
tillage operations, weather conditions, and organic residue use
[8, 10].

Although recent studies modeled soil organic carbon
(SOC) changes induced by straw removal in Brazilian fields
[8, 10], to our knowledge, there are no studies assessing in-
field soil C changes induced by rates of sugarcane straw re-
moval throughout more than one crop season in Brazil. We
hypothesized that successive sugarcane straw removal

depletes soil C and N over time. In order to test this hypoth-
esis, we conducted an in-field study to assess soil C and N
responses to sugarcane straw management throughout three
crop years. Specifically, we aimed to (i) assess the short-
term dynamics of dissolved organic C (DOC) into the soil
after sugarcane straw deposition, (ii) quantify soil C and N
stock changes induced by straw removal rates, (iii) determine
how much soil C is derived from the sugarcane straw, and (iv)
evaluate C distribution within each physical fraction of the
SOM.

Material and Methods

Site Description

Two field experiments were carried out in the experimental
area of Sugarcane Technology Center—BCentro de
Tecnologia Canavieira—CTC^ (Lat. 22° 41′ 26″ S, Long.
47° 33′ 28″), located in Piracicaba, São Paulo state, southeast-
ern Brazil. The regional climate is humid tropical, Cwa type
(Köppen classification), with dry winter and wet summer. The
historical monthly precipitation (mm) and average monthly
temperature (°C), as well as these meteorological information
from November 2011 to October 2012 (first experimental
year), are shown in Fig. 1. The soil of the experimental area
was classified as an Oxisol (i.e., Latossolo Vermelho-Amarelo
distrófico—LVAd by Brazilian Soil Classification System
[15]), with a sandy-clay-loam texture (300 g kg−1 of clay
content).

Experimental Design

The experimental area was cultivated with CTC 15 sugarcane
variety, planted inMay 2009 and mechanically harvested after
18 months in November 2010, resulting in 14 Mg ha−1 dry
mass of straw left on soil surface. After plant cane harvesting,
two field experiments were established aiming to detect the
soil C changes induced by different rates of straw removal.
The amounts of straw left on soil surface in both field exper-
iments were as follows: (i) 0 Mg ha−1 year−1 (i.e., 100% re-
moval), (ii) 3.5 Mg ha−1 year−1 (i.e., 75% removal), (iii)
7.0 Mg ha−1 year−1 (i.e., 50% removal), and (iv)
14.0 Mg ha−1 year−1 (i.e., no removal). In order to evaluate
a n e x t r a amou n t o f s t r aw, a t r e a tm en t w i t h
21.0Mg ha−1 year−1 (i.e., no removal + extra 50% of the straw
left on the field) was included. The experimental design was
randomized block with split-plot in time and five replications.

In order to give a better understanding of the straw decom-
position, at the time of the experiment implementation, sam-
ples of the straw were collected and analyzed in terms of total
C, N and biochemical compounds (e.g., lignin, cellulose, and
hemicellulose). The total soil C (SOC) and total nitrogen (TN)
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determination were performed by dry combustion according
to Nelson and Sommers [16] using an elemental analyzer
(Leco CN-2000®, St. Joseph, Michigan). The results indicat-
ed that the straw used in the experiments presented C con-
tent = 461 g kg−1, TN = 4.3 g kg−1, and C/N ratio = 108.

The concentrations of cellulose and hemicellulose were
determined by neutral detergent fiber content (NDF) and acid
detergent fiber (ADF) method, while lignin concentration was
determined in acid detergent (ADL) with 72% sulfuric acid
[17]. All determinations were completed using an Ankom200

fiber analyzer (Ankom Tech., Fairport, NY, 2000). The straw
biochemical composition was 115, 403, and 333 g kg−1 of
hemicellulose, cellulose, and lignin, respectively.

To evaluate in details the influence of straw removal on the
different SOMpools, two different experiments were conduct-
ed, as described below.

Experiment 1: Dissolved Organic Carbon - DOC

The first experiment was conducted for 120 days (November
2011 to February 2012) to evaluate the DOC from the process
of sugarcane straw decomposition. The relative amount of
straw to each treatment was placed inside of a metallic frame
with dimensions of 0.64 × 0.64 allocated within inter-row po-
sition of the sugarcane area. In each inter-row the metallic
frame were spaced five meters from each other. A total of 25
metallic frames were evaluated in this experiment (i.e., 5 treat-
ments × 5 replications). In order to prevent contamination
with external material (straw or exogenous material), frames
of 0.05 × 0.05 m mesh were used to cover the metallic frames.

Soil solution to determine DOCwas sampled at the 0.2 and
0.5 m depths using two tension lysimeters installed inside of
eachmetallic frame. These devices consist of a porous capsule
of 0.05 m in diameter coupled to PVC pipes. To collect the
solution, vacuum was produced with a manual pump

connected to a plastic tube on the top of the lysimeter. More
detail about this methodology can be found in Kolka et al.
[18].

Dissolved Organic Carbon and 13C/12C Ratio

The soil solution sampling was carried out after each rainfall
event within the first 120 days, which occurred at 17, 32, 40,
45, 77, 81, 87, 94, 106, and 116 days after the experiment
installation. The samples were stored in a cold room with
the addition of mercury chloride (HgCl2 30 mmol L−1) to
preserve and avoid variation in the C concentrations by mi-
crobial decomposition. Total soil C was analyzed using a
Shimadzu TOC-V-cpn elemental analyzer.

The relative C-straw contribution (%) in the soil solution
was verified in two moments, from the 32 to 40 days and from
116 to 120 days after installation. These composite samples
were frozen, lyophilized, and then forwarded for δ 13C deter-
mination. The 13C/12C isotopic ratio was determined by the
release of CO2 from combustion at 550 °C in a sealed Pyrex
tube in the presence of CuO in an elemental analyzer (Carbo
Erba EA-110). Gases generated from this combustion were
separated through gas chromatography and carried through
continuous flux to the mass spectrometer (Finnigam Delta
Plus).

Experiment 2: Changes on Soil C and N Stocks

The second experiment was conducted in the same sugarcane
field of the previous experiment. This experiment aimed to
quantify the contribution of sugarcane straw to supply C and
N to the soil.

As changes of soil C and N stocks are difficult to detect in
short-term evaluations, we conducted a 3-year experiment
based on the following methodology: (i) selected an area
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adjacent of the experiment with similar soil type and different
δ13C values, (ii) collected soil of 0.3-m soil layer at the adja-
cent area, and (iii) replaced the soil inside of the metallic
frames (with dimensions of 1.10 m long, 0.90 m width, and
0.30 m depth) by the one collected in the adjacent area with
low contents of total C, N, and δ13C (i.e., baseline values:
SOC = 6.16 g kg−1; Total N = 0.42 g kg−1 and δ13C = −
16.35‰). This procedure was performed aiming to detect
δ13C enrichment over time and consequently to quantify
howmuch C was added by straw decomposition in this period
in the sugarcane area. (iv) After these steps, the specific
amoun t s o f s t r aw ( i . e . , 0 , 3 . 5 , 7 . 0 , 1 4 , a n d
21 Mg ha−1 year−1) were added within each metallic frame.
The deposition of the same amount of straw was repeated on
the next two years after sugarcane harvesting. The experiment
was conducted for three crop seasons (2011–2013), totaling
1100 days of evaluation in order to detect C and N changes
induced by the different amounts of straw or different rates of
straw removal.

Soil Organic Carbon, Total Nitrogen, and 13C

Soil samples were taken from the 0–0.025, 0.025–0.05, and
0.05–0.10 m layers to quantify the baseline of C, N, and δ13C
at the installation of the experiment and annually after sugar-
cane harvesting (i.e., 334, 685 and 1100 days). Five disturbed
subsamples were collected to compose a sample within each
plot (field replications) in the same depths mentioned above,
totaling 75 samples (i.e., 5 straw amounts × 3 soil depth × 5
replications) in each sampling campaign. An additional soil
sampling was carried out after 469 days, in order to verify the
soil C changes within a shorter period, intermediate between
the first to the second year after straw deposition. Undisturbed
samples were also collected using volumetric cylinder method
(785 cm3), and soil bulk density was determined by the rela-
tionship between soil dry mass and the cylinder volume.

Soil samples were dried and sieved at 2 mm. From each
sample, 20 g was ground and sieved at 100 mesh (150 μm) to
determinate total C and N content by dry combustion, accord-
ing to Nelson and Sommers [16], through a Carbon Analyzer -
LECO CN-2000 as well as δ13C content by an elemental
analyzer (Carbo Erba EA-110) coupled to the mass spectrom-
eter (Finnigam Delta Plus).

Soil C and N Stock Calculations and Estimates of Carbon
Origin

For each soil layer, C and N stocks were calculated through
the Eq. 1:

C or N stock ¼ C or N� LT� BD ð1Þ

Given that, C or N stock is in Mg ha−1, C or N is element
content in percent, LT is soil layer thickness in centimeters,
and BD is bulk density in Mg m−3.

In order to determine the proportion of soil C derived from
sugarcane straw (C4 plant), the total C content derived from
sugarcane was quantified at the beginning of the experiment
and annually after harvesting, during three crop years.

The 13C/12C isotopic ratio for each sample is expressed in
delta (δ) unit per million (%) in relation to the international
standard Vienna Pee Dee Belemnita (PDB), according to the
Eq. 2 [19]:

δ13 C ¼ Rsample � RstandardÞ=Rstandard� � 1000
�� ð2Þ

Given that, Rsample is the
13C/12C isotopic ratio of sample

and Rstandard is the
13C/12C isotopic ratio of PDB standard.

To calculate the relative contribution of soil C derived from
sugarcane straw, the Eq. 3 was used [20]:

X %ð Þ ¼ δsample � δoriginÞ= δstraw � δoriginÞ� � 100
��� ð3Þ

Given that, X is the proportion of C derived from sugarcane
straw, δsample is the δ

13C of total organic C of local samples;
δorigin is the δ13C of total organic C of origin soil evaluated
(taken at the experiment installation), and the δstraw is the δ13C
of sugarcane straw (C4 plants).

Physical Fractionation of SOM

Based on the assumption that the SOM changes due to sugar-
cane straw decomposition, soil was sampled from the 0–
0.025-m layer at 685th day to perform physical fractionation
of SOM. Subsamples of 20 g of air-dried soil were sieved at
2 mm and completed with 70 mL of distilled water. The sus-
pensions were put in a freezer for 4 h in order to reduce
heating during the sonication. An ultrasonic device was used
(Sonic Vibra Cell Ultrasonic Processor—VC505) for 15 min
at 70% of power (500 W). The suspension was then passed
through a set of sieves (53 μm). The organomineral fraction <
53 μm was oven dried at 40 °C, weighed, and ground to 100
mesh. The C content and δ13C in each sample were deter-
mined by the same methods described above.

Statistical Analysis

The raw data were subjected to a one-way analysis of variance
(ANOVA) to test the influence of the sugarcane straw removal
on soil C and N within each sampling time and over time.
When ANOVA revealed a significant effect (F test p < 0.05),
the means were compared by Tukey’s test (p < 0.05). In addi-
tion, linear regressions were performed to estimate soil C and
N accumulation as function of C-straw inputs. All statistical
procedures were computed using the PROC GLM procedure
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in the Statistical Analysis System (SAS) v.9.3 software (SAS
Inc., Cary, USA).

Results and Discussion

DOC from Sugarcane Straw Decomposition

Sugarcane straw removal did not significantly change DOC
dynamics over time in the upper soil layer (0–0.20 m)
(Fig. 2a). During the first rainfall after straw deposition, soil
DOC content averaged approximately 15 kg ha−1. This con-
tent significantly decreased to approximately 3 kg ha−1 and
stabilized after 45 days. In the underlying soil layer (0.3–
0.5 m), a significant decrease in DOC content with the in-
crease of straw removal rate was observed from the beginning
of the experiment up to 32 days (Fig. 2b). Dissolved organic C
contents reached 26 and 10 kg ha−1 in the first two evaluations
under 14 Mg ha−1 year−1 of straw, whereas under 0 and
3.5 Mg ha−1 year−1 (100 and 75% removal), DOC contents
were significantly lower, averaging 11.3 and 13.5 kg ha−1 to
the first evaluation and 7.0 and 8.1 kg ha−1 to the second
evaluation, respectively. Afterwards, DOC contents did not
change due to straw removal, reducing and stabilizing at ap-
proximately 4 kg ha−1 (Fig. 2b). The peak of DOC until
45 days after straw deposition is consistent with the period
of highest straw decomposition as reported by Sousa Jr.
et al. [21]. These authors verified that in the early stage of
decomposition (first 45 days), dry mass loss ranged from 11
to 36% according to the initial straw amounts left on the soil.

In addition, DOC presents a fast turnover in the soil, reduc-
ing quickly after rainfall events [22]. Once the DOC is an
organic matter fraction readily available for microbial decom-
position [23, 24], its concentrations in the soil tend to reduce
rapidly [23, 25–27]. According to Kalbitz et al. [25], from 10
to 40% of DOC can be easily decomposed bymicroorganisms
over a period of time, which may range from days to a few
months. Although DOC dynamics is often investigated in nat-
ural ecosystems, it is still poorly understood in agricultural
soils [24]. Dissolved organic C is highly reactive in soil
[27]; therefore, it is considered an important fraction of
SOM, representing between 5 and 25% of soil total C [23].
De Troyer et al. [27] observed that the initial DOC flush orig-
inating from the residue mainly consists of hydrophilic com-
pounds (98%) with low aromaticity, and consequently, most
of the DOC released by the plant material is easily degradable.
Thus, studies have shown that DOC inputs in the soil can
promote a primer effect, accelerating soil C turnover [24,
27–29], consequently increasing CO2 emissions to atmo-
sphere [24].

The DOC content found in the soil under 100% straw re-
moval (Fig. 2) indicated that crop residue is not the only C
source of the DOC present in the soil. Although the origin of

soil DOC is not totally understood [25, 27], the main sources
are plant residues, C washed from plants, humified organic
matter, microbial biomass, and the C-rich products released
by multiple mechanisms [30] from the root system of the crop
itself [25].

The δ13C values of the DOC allowed determining the C
contribution from sugarcane straw to soil DOC (Table 1). In
general, lower proportions of C from straw (C4) were found in
soil DOC content under smaller straw amounts (higher remov-
al rates). For example, in the beginning of the experiment (32–
40 days), only 4% of DOC was derived from C4 plants under
100% removal, whereas under 14 Mg ha−1 year−1 (no remov-
al), about 37% of C was originated from C4. When extra
amount of straw was added (21 Mg ha−1 year−1), the contri-
bution of C-C4 plants increased to 53%. At the end of the
rainy season (116–120 days), 31% of the DOC originated
from C4 at the 21 Mg ha−1 year−1 plots, whereas no longer
C-C4 was found in plots under 100% of straw removal
(Table 1). Decreases of C from crop residue within soil
DOC pool were also traced by De Troyer et al. [27]. They
verified that soil solution DOC appeared mainly (65%) resi-
due derived in short term, while in the long term, the DOC is
mainly derived from soil organic matter (i.e., 5.1 and 1.3% of
residue-C was found in the DOC after 57 and 240 days of
incubation).

These results showed that straw removal for bioenergy
production might decrease the DOC pool in deeper layers,
altering the turnover of SOM and soil C sequestration poten-
tial in these areas. It was the first study that assessed DOC
changes due to straw removal management. Therefore, addi-
tional studies are necessary to understand better the DOC dy-
namics in the soil and its contribution to soil C balance in
sugarcane fields.

Soil C and N Contents and Stocks

The straw maintenance on soil surface increased significant
soil C after three years (i.e., 1100 days), but this effect was
restricted to the top soil (0–0.025 m) (Fig. 3a; Table 2). In the
same way, results from long-term studies conducted in
Australia showed that straw maintenance on soil led to signif-
icant C increases in the 0–0.02 m soil layers relative to burnt
sugarcane plots, but few differences were observed in deeper
layers [31]. In Brazil, Razafimbelo et al. [32] observed a sig-
nificant soil C increases of 20% in the 0–0.05 m layer after
6 years of green harvesting compared to burnt areas, whereas
these effects were not significant in the deeper layer (0.05–
0.10 m). Galdos et al. [33] verified that soil C stocks increase
of 30% in the 0–10 cm layer in after 8 years of green harvest-
ing and did not find significant effects for the 10–20 cm soil
layer.

Temporal soil C changes for the 0–0.025 m layer are shown
in Fig. 3b and Table 2. The results showed that the
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maintenance of 3.5 and 7 Mg ha−1 year−1 (i.e., 50 and 75%
straw removal rates) had no impact on soil C compared to the
100% straw removal rate. Otherwise, keeping larger amounts
of straw (14 and 21 Mg ha−1 year−1) led to significant C
content increases only after 469 days, reaching increments
of 3.32 and 4.85 g kg−1 after 1100 days. Consequently, the
soil C stock change rates were 0.36 and 0.53 Mg ha−1 year−1

respectively. These results also are consistent with literature
[6, 34], indicating that regardless of the amount of straw
retained on the soil, no or little changes of C can be observed
in the short time, i.e., one year after deposition.

In longer-term studies, Thorburn et al. [6] observed C in-
creases of 4.0 and 6.5 g kg−1 in the 0–0.02 m layer at sites that
had 5 and 6 years of straw retention on the soil surface. Other
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studies also indicated that retention of straw in the field in-
creased soil C, for example, 2 g kg−1 (0–0.2 m) after 6 years
[35] and 5 g kg−1 (0–0.2 m) after 8 years [33]. Variations of
annual soil C increases reported among studies may be related
to factors such as: initial soil C stock (baseline), soil type,
annual straw inputs, sugarcane variety, and local climatic con-
ditions [6–8].

Soil N content decreased linearly according to the straw
removal rate after 1100 days (Fig. 3c). Straw removal rates
of 75 and 100% (0 and 3.5 Mg ha−1 year−1) led to a gradual
depletion of soil N over time (Fig. 3d). Thus, soil N stocks
were significantly lower in 75 and 100% straw removal rates
than no-removal straw plots after 1100 days (Table 2). Under
no-removal and no-removal + extra 50% straw rates (14 and
21 Mg ha−1 year−1), soil N increments averaged 0.22 and
0.24 g kg−1 (Fig. 3d), representing an N stock accretion of
23 and 26 kg ha−1 year−1 (Table 2). These results agree to
those obtained by Thorburn et al. [6], which verified signifi-
cant increase of N contents (0.05 to 0.5 g kg−1) in the 0–
0.02 m layer in four of the five regions where there was reten-
tion of different amounts of straw. As observed in the present
study, more pronounced N increases were found associated
with greater soil C increases. Higher soil C storage implies a
greater availability of N, since more than 95% of the total soil
N is in the organic form [36].

Sugarcane straw removal led to a significant decrease in
soil surface C/N ratio from 16 to 13 after 1100 days (Fig. 4).
Decomposition of higher amounts of straw on the soil with
high C/N ratio (i.e., 108) induced increases in soil C/N ratio.

Conversion Rate from Straw C and N to Soil C and N
Stocks

Based on C and N inputs by straw and soil C and N stock
changes after 1100 days (Fig. 5), we verified that 3.8 Mg ha−1

of C or 8.3 Mg ha−1 of straw (i.e., 46% C in straw) and

35 kg ha−1 of N or 8.1 Mg ha−1 of straw (i.e., 0.43% N in
straw) were necessary to sustain soil C and N stocks over time.
As this amount of strawwas divided by 3 (i.e., three sugarcane
season—1100 days), the straw amount that needs to be left
annually on the field to sustain C and N stocks is about 2.8 and
2.7 Mg ha−1. This small amount of straw (< 3 Mg ha−1) is
directly associated with the low-C soil used in this experiment
and the soil layer (0–0.025 cm) used in this calculation. In
addition, sugarcane-replanting time was not included, in
which soil C and N losses are much more intensive due to soil
tillage [37]. Therefore, although these pioneer field data are
important to understand the sugarcane straw removal effects
on soil C and N, new experiments conducted in different soils
under sugarcane cultivation are encouraged. It is worth men-
tioning that a sustainable straw removal rate should be defined
considering not only soil C and N stocks, but also other agro-
nomic and environmental aspects (e.g., such as nutrient and
water fluxes in the soil, soil structure and resistance to erosion,
weed, pest and pathogen control, greenhouse gas emissions
[9, 14]), as well as the best management practices associated
with straw removal management [9].

The conversion rate from C-straw to soil C stock was cal-
culated for the no-straw removal plots (14 Mg ha−1 of straw)
that represent green harvest sugarcane fields without straw
removal in central-southern Brazil. Our findings showed that
conversion rate was approximately 5.6% for C (i.e., each
1000 kg of straw-C, soil C stock increased by 56 kg ha−1) or
2.6% considering straw mass basis (i.e., each 1000 kg of
straw, soil C stock increased by 26 kg ha−1) (Fig. 5a). In terms
of N, the conversion rate was 39% N (i.e., each 1 kg of straw-
N, soil N stock increased by 0.39 kg ha−1) or 0.16% consid-
ering straw mass basis (i.e., each 1000 kg of straw, soil N
stock increased by 1.67 kg ha−1) (Fig. 5b). Thus, the data
suggest that keeping 100% of straw on the field enables the
accumulation of approximately 364 kg ha−1 year−1 of C and
23 kg ha−1 year−1 of N in soil. These results confirm the

Table 1 δ13C and relative
contribution of C3 and C4 plants
in the soil dissolved organic
carbon (DOC) measured in the
experiment 1 under increasing
amount of sugarcane straw keep
on the soil

Sugarcane straw (Mg ha−1) Soil depth

0.20 m 0.50 m 0.20 m 0.50 m
———— δ 13C ——— ——— %C4 ———

Days of sugarcane straw decomposition: 32–40

− 27.40 4.17

3.5 − 22.10 − 23.39 37.12 29.14

7.0 − 23.65 27.50

14.0 − 21.39 − 22.18 41.54 36.64

21.0 − 19.52 53.17

Days of sugarcane straw decomposition: 116–120

0.0 − 26.72 − 28.07 8.38 0.00

21.0 − 25.60 − 23.10 15.32 30.90
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essential role of straw in sustain SOM and that indiscriminate
straw removal can result in soil C and N losses, affecting
multiple soil functions and ecosystem services [9, 14].

Low rate of straw-C accumulation into the soil is associated
with microbial respiration during decomposition process
where most of the C added by straw is lost to atmosphere as

C-CO2 [21, 24, 35, 38, 39]. In addition, part of the C can be
leached to deeper soil layers as DOC [23, 27, 35], as observed
in this study (Fig. 2), and finally, part of C remains in non-
decomposed straw [21].

In contrast, high rate of N accumulation into the soil per N-
straw added is consistent with those rates found in Australian

Table 2 Soil organic C (SOC)
and total N (TN) stocks for the 0–
0.025, 0.025–0.05, and 0.05–
0.10 m layers measured in the
experiment 2 under increasing
amounts of sugarcane straw (0,
3.5, 7, 14, and 21Mg ha−1) left on
the field 1100 days after
sugarcane harvesting

Sugarcane straw
(Mg ha−1)

Days of decomposition

0 (initial) 334 469 685 1100

------------------------------------ SOC stock (Mg ha−1) ------------------------------------

0–0.025 m

0 1.31 a A* 1.40 c A 1.37 c A 1.34 c A 1.11 d A

3.5 1.55 a A 1.60 bc A 1.75 bc A 1.67 c A 1.57 cd A

7 1.53 a A 1.62 bc A 1.75 bc A 1.84 bc A 1.85 c A

14 1.35 a D 1.80 ab CD 1.83 ab BC 2.10 ab AB 2.43 b A

21 1.62 a D 1.89 a CD 2.30 a BC 2.73 a AB 3.20 a A

0.025–0.05 m

0 1.43 ns 1.41 ns 1.35 ns

3.5 1.51 1.43 1.33

7 1.59 1.57 1.50

14 1.29 1.41 1.42

21 1.61 1.55 1.62

0.05–0.10 m

0 2.80 ns 2.77 ns 2.44 ns

3.5 3.20 3.20 2.54

7 3.22 3.31 2.80

14 2.62 3.20 2.56

21 3.23 3.12 2.66

------------------------------------ TN stock (kg ha−1) ------------------------------------

0–0.025 m

0 95.39 a AB* 123.63 a A 105.83 b AB 100.16 b AB 86.42 c B

3.5 112.12 a A 132.38 a A 120.15 a A 117.71 b A 108.82 bc A

7 107.78 a B 133.31 a A 121.34 a AB 130.54 b A 123.30 b AB

14 94.96 a C 130.97 a AB 124.95 a BC 137.10 ab AB 165.41 a A

21 118.28 a D 134.38 a CD 145.20 a C 170.50 a B 197.26 a A

0.025–0.050 m

0 100.92 a A 113.37 a A 97.14 a A

3.5 109.28 a AB 127.61 a A 97.87 a B

7 107.50 a A 122.75 a A 109.86 a A

14 90.91 a B 117.86 a A 102.06 a AB

21 116.17 a A 122.28 a A 114.36 a A

0.050–0.10 m

0 203.09 a A 234.31 a A 182.17 a A

3.5 231.11 a AB 248.40 a A 189.52 a B

7 227.53 a AB 247.90 a A 209.71 a B

14 191.32 a B 239.12 a A 189.42 a B

21 240.25 a A 238.90 a A 202.30 a B

*Mean values followed by the same small letter (column) and capital letter (line) do not differ among themselves
according to Tukey’s test (p < 0.05)
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sugarcane fields [35]. The fraction of non-accumulated N in
the soil could have been lost by volatilization, denitrification,
leaching, crop uptake [35, 40] or also remaining in non-
decomposed straw [21]. Studies have confirmed that the main
fate of N added via straw is remaining storage in the soil. For
instance, Fortes et al. [41] observed after four years that sug-
arcane recovered 26% of the N-straw added, 51% remained in
the soil, and 23% was no longer found in the soil-plant system
in sugarcane fields in Brazil. Ferreira et al. [42] verified that
the N amount recovered by the crop (16.2%) from straw after
three years, representing only 2.1% of total crop needs.
Nevertheless, although the straw removal has a small effect
on crop nutrition in short term [42, 43], it can lead to the C and
N stock depletion in long term, increasing N fertilizer require-
ments to supply crop needs [7, 35, 43].

Soil δ 13C natural Abundance and Proportion of C
Derived from Straw

The maintenance of higher amounts of sugarcane straw on the
soil promoted an enrichment of soil surface 13C (0–0.025 m

layer) over time (Table 3). The δ13C increases were observed
from the 334 days after straw deposition, resulting in higher
proportions of C-C4 into the total soil C. The most significant
increases were obtained by maintaining 21 Mg ha−1 of straw
on the soil, where the C-C4 represented 25, 36, 52, and 60% of
the total C after 334, 469, 685, and 1100 days, respectively.

In the deeper soil layers (0.025–0.05 m and 0.05–0.10 m),
there was a significant increase of δ13C for most treatments
over time compared to the initial values. On the other hand, no
significant differences were found among the straw removal
rates. The pattern of the measured δ13C—higher in upper
layers—indicated an increase in the humification degree,
since isotope 12C can be easier lost by microbial respiration
relative to 13C [44]. Increases in δ 13C values in depth can be
resulting from a preferential decomposition and removal of
13C-impoverished components or molecules, increased humi-
fication, and even due to deposition of organic matter from a
former 13C-rich vegetation [45]. Slight increases of δ13C in the
soil under 100% straw removal, i.e., without straw addition
over time (Table 3), were not expected; however, these results
might be associated with C inputs from leaves/stalk washing
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and C released by sugarcane roots. Anyway, these values
remained lower than those found in the soil with straw.

Physical Fractionation of Soil Organic Matter

In order to a better understanding straw removal effects in the
SOM dynamics, physical fractionation of SOM was per-
formed, resulting in an average recovery ratio of 98%
(Table 4). The contribution of 2000–53 μm fraction (62 to
67%) was predominant compared to the < 53 μm fraction
(31 to 37%). The 2000–2053 μm fraction is sensitive to fluc-
tuations in the organic residues contributions, showing spatial
and seasonal variabilities [46]. Studying SOM changes in

conventional and organic sugarcane field in Brazil, Signor
et al. [47] and Brandani et al. [48] verified an opposite distri-
bution of SOM fractions, with predominance of <53 μm
followed by the 2000–2075 μm fraction. The difference in
the fractions distribution likely is associated with soil texture,
in which SOM is preferentially stored in finer fractions in clay
soils, as those studied by Signor et al. [47] and Brandani et al.
[48].

Straw removal management led to decreased C and N con-
tents in both SOM fractions (Fig. 6). The < 53 μm fraction
presented the highest levels of C and N, reaching 14.2 and
1.2 g kg−1, respectively, under 21 Mg ha−1, i.e., 74 and 46%
higher than C and N contents (8.2 and 0.8 g kg−1) found in the

Table 3 Soil δ13C and relative
contribution of C derived from
C4-photosynthetic-cycle plants
for the 0–0.025, 0.025–0.05, and
0.05–0.10 m layers measured in
the experiment 2 under increasing
amounts of sugarcane straw (0,
3.5, 7, 14, and 21Mg ha−1) left on
the field over 1100 days after
sugarcane harvesting

Sugarcane straw
(Mg ha−1 )

Days of decomposition

0
(Initial)

334 469 685 1100

δ13C
(‰)

δ13C
(‰)

%C4 δ13C
(‰)

%C4 δ13C
(‰)

%C4 δ13C
(‰)

%C4

0–0.025 m

0 − 19.32
a B*

− 18.56
b AB

10.6 − 18.77
b AB

7.8 − 18.40
c A

12.9 − 18.88
d
A B

6.2

3.5 − 18.92
a D

− 17.99
ab C

13.7 − 17.41
a B

22.4 − 16.95
b A

29.3 − 16.50
c A

35.9

7 − 18.99
a C

− 17.50
a B

21.9 − 17.09
a B

27.9 − 16.95
b B

29.9 − 15.57
b A

50.3

14 − 19.04
a D

− 17.51
a C

22.2 − 16.72
a BC

33.8 − 16.15
ab B

42.2 − 14.92
a A

59.8

21 − 19.29
a C

− 17.53
a B

24.8 − 16.72
a B

36.1 − 15.58
a A

52.2 − 14.88
a A

60.1

0.025–0.05 m

0 − 19.44
a A

− 18.47
a A

13.3 − 18.06
a A

18.9

3.5 − 19.21
a B

− 18.66
a AB

7.7 − 18.17
a A

14.8

7 − 19.07
a B

− 18.26
a A

11.7 − 17.97
a A

16.0

14 − 18.79
a B

− 17.98
a A

12.2 − 17.55
a A

18.8

21 − 19.18
a B

− 18.04
a A

16.3 − 17.52
a A

23.8

0.05–0.10 m

0 − 19.21
a B

− 18.44
a AB

31.8 − 17.87
a A

38.0

3.5 − 18.97
a A

− 18.72
a A

28.7 − 18.40
a A

32.3

7 − 18.87
a B

− 18.43
a AB

31.9 − 18.14
a A

35.1

14 − 19.09
a B

− 18.28
a A

33.5 − 17.64
a A

40.6

21 − 19.12
a B

− 18.09
a A

35.6 − 18.19
a AB

34.5

*Mean values followed by the same small letter (column) and capital letter (line) do not differ among themselves
according to Tukey’s test (p < 0.05)
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same fractions under no straw (100% straw removal). The <
53 μm fraction corresponds to the more stabilized
(recalcitrant) SOM liked to clay minerals and Fe and Al ox-
ides. The protection effect of SOM caused by clay involves
two mechanisms: the interaction of SOM with the clay parti-
cles surface (cationic bridges, H bonds, electrostatic interac-
tions, and van der Walls’ forces) and organic material occlu-
sion in the soil aggregates matrix [49]. In addition, the high
concentration of Fe and Al oxides in Oxisols can strongly
affect the SOM availability for decomposition. On the other
hand, the lower C and N contents found in 2000–53 μm frac-
tion are associated with soil sand particle that presenting lower

specific surface, electric charges, and, consequently, reduced
number of organomineral complexes [46].

Within the < 53 μm fraction, no straw removal rates (14
and 21 Mg ha−1) resulted in higher soil C contents and C-C4
contribution into the total SOC (43 to 49%, respectively),
whereas 100, 75, and 50% straw removal rates (0, 3.5 and
7 Mg ha−1) showed a decreased contribution ranging from
20 to 33% (Fig. 6a). These results are in line with those found
by Brandani et al. [48], who found C-C4 contributions within
< 53 μm fraction around 80% in longer-time (4 to 12 years)
green harvesting managed sugarcane soils. Therefore, our
finding clearly shows the importance of straw inputs into the

d* cd bc
b

a

C*
B B B

A

-17.86 ‰‡

-17.02 ‰
-16.82 ‰

-16.09 ‰

-15.84 ‰

0
5
10
15
20
25
30
35
40
45
50

0
2
4
6
8

10
12
14
16
18

0 3.5 7 14 21
SO

C
 -

C
4 

(%
)

SO
C

 (g
 k

g 
-1

)

2000 - 53 µm
< 53 µm
<53 µm C-C4

A

c* bc bc ab
a

C*
BC B B

A

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 3.5 7 14 21

TN
 (g

 k
g 

-1
)

Sugarcane straw (Mg ha-1)

2000 - 53 µm
< 53 µm

B

Fig. 6 Soil organic carbon (SOC)
(a) and total nitrogen (TN) (b)
content in the physical fractions
(i.e., 2000–53 and < 53 μm) of
soil organic matter (SOM) for the
0–0.025 m layer under increasing
amounts of sugarcane straw (0,
3.5, 7, 14, and 21Mg ha−1) left on
the field after 685 days. Double
dagger symbol denotes δ13C (‰)
and relative contribution of C
derived of C4 plants within total
SOC in <53 μm fraction. *Mean
values followed by the same
small letter (2000–53 μm) and
capital letter (<53 μm) do not
differ among themselves
according to Tukey’s test
(p < 0.05). Error bars represent
standard deviation

Table 4 Relative proportion of
the each physical fraction of the
soil organic matter (SOM) and its
average recovery ratio (± standard
deviation)

Sugarcane straw (Mg ha−1) SOM fractions Recovery ratio

2000–53 μm < 53 μm
———————————————————— %
————————————————————

0 67.09 ± 0.84 ns 31.43 ± 0.66 ns 98.52 ± 0.23

3.5 63.04 ± 1.43 35.41 ± 1.39 98.45 ± 0.17

7 62.44 ± 1.13 35.79 ± 1.25 98.23 ± 0.51

14 61.79 ± 0.39 36.94 ± 0.61 98.71 ± 0.44

21 62.46 ± 1.15 35.83 ± 1.35 98.28 ± 0.36

ns: non significant by ANOVA F test (p <0.05)
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soil to sustain and increased SOM levels and consequently a
sustainability of sugarcane production system.

Conclusions/Summary

Sugarcane straw removal affected significantly the C and total
N pools in this low-C soil. In the first 45 days of straw decom-
position, a small but important straw-derived C portion enters
into the soil as dissolved organic carbon (DOC), down to
0.50 m depth. Future studies are encouraged to include DOC
into soil C balance in sugarcane agroecosystems. After three
years, sugarcane straw maintenance in the field increased C
and N stocks at the soil surface layer (0–0.025 m). Our find-
ings suggest that under no straw removal (i.e., 14 Mg ha−1),
approximately 364 kg ha−1 of C and 23 kg ha−1 of N are
annually stored into this low-C soil. The straw-derived C con-
tribution to total soil C increase over time accounted for ~60%
under no straw removal rate. The greatest contribution of the
C storage preferentially occurs by the fraction of organic mat-
ter (< 0.53 μm) associated with soil clay minerals.

Indiscriminate sugarcane straw removal induced negative
impacts on soil C stocks and N cycling and should be
accounted into the C footprint of cellulosic ethanol and/or
bioelectricity. This information can also foster and/or validate
local/regional soil C and N models used for evaluating agri-
cultural management practices effects. Adoption of conserva-
tionist practices coupled with straw removal should be further
investigated as a strategy to offset part of soil C losses.
Integrated assessments including SOC data associated with
other agronomic and environmental implications [9, 14] need
to be performed towards more sustainable straw removal man-
agement for bioenergy production in Brazil.

Acknowledgements We wish to thank the Centro de Tecnologia
Canavieira (CTC) for providing us the research fields. Maurício R.
Cherubin and Bruna G. Oliveira thank the Fundação de Estudos
Agrários BLuiz de Queiroz^ (Project no. 67555) for providing their
post-doc scholarships.

References

1. Food and Agriculture Organization of the United Nations—FAO
(2017) Sugarcane production. http://www.fao.org/faostat/en/#data.
Accessed 02.02.2017

2. Companhia Nacional de Abastecimento—Conab (2017)
Acompanhamento da safra brasileira de cana-de-açúcar. v. 4—
Safra 2017/18, n. 1, Primeiro Levantamento, Brasília. http://www.
conab.gov.br/OlalaCMS/uploads/arquivos/17_04_20_14_04_31_
boletim_cana_portugues_-_1o_lev_-_17-18.pdf. Accessed 29.05.
17

3. União da Indústria da Cana-de-açúcar—Unica (2017) Área de ca-
na-de-açúcar com colheita mecanizada. http://www.unica.com.br/.
Accessed 02.02.2017

4. Leal MRLV, Galdos MV, Scarpare FV, Seabra JEA, Walter A,
Oliveira COF (2013) Sugarcane straw availability, quality, recovery
and energy use: a literature review. Biomass Bioenergy 53:11–19.
https://doi.org/10.1016/j.biombioe.2013.03.007

5. Cerri CC, Galdos MV, Maia SMF, Bernoux M, Feigl BJ, Powlson
D, Cerri CEP (2011) Effect of sugarcane harvesting systems on soil
carbon stocks in Brazil: an examination of existing data. Eur J Soil
Sci 62(1):23–28. https://doi.org/10.1111/j.1365-2389.2010.01315.
x

6. Thorburn PJ, Meier EA, Collins K, Robertson FA (2012) Changes
in soil carbon sequestration, fractionation and soil fertility in re-
sponse to sugarcane residue retention are site-specific. Soil Tillage
Res 120:99–111. https://doi.org/10.1016/j.still.2011.11.009

7. Meier EA, Thorburn PJ (2016) Long term sugarcane crop residue
retention offers limited potential to reduce nitrogen fertilizer rates in
Australian wet tropical environments. Front Plant Sci 7:1017.
https://doi.org/10.3389/fpls.2016.01017

8. Carvalho JLN, Hudiburg TW, Franco HCJ, DeLucia EH (2017)
Contribution of above- and belowground bioenergy crop residues
to soil carbon. Glob Change Biol Bioenergy 9(8):1333–1343.
https://doi.org/10.1111/gcbb.12411

9. Cherubin MR, Oliveira DMS, Feigl B, Pimentel LG, Lisboa IP,
Gmach MR, Varanda LL, Morais MC, Satiro LS, Popin GV,
Paiva SR, Santos AKB, Vasconcelos ALS, Melo PLA, Cerri CEP,
Cerri CC (2018) Crop residue harvest for bioenergy production and
its implications on soil functioning and plant growth: A review. Sci
Agric 75(3):255–272. https://doi.org/10.1590/1678-992X-2016-
0459

10. Oliveira DMS,Williams S, Cerri CEP, PaustianK (2017) Predicting
soil C changes over sugarcane expansion in Brazil using the
DayCent model. Glob Change Biol Bioenergy 9(9):1436–1446.
https://doi.org/10.1111/gcbb.12427

11. Federative Republic of Brazil (2015) Intended nationally deter-
mined contribution, towards achieving the objective of the United
Nations Framework Convention on Climate Change; 2015. http://
www.unfccc.int. Accessed 02.02.2017

12. United Nations Conference on Trade and Development (2016)
Second generation biofuel markets: state of play, trade and devel-
oping country perspectives. United Nations Publication. 69 p.
http://unctad.org/en/PublicationsLibrary/ditcted2015d8_en.pdf.
Accessed 02.05.2016

13. Khatiwada D, Leduc S, Silveira S, McCallum I (2016) Optimizing
ethanol and bioelectricity production in sugarcane biorefineries in
Brazil. Renew Energy 85:371–386. https://doi.org/10.1016/j.
renene.2015.06.009

14. Carvalho JLN, Nogueirol RC, Menandro LMS, Bordonal RO,
Borges CD, Cantarella H, Franco HCJ (2016) Agronomic and en-
vironmental implications of sugarcane straw removal: a major re-
view. Glob Change Biol Bioenergy 9(7):1181–1195. https://doi.
org/10.1111/gcbb.12410

15. Santos HG, Jacomine PKT, Anjos LHC, Oliveira VA, Lubreras JF,
Coelho MR, Almeida JA, Cunha TJF, Oliveira JB (ed) (2013)
Sistema Brasileiro de Classificação de Solos. 3. ed. rev. ampl.
Brasília: Embrapa, 353 p

16. Nelson DW, Sommers LE (1982) Total carbon, organic carbon and
organic matter. In: Page AL, Miller RH, Keeney DR (Ed.) Methods
of Soil Analysis: Chemical andMicrobiological Properties. AmSoc
Agron, 40p

17. Van Soest PJ, Robertson JB, Lewis B (1991) A.Methods for dietary
fiber, neutral detergent fiber, and non-starch polysaccharides in re-
lation to animal nutrition. J Dairy Sci Lancaster 74(10):3583–3597.
https://doi.org/10.3168/jds.S0022-0302(91)78551-2

18. Kolka R, Weishampel P, Fröberg M (2008) Measurement and im-
portance of dissolved organic carbon. In: Hoover CM (ed) Field
measurements for orest carbon monitoring. Springer, Houten, pp
171–176. https://doi.org/10.1007/978-1-4020-8506-2_13

260 Bioenerg. Res. (2018) 11:249–261

http://www.fao.org/faostat/en/#data
http://www.conab.gov.br/OlalaCMS/uploads/arquivos/17_04_20_14_04_31_boletim_cana_portugues_-_1o_lev_-_17-18.pdf
http://www.conab.gov.br/OlalaCMS/uploads/arquivos/17_04_20_14_04_31_boletim_cana_portugues_-_1o_lev_-_17-18.pdf
http://www.conab.gov.br/OlalaCMS/uploads/arquivos/17_04_20_14_04_31_boletim_cana_portugues_-_1o_lev_-_17-18.pdf
http://www.unica.com.br/
https://doi.org/10.1016/j.biombioe.2013.03.007
https://doi.org/10.1111/j.1365-2389.2010.01315.x
https://doi.org/10.1111/j.1365-2389.2010.01315.x
https://doi.org/10.1016/j.still.2011.11.009
https://doi.org/10.3389/fpls.2016.01017
https://doi.org/10.1111/gcbb.12411
https://doi.org/10.1590/1678-992X-2016-0459
https://doi.org/10.1590/1678-992X-2016-0459
https://doi.org/10.1111/gcbb.12427
http://www.unfccc.int
http://www.unfccc.int
http://unctad.org/en/PublicationsLibrary/ditcted2015d8_en.pdf
https://doi.org/10.1016/j.renene.2015.06.009
https://doi.org/10.1016/j.renene.2015.06.009
https://doi.org/10.1111/gcbb.12410
https://doi.org/10.1111/gcbb.12410
https://doi.org/10.3168/jds.S0022-0302(91)78551-2
https://doi.org/10.1007/978-1-4020-8506-2_13


19. Bernoux M, Cerri CC, Neill C, Moraes JF (1998) The use of stable
carbon isotopes for estimating soil organic matter turnover rates.
Geoderma 82(1-3):43–58. https://doi.org/10.1016/S0016-7061(97)
00096-7

20. Cerri CC, Feller C, Balesdent J, Victoria RL, Plenecassagne A
(1985) Application du traçage isotopique naturel en 13C, à l’étude
de la dynamique de la matière organique dans les sols. C R Acad
Sci Paris 300(9):423–429

21. Sousa Junior JGA, Cherubin MR, Cerri CEP, Cerri CC, Feigl BJ
(2017) Sugar cane straw left in field during harvest: decomposition
dynamics and composition changes. Soil Res 55(8):758. https://doi.
org/10.1071/SR16310

22. Coppens F, Garnier P, De Gryze S, Merckx R, Recous S (2006) Soil
moisture, carbon and nitrogen dynamics following incorporation
and surface application of labelled crop residues in soil columns.
Eur J Soil Sci 57(6):894–905. https://doi.org/10.1111/j.1365-2389.
2006.00783.x

23. Cleveland CC, Neff JC, Townsend AR, Hood E (2004)
Composition, dynamics, and fate of leached dissolved organic mat-
ter in terrestrial ecosystems: results from a decomposition experi-
ment. Ecosystems 7(3):275–285. https://doi.org/10.1007/s10021-
003-0236-7

24. Qiu Q, Wu L, Ouyang Z, Li B, Xi Y, Wu S, Gregorich EG (2015)
Effects of plant-derived dissolved organic matter (DOM) on soil
CO2 and N2O emissions and soil carbon and nitrogen sequestra-
tions. Appl Soil Ecol 96:122–130. https://doi.org/10.1016/j.apsoil.
2015.07.016

25. Kalbitz K, Solinger S, Park JH, Michalzik B, Matzner E (2000)
Controls on the dynamics of dissolved organic matter in soils: a
review. Soil Sci 165(4):277–304. https://doi.org/10.1097/
00010694-200004000-00001

26. Kalbitz K, Schmerwitz J, Schwesig D, Matzner E (2003)
Biodegradation of soil derived dissolved organic matter as related
to its properties. Geoderma 113(3-4):273–291. https://doi.org/10.
1016/S0016-7061(02)00365-8

27. De Troyer I, Amery F, Van Moorleghem C, Smolders E, Merckx R
(2011) Tracing the source and fate of dissolved organic matter in
soil after incorporation of a 13C labelled residue: a batch incubation
study. Soil Biol Biochem 43(3):513–519. https://doi.org/10.1016/j.
soilbio.2010.11.016

28. Paterson E, Sim A (2013) Soil-specific response functions of or-
ganic matter mineralization to the availability of labile carbon. Glob
Chang Biol 19(5):1562–1571. https://doi.org/10.1111/gcb.12140

29. Derrien D, Plain C, Courty PE, Gelhaye L, Moerdijk-Poortvliet TC
(2014) Does the addition of labile substrate destabilise old soil
organic matter. Soil Biol Biochem 76:149–160. https://doi.org/10.
1016/j.soilbio.2014.04.030

30. Jones DL, Nguyen C, Finlay RD (2009) Carbon flow in the rhizo-
sphere: carbon trading at the soil-root interface. Plant Soil 321(1-2):
5–33. https://doi.org/10.1007/s11104-009-9925-0

31. Thorburn PJ, Keating BA, Robertson FA, Wood AW (2000) Long-
term changes in soil carbon and nitrogen under trash blanketing.
Queensland, Australia. Proc Aust Soc Sugar Cane Technol 22:217–
224

32. Razafimbelo T, Barthès B, Larré-Larrouy MC, Luca EFD, Laurent
JY, Cerri CC, Feller C (2006) Effect of sugarcane residue manage-
ment (mulching versus burning) on organic matter in a clayey
oxisol from southern Brazil. Agric Ecosyst Environ 115(1-4):
285–289. https://doi.org/10.1016/j.agee.2005.12.014

33. Galdos MV, Cerri CC, Cerri CEP (2009) Soil carbon stocks under
burned and unburned sugarcane in Brazil. Geoderma 153(3-4):
347–352. https://doi.org/10.1016/j.geoderma.2009.08.025

34. Meier EA, Thorburn PJ, Wegener MK, Basford KE (2006) The
availability of nitrogen from sugarcane trash on contrasting soils

in the wet tropics of north Queensland. Nutr Cycl Agroecosyst
75(1-3):101–114. https://doi.org/10.1007/s10705-006-9015-0

35. Robertson FA, Thorburn PJ (2007) Management of sugarcane har-
vest residues: consequences for soil carbon and nitrogen. Aust J
Soil Res 45(1):13–23. https://doi.org/10.1071/SR06080

36. Santos GA, Silva LS da, Canellas LP, Camargo FAO (ed.) (2008)
Fundamentos da matéria orgânica do solo: ecossistemas tropicais &
subtropicais. 2. ed. rev. atual. ampl. Porto Alegre: Metrópole, 636 p

37. Silva-Olaya AM, Cerri CEP, La Scala N Jr, Dias CTS, Cerri CC
(2013) Carbon dioxide emissions under different soil tillage sys-
tems in mechanically harvested sugar-cane. Environ Res Lett 8(1):
015014. https://doi.org/10.1088/1748-9326/8/1/015014

38. Carmo JB, Filoso S, Zotelli LC, Sousa Neto ER, Pitombo LM,
Duarte-Neto PJ, Vargas VP, Andrade CA, Gava GJC, Rosseto R,
Cantarella H, Neto AE, Martinelli LA (2013) Infield greenhouse
gas emissions from sugarcane soils in Brazil: effects from synthetic
and organic fertilizer application and crop trash accumulation. Glob
Change Biol Bioenergy 5(3):267–280. https://doi.org/10.1111/j.
1757-1707.2012.01199.x

39. Teixeira LG, Corradi MM, Fukuda A, Panosso AR, Reicosky D,
Lopes A (2013) Soil and crop residue CO2-C emission under tillage
systems in sugarcane-producing areas of southern Brazil. Sci Agric
7 0 ( 5 ) : 3 2 7 – 3 3 5 . h t t p s : / / d o i . o r g / 1 0 . 1 5 9 0 / S 0 1 0 3 -
90162013000500007

40. Hemwong S, Toomsan B, Cadisch G, Limpinuntana V, Vityakon P,
Patanothai A (2009) Sugarcane residue management and grain le-
gume crop effects on N dynamics, N losses and growth of sugar-
cane. Nutr Cycl Agroecosyst 83(2):135–151. https://doi.org/10.
1007/s10705-008-9209-8

41. Fortes C, Vitti AC, Otto R, Ferreira DA, Franco HCJ, Trivelin PCO
(2013) Contribution of nitrogen from sugarcane harvest residues
and urea for crop nutrition. Sci Agric 70(5):313–320. https://doi.
org/10.1590/S0103-90162013000500005

42. Ferreira DA, Franco HCJ, Otto R, Vitti AC, Fortes C, Faroni CE,
Garside AL, Trivelin PCO (2016) Contribution of N from green
harvest residues for sugarcane nutrition in Brazil. GCB Bioenergy
8(5):859–866. https://doi.org/10.1111/gcbb.12292

43. Otto R, Castro SAQ,Mariano E, Castro SGQ, Franco HCJ, Trivelin
PCO (2016) Nitrogen use efficiency for sugarcane-biofuel produc-
tion: what is next? Bioenerg Res 9(4):1272–1289. https://doi.org/
10.1007/s12155-016-9763-x

44. Kramer MG, Sollins P, Sletten RS, Swart PK (2003) N isotope
fractionation and measures of organic matter alteration during de-
composition. Ecology 84(8):2021–2025. https://doi.org/10.1890/
02-3097

45. Vitorello VA, Cerri CC, Andreux F, Feller C, Victoria RL (1989)
Organic matter and natural carbon-13 distribution in forested and
cultivated oxisols. Soil Sci Soc Am J 53(3):773–778. https://doi.
org/10.2136/sssaj1989.03615995005300030024x

46. Christensen BT (1992) Physical fractionation of soil and organic
matter in primary particle size and density separates. Adv Soil Sci
20:1–90. https://doi.org/10.1007/978-1-4612-2930-8_1

47. Signor D, Zani CF, Paladini AA, Deon MD, Cerri CEP (2014)
Estoque de carbono e qualidade da matéria orgânica do solo em
áreas cultivadas com cana-de-açúcar. R Bras Ci Solo 38(5):1402–
1410. https://doi.org/10.1590/S0100-06832014000500005

48. Brandani CB, Abbruzzini TF, Conant R, Cerri CEP (2016) Soil
organic and organo-mineral fractions as indicators on the effects
of land management in conventional and organic sugarcane sys-
tems. Soil Res 55(2):145–161. https://doi.org/10.1071/SR15322

49. Hassink J (1997) The capacity of soils to preserve organic C and N
by their association with clay and silt particles. Plant Soil 191(1):
77–87. https://doi.org/10.1023/A:1004213929699

Bioenerg. Res. (2018) 11:249–261 261

https://doi.org/10.1016/S0016-7061(97)00096-7
https://doi.org/10.1016/S0016-7061(97)00096-7
https://doi.org/10.1071/SR16310
https://doi.org/10.1071/SR16310
https://doi.org/10.1111/j.1365-2389.2006.00783.x
https://doi.org/10.1111/j.1365-2389.2006.00783.x
https://doi.org/10.1007/s10021-003-0236-7
https://doi.org/10.1007/s10021-003-0236-7
https://doi.org/10.1016/j.apsoil.2015.07.016
https://doi.org/10.1016/j.apsoil.2015.07.016
https://doi.org/10.1097/00010694-200004000-00001
https://doi.org/10.1097/00010694-200004000-00001
https://doi.org/10.1016/S0016-7061(02)00365-8
https://doi.org/10.1016/S0016-7061(02)00365-8
https://doi.org/10.1016/j.soilbio.2010.11.016
https://doi.org/10.1016/j.soilbio.2010.11.016
https://doi.org/10.1111/gcb.12140
https://doi.org/10.1016/j.soilbio.2014.04.030
https://doi.org/10.1016/j.soilbio.2014.04.030
https://doi.org/10.1007/s11104-009-9925-0
https://doi.org/10.1016/j.agee.2005.12.014
https://doi.org/10.1016/j.geoderma.2009.08.025
https://doi.org/10.1007/s10705-006-9015-0
https://doi.org/10.1071/SR06080
https://doi.org/10.1088/1748-9326/8/1/015014
https://doi.org/10.1111/j.1757-1707.2012.01199.x
https://doi.org/10.1111/j.1757-1707.2012.01199.x
https://doi.org/10.1590/S0103-90162013000500007
https://doi.org/10.1590/S0103-90162013000500007
https://doi.org/10.1007/s10705-008-9209-8
https://doi.org/10.1007/s10705-008-9209-8
https://doi.org/10.1590/S0103-90162013000500005
https://doi.org/10.1590/S0103-90162013000500005
https://doi.org/10.1111/gcbb.12292
https://doi.org/10.1007/s12155-016-9763-x
https://doi.org/10.1007/s12155-016-9763-x
https://doi.org/10.1890/02-3097
https://doi.org/10.1890/02-3097
https://doi.org/10.2136/sssaj1989.03615995005300030024x
https://doi.org/10.2136/sssaj1989.03615995005300030024x
https://doi.org/10.1007/978-1-4612-2930-8_1
https://doi.org/10.1590/S0100-06832014000500005
https://doi.org/10.1071/SR15322
https://doi.org/10.1023/A:1004213929699

	Three-Year Soil Carbon and Nitrogen Responses to Sugarcane Straw Management
	Abstract
	Introduction
	Material and Methods
	Site Description
	Experimental Design
	Experiment 1: Dissolved Organic Carbon - DOC
	Dissolved Organic Carbon and 13C/12C Ratio

	Experiment 2: Changes on Soil C and N Stocks
	Soil Organic Carbon, Total Nitrogen, and 13C
	Soil C and N Stock Calculations and Estimates of Carbon Origin

	Physical Fractionation of SOM
	Statistical Analysis

	Results and Discussion
	DOC from Sugarcane Straw Decomposition
	Soil C and N Contents and Stocks
	Conversion Rate from Straw C and N to Soil C and N Stocks
	Soil δ 13C natural Abundance and Proportion of C Derived from Straw
	Physical Fractionation of Soil Organic Matter

	Conclusions/Summary
	References


