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Abstract: The sugarcane (Saccharum spp. L.) mechanical harvesting system leaves a large amount
of straw mulch on the soil surface. The straw mulch may affect soil conditions, root regrowth,
and sugarcane yield. Thus, this study assessed the response of sugarcane root system growth and
stalk yield to different rates of straw removal. An experiment was conducted in a Rhodic Kandiudox
with sand clay loam texture to test the impact of four rates of straw removal: no removal (18.9 Mg ha−1

of dry mass); moderate removal (8.7 Mg ha−1); high removal (4.2 Mg ha−1) and total removal on
sugarcane root system and stalk yield. Higher concentrations of roots (60%) were found in the first
40 cm of soil. Moderate straw removal resulted in higher root mass (3.6 Mg ha−1) and stalk production
(23 Mg ha−1 of dry mass). However, no straw removal reduced root mass by <40% (2099 kg ha−1)
and reduced stalk yield by >20% (105 Mg ha−1). Through regression analysis, it was estimated that
retaining between 8.5 and 13 Mg ha−1 of straw resulted in the highest root mass and stalk yield.
Managing straw removal to retain a moderate amount enables producers to sustain suitable soil
conditions for sugarcane root growth and stalk production while providing straw for industrial use.

Keywords: root growth; soil penetration resistance; soil compaction; mechanized harvest; feedstock

1. Introduction

Brazil is the world’s largest sugarcane producer, accounting for about 40% of global production,
with 643 million tons of stalks harvested across 8.5 million hectares during the 2019/2020 harvesting
season, mainly concentrated (90%) in the south-central region of the country [1]. Currently,
this production results in 35 million of tons of sugar and 32 billion liters of ethanol [1]. Moreover,
bagasse from sugarcane-milling processes, plus straw (i.e., dry and green leaves) have an essential
role in bioelectricity co-generation and second-generation ethanol production [2,3]. Bioelectricity was
responsible for about 10% of the Brazilian electricity demand in 2016 [4], whilst it is estimated that
bioelectricity from straw can provide 22–37% of the demand for the state of Sao Paulo [5].

The sugarcane mechanical harvesting system leaves large amounts (10 to 20 Mg ha−1 of dry
mass in each crop cycle) of crop residue (straw) in the field [6]. Straw mulching provides several
agronomic benefits for the soil–plant system, among them being: increased soil protection against
erosion processes [3,7], enhanced soil organic matter content [8,9], improved nutrient cycling [10],
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increased water infiltration and retention [11], reduced thermal amplitude in the soil [12] and reduced
susceptibility to soil compaction due to machine traffic [13]. Thus, indiscriminate straw removal can
adversely affect soil attributes and thereby sugarcane root system growth and crop yield.

Sugarcane has a fasciculated root system which develops throughout the entire crop cycle
(i.e., ratoon), and is renewed after harvesting in each ratoon cycle [14]. Root mass and distribution can
vary according to soil attributes (texture, profile depth, bulk density, structure, fertility, and others),
water availability, temperature, plant variety and management [15,16]. Thus, straw mulch may affect
sugarcane root systems, as reported by Alvarez et al. [17], who verified higher root accumulation
near the soil surface, and Cury et al. [18], who found a smaller soil volume explored by the root
system in areas under a mechanical harvesting system and no straw removal. In addition, straw mulch
may induce potential deleterious impacts on the root system through the release of allelochemical
substances from the anaerobic decomposition of these residues [19], hinder fertilizer application [20],
increase proliferation of pest populations [21,22], and reduce soil warming [23]. These soil parameters
may delay initial plant regrowth [24], affect root growth, and reduce crop yield [25].

In this context, scientific evidence leads us to believe that partial straw removal could bring
agronomic benefits to plant growth and soil conditions [15,24,26] and surplus straw could be harvested
as a potential bioenergy feedstock, increasing electricity co-generation from biomass burning and also
for cellulosic ethanol production (i.e., second-generation bioethanol) [5,23,27]. Our hypothesis is that
partial straw removal for bioenergy proposals does not lead to soil physical quality degradation (i.e.,
increases soil bulk density) and under such straw management, the sugarcane root system growth and
stalk yield are not impaired. Thus, this study aims to determine how different rates of straw removal
affect soil conditions (moisture and resistance to penetration) and their implications on root system
growth (mass and distribution) and stalk yield of the sugarcane ratoon.

2. Material and Methods

2.1. Study Area and Experimental Design

The experiment was carried out in a commercial sugarcane field in the municipality of Capivarí,
São Paulo (SP) State, Brazil (22◦51′08.3” S and 47◦30′53.2” W, 636 m above sea level). The climate is
subtropical humid (Cwa, according to Köppen classification), characterized by a dry winter and rainy
summer, with a mean annual temperature of 21.8 ◦C and annual precipitation of 1260 mm. The rainfall
regime registered during the period of the experiment exceeded the historical pattern for the region,
which accumulated approximately 2200 mm and a mean temperature of 24.2 ◦C (Figure 1A). The water
balance presented accumulated precipitation of 1870 mm and a deficit of 326.2 mm during the period
of the experiment (October 2014 to December 2015) (Figure 1B).

The soil is classified as a sandy clay loam Rhodic Kandiudox [28]. The soil chemical and physical
characteristics are presented in Table 1. The sugarcane variety planted was CTC-14, which is highlighted
as an excellent option for mechanized harvesting [29]. This variety is recognized by high yield (over
90 Mg ha−1), drought tolerance and ratoon longevity [30]. Sugarcane planting was carried out in
February 2013 using a double row system (i.e., 1.50 m spacing (where machinery traffic occurs) and
0.90 m spacing (without machinery traffic)). Details about the double row spacing arrangement are
presented in Lisboa et al. [31]. The first harvest was carried out in October 2014.
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Bdtraffic 2 (g cm−3) 1.62 ± 0.1 
pH H2O  5.0 ± 0.2 

C content (g kg−1) 12.3 ± 1.7 
N content (g kg−1) 0.8 ± 0.2 

Available P (mg kg−1) 20.6 ± 1.4 
Cation exchange capacity (cmolc kg−1) 4.4 ± 0.5 

Base saturation (%) 69.0 ± 3.4 
Al saturation (%) 2.5 ± 0.3 

1 Bdcrop = bulk density at the center of the crop inter-row (0.90 m spacing) 2 Bdtraffic = bulk density at the 
center of the traffic inter-row (1.50 m spacing). 

The experiment was set up concurrently with the cane plant harvesting period in October 2014. 
The procedures adopted are described in Lisboa et al. [31]. The total amount of straw left on the soil 
surface was approximately 18.9 Mg ha−1 of dry mass (DM) and contained approximately 60% tops 
and green leaves and 40% dried leaves, with a total C content of 405 g kg−1 and total N concentration 
of 5.5 g kg−1. The experimental design consisted of randomized blocks with four treatments and four 
replications. The treatments included different rates of straw removal, as follows: (i) no removal (NR, 
18.9 Mg ha−1 of DM); (ii) moderate removal (MR, 8.7 Mg ha−1 DM); (iii) high removal (HR, 4.2 Mg ha−1 
DM); and (iv) total removal (TR, bare soil). The different amounts of straw left on the soil surface 
were achieved using a sugarcane harvesting machine. For this proposal, different combinations of 
rotations on the primary and secondary extractor fans on the harvester were set up, according to 
Lisboa et al. [31].  
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Figure 1. Precipitation and mean air temperature (A) and water balance (B) in the study site.

Table 1. Selected soil chemical and physical attributes in the study site before experiment installation
(after first harvest) at the 0–30 cm soil layer.

Soil Attribute Unit Values

Sand (g kg−1) 594 ± 21
Silt (g kg−1) 68 ± 9

Clay (g kg−1) 333 ± 16
Bdcrop

1 (g cm−3) 1.42 ± 0.05
Bdtraffic

2 (g cm−3) 1.62 ± 0.1
pH H2O 5.0 ± 0.2

C content (g kg−1) 12.3 ± 1.7
N content (g kg−1) 0.8 ± 0.2

Available P (mg kg−1) 20.6 ± 1.4
Cation exchange capacity (cmolc kg−1) 4.4 ± 0.5

Base saturation (%) 69.0 ± 3.4
Al saturation (%) 2.5 ± 0.3

1 Bdcrop = bulk density at the center of the crop inter-row (0.90 m spacing) 2 Bdtraffic = bulk density at the center of
the traffic inter-row (1.50 m spacing).

The experiment was set up concurrently with the cane plant harvesting period in October 2014.
The procedures adopted are described in Lisboa et al. [31]. The total amount of straw left on the soil
surface was approximately 18.9 Mg ha−1 of dry mass (DM) and contained approximately 60% tops
and green leaves and 40% dried leaves, with a total C content of 405 g kg−1 and total N concentration
of 5.5 g kg−1. The experimental design consisted of randomized blocks with four treatments and
four replications. The treatments included different rates of straw removal, as follows: (i) no removal
(NR, 18.9 Mg ha−1 of DM); (ii) moderate removal (MR, 8.7 Mg ha−1 DM); (iii) high removal (HR,
4.2 Mg ha−1 DM); and (iv) total removal (TR, bare soil). The different amounts of straw left on the soil
surface were achieved using a sugarcane harvesting machine. For this proposal, different combinations
of rotations on the primary and secondary extractor fans on the harvester were set up, according to
Lisboa et al. [31].

2.2. Sampling and Quantification of Above- and Below-Ground Phytomass Yield

Sampling of the sugarcane root system was performed before the second harvest in December
2015 using a stainless-steel probe auger (diameter: 15 cm; length: 18 cm; vol: 3180 cm3/3.2 L). In each
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treatment, nine points were sampled in a straight line transversely to the planting rows in the 0–20,
20–40, 40–60 and 60–80 cm layers. Each layer was sampled separately (Supplementary Material,
Figure S1). A, B and C are sample points within the middle of the traffic inter-row (1.50 m spacing),
0.75, 0.45 and 0.15 m away from the planting row, respectively, while D and E are sampled points
within the crop inter-row (0.90 m spacing), 0.15 and 0.45 m away from the planting row, respectively.
In the laboratory, soil samples containing approximately 5.5 kg of soil plus roots were washed in a
series of 5-mm and 2-mm sieves to separate roots from the soil. Thereafter, the roots were oven dried at
65 ◦C until constant weight was reached. The root mass (RM) was calculated according the equation:

RM (kg ha−1) = [(RDA1 × VolA1) + (RDB1 × VolB1) + ( . . . ) + (RDA2 × VolA2)] × [(Volha/Vol2.4m)]

where RD = root density (kg m−3) in sampling point; VolA1 and VolA2 = soil volume (m3) represented
by each one of the points sampled, obtained by multiplying 0.15 m width × 0.2 m depth × 1 m
length (Figure S1); VolB1 to VolB2 = soil volume (m3) represented by each one of the points sampled,
obtained by multiplying of 0.30 m width × 0.2 m depth × 1 m length, according Otto et al. [32]
(Figure S1); Volha = soil volume (m3) of 0.20 m thickness layer in one ha; Vol2.4m = soil volume (m3) of
0.20 m thickness in a complete 2.4 m transect (Figure S1).

Above-ground sugarcane phytomass quantification was carried out through harvesting plants in
2 m within one double row in December 2015. The plants were divided into stalks, dry leaves and
tops plus green leaves. After this, each plant part was oven dried at 65 ◦C until a constant weight was
achieved. Details are reported in Lisboa et al. [24].

2.3. Determination of Soil Moisture and Soil Penetration Resistance

In addition to plant sampling, soil moisture was determined in disturbed samples collected
at 0–5, 5–10, 10–20, 20–30 and 30–40 cm depths located between the 1.50 m spaced rows (traffic
inter-row) and 0.90 m spaced rows (crop inter-row), and gravimetric soil moisture was determined
by oven-drying (105 ◦C) the samples until constant mass was achieved. In parallel to soil
sampling, soil penetration resistance (SPR) was determined (0–40 cm) using an impact penetrometer
(IAA/Planalsucar, plunger mass: 4 kg; free fall: 40 cm; cone: 30◦ angle and 12.8 mm diameter) [33].
These evaluations were performed between the 1.50 m spaced rows (traffic inter-row) and 0.90 m
spaced rows (crop inter-row), with four replications in each point.

2.4. Data Analysis

Data of root mass, stalk production, soil moisture, and penetration resistance were processed
using a one-way ANOVA approach where the straw removal rates were included as fixed effects and
replications were included as random effects. Means were compared using Tukey’s test (p < 0.05).
The effect of straw retention rate on sugarcane root growth, stalk yield, and penetration resistance
were evaluated through regression analysis. The models were evaluated according to the coefficient of
determination. All statistical analysis was performed using R software.

3. Results

3.1. Straw Removal Effects on Root System Mass and Distribution

The majority of the root mass was concentrated in the surface layers (0–20 and 20–40 cm), regardless
of the straw removal rate (Figure 2). This pattern of root distribution was similar for sample points at
the same distance from the plant growth row. For all straw removal rates, there was a reduction in root
mass in the traffic inter-row (1.50 m) compared to the crop inter-row (0.90 m) (Figure 2). The lowest
root mass was found in the center of the traffic inter-row (point A1 and A2). As the sampling points
neared the plant growth row, a larger root mass was measured, with the highest values occurring at
points in the crop inter-row (points D and E).
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Figure 2. Sugarcane root system dry mass (kg ha−1) at the sampled points in the traffic inter-rows
(A, B and C) and in the crop inter-row (D and E) to the sugarcane (CTC-14 variety) straw managements
(a) total removal (TR) = 0 Mg ha−1, (b) high removal (HR) = 4.2 Mg ha−1, (c) moderate removal
(MR) = 8.7 Mg ha−1 and (d) no removal (NR) = 18.9 Mg ha−1. Results from an Oxisol field cultivated
with sugarcane in Capivarí, São Paulo (SP), Brazil. Comparison of the means by depth between
straw managements do not differ by Tukey’s test at the p < 0.05 level (boxes). ns = not significant
(n = 4 ± standard error (SE)).
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The overall average sugarcane root mass for the 0–80 cm soil layer was 2737 kg ha−1. The root
system distribution in the soil profile occurred as following: 976 kg ha−1 (36%) was found in the upper
soil layer (0–20 cm), decreasing in the sub-surface layers to 796 kg ha−1 (30%) in the 20–40 cm soil layer,
550 kg ha−1 (20%) in the 40–60 cm soil layer, and 414 kg ha−1 (14%) in the 60–80 cm layer (Figure S2).

Straw removal rates had little influence on sugarcane root system growth within each sample
point over the short term (Table S1). Despite this fact, better root distribution across the depths was
observed under MR (Figure 2c). Under these straw rates, the total root mass quantified (0–80 cm)
was 3566 kg ha−1, which is around 24% and 41% higher than the amount of root measured under
TR (2716 kg ha−1) and NR (2099 kg ha−1), respectively (Figure 2). Root mass as affected by retained
residue resulted in varying optimum amounts among soil depths (Figure 3). Taking into account the
regression model adjusted for the upper surface layer (y0–20 cm = 1018.6 + 12.40x − 1.253x2), it was
estimated that 5 Mg ha−1 of straw would be enough to obtain the maximum root mass (1049 kg ha−1).
Using the regression model adjusted for the other depths (Figure 3), the optimum straw amounts
increased to 8.3 Mg ha−1 in the 20–40 cm soil layer, resulting in 976 kg ha−1; and the same straw rate
(i.e., 9.4 Mg ha−1) for the 40–60 and 60–80 cm soil layers, which would result in 728 and 497 kg ha−1
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Figure 3. Relationship between sugarcane root system dry mass (kg ha−1) and straw amounts (Mg ha−1)
for each soil depth (n = 4), in an Oxisol field cultivated with sugarcane in Capivarí, SP, Brazil.

3.2. Straw Removal Effects on Soil Conditions and Sugarcane Root System

Soil penetration resistance increased as straw retention decreased (Figure 4A,B), and were directly
related to soil moisture reduction (Figure 4C). This pattern was also observed in both inter-rows
(i.e., 1.50 m and 0.90 m). In the crop inter-row, the straw effect was observed up to 10 cm in depth, with a
significant difference between TR compared to the other straw removal treatments (p < 0.05; Figure 4A).
Under the traffic inter-row, the effect of the straw removal was more notable to 20 cm, where a higher
SPR value was observed under HR following MR and NR (p < 0.05; Figure 4B). Within the 0–10 cm
depth, SPR under TR was almost 180% (11.4 MPa) higher in the traffic inter-row compared to the
crop inter-row (4.10 MPa; Figure 4A,B). Below 30 cm, in the traffic inter-row, SPR decreased as the
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depth increased, while for the crop inter-row, no changes in SPR were observed below 20 cm (p > 0.05;
Figure 4A,B).Agronomy 2020, 10, x FOR PEER REVIEW 8 of 15 
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resistance due to machine traffic (Figure 5A,C), was found in the traffic inter-row zone (0–20 cm). 
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Tukey’s test (p < 0.05), * = significant and ns = not significant (n = 4 ± SE).

The relationships between the straw rates and root density (RD), as well as SPR, were best fit to
quadratic models with significant responses to straw retention (R2 = 0.69 ~ 0.99; Figure 5). Under lower
straw removal rates, higher root density and lower soil penetration resistance was observed. The most
striking effect of straw on the root mass, as well as on attenuation of the soil penetration resistance due
to machine traffic (Figure 5A,C), was found in the traffic inter-row zone (0–20 cm). These effects were
less noticeable in the crop inter-row positions (Figure 5B,D).
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Figure 5. Relationship between sugarcane (•) root density (kg m−3) and (�) soil penetration resistance
(MPa) under straw removal managements (TR = 0 Mg ha−1; HR = 4.2 Mg ha−1; MR = 8.7 Mg ha−1 and
NR = 18.9 Mg ha−1) in the 0–20 cm soil layer to the crop inter-row (A) and traffic inter-row (B); and in
the 20–40 cm soil layer to the crop inter-row (C) and traffic inter-row (D) (n = 4). Results from an Oxisol
field cultivated with sugarcane in Capivarí, SP, Brazil, * and ** = significant at 0.05 and 0.01 levels.

3.3. Straw Removal Effects on Root System and Stalk Production

Moderate straw removal (MR) led to higher stalk yield (133.6 Mg ha−1). NR and HR showed
a slight reduction (approximately 1.5%) compared to MR. However, TR induced a reduction of
approximately 20% in above-ground mass (29 Mg ha−1) and stalk yield (105 Mg ha−1) compared to the
treatments with no straw removal (Figure 6).
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Figure 6. Relationship between sugarcane (�) above-ground mass (Mg ha−1), (N) stalk production
(Mg ha−1), and (•) root system dry mass (kg ha−1) vs. straw removal rates (Mg ha−1) (n = 4). Results from
an Oxisol field cultivated with sugarcane in Capivarí, SP, Brazil.

Different rates of straw removal did not affect (p > 0.05) the sugarcane root:shoot ratio, with values
ranging from 0.06 (NR) to 0.10 (TR) (Table S2). The root mass, above-ground mass and stalk production
as affected by the increasing rate of straw removal were adjusted to a quadratic model (Figure 6).
Based on the regression models, it was estimated that quantities of straw between 8.5 and 13 Mg ha−1

provided maximum root mass and highest above-ground mass and stalk yield, which are 3.2, 37 and
131 Mg ha−1, respectively.
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4. Discussion

4.1. Effects of Straw Removal on Sugarcane Root System

The highest concentration of sugarcane roots (60%) was found in the first 40 cm of soil.
This observation is consistent with several studies that reported values of 60–80% for the same
layer with different sugarcane varieties and soil textures [17,34–36]. The predominance of roots within
the upper soil layers is due to several factors, such as (i) the fasciculate root system of the crop [37],
(ii) higher nutrient cycling from crop residue and root system decomposition [10,38], (iii) higher soil
organic matter content [8,9], and (iv) higher moisture content (Figure 4) favored by the straw kept
on the soil surface. Higher soil moisture under straw mulching reduces soil mechanical resistance
and increases soil water content for root growth [38,39]. However, root systems developed within the
upper soil layers may impair sugarcane yields, especially in periods of drought, when plants are more
susceptible to water stress (mainly in sandy soils) [17,40].

In our study, straw maintenance did not lead to higher root concentrations within the upper soil
layers (Figure 2). This unexpected finding may have occurred due to suitable soil water availability
during the crop cycle (Figure 1), which is similar to that observed by Alvarez et al. [17]. In general,
the sugarcane water demand is around 1500 to 2000 mm for the crop cycle [41]. Precipitation means
above this amount were recorded during the period of this study which may have resulted in enough
soil water availability for plant growth (Figure 1). Under such conditions, soil water content as affected
by straw retention may have not influenced root growth.

Overall, higher sugarcane root system distribution within the soil profile is associated with both
greater volume of soil explored and better crop yield [42]. In this study, better root distribution
occurred under moderate straw removal (8.7 Mg ha−1). Under similar straw rates (i.e., 10 Mg ha−1),
Aquino et al. [15] reported increases in sugarcane root mass, and emphasized that larger amounts of
straw maintenance only favors the root system during periods of soil water deficit. However, in this
study, extreme straw management (lowest or highest straw removal rates) adversely affected root
system growth (Figure 3).

Total root mass quantified in the 0 to 80 cm soil layer (2737 kg ha−1) was lower than that reported
by Silva-Olaya et al. [43], who observed quantities above 7000 kg ha−1 at the first sugarcane ratoon
(variety RB86-7515). However, it is worth mentioning that Silva-Olaya et al. [43] sampled up to 100 cm
of depth in sandy soil, and only the roots near to the plant row was sampled. Usually this area has
a higher root concentration, as shown in Figure 2. In addition, sandy soil may induce root system
elongation in order to search for water. In this sense, Barbosa et al. [35] and Otto et al. [44] reported
higher root mass in soils of medium texture compared to soils with higher clay content.

4.2. Effects of Straw Removal on Soil Compaction and Sugarcane Root System

Higher straw removal rates impair soil conditions to root growth due to a reduction in soil
moisture [7] and increased soil resistance to penetration within the upper soil layer [45]. Depletion of soil
physical quality [46] negatively impacts root development [47,48] and, consequently, reduces sugarcane
yields [48,49].

Our findings show that sugarcane root distribution responded to more favorable soil physical
conditions, such as lower compaction, which favored better root growth laterally and vertically.
Overall, lateral sugarcane root system growth and higher root mass was concentrated near to the plant
rows [17,18,32,34,37].

One of the benefits of straw retention is the reduction of soil water losses by evaporation.
Soil moisture is one of the main parameters that influences soil resistance to penetration. In addition,
the machinery traffic for crop management (i.e., agrochemical and fertilizer applications) and harvesting
may be considered the main factor responsible for the increase of soil resistance to penetration at the
traffic inter-row. In this sense, Marasca et al. [50], using an automatized soil penetrometer in an Oxisol
field with a medium sandy texture, found soil resistance to penetration between 4.0 and 5.0 MPa within
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the upper 45 cm layer in the crop inter-rows under bare soil conditions, whereas Tavares-Filho et al. [51],
with an impact penetrometer also in an Oxisol field with a sandy clay loam, reported values ranging
from 1.80 to 7.66 MPa for the traffic inter-row within the 0–20 cm layer. In addition, Castioni et al. [13]
recently showed deleterious impacts of intensive straw removal on soil resistance to penetration and
other indicators of soil physical quality.

Our findings showed that straw maintenance increased soil water content and decreased soil
resistance to penetration within the crop inter-row (0–20 cm soil layer) (Figure 4A). Straw maintenance
on the soil surface reduces the contact area between machine tires and soil surface, resulting in
decreased punctual pressure from machinery traffic on the soil [52–54].

4.3. Effects of Straw Removal on Sugarcane Yield

The highest stalk yield was obtained under moderate straw removal (MR). Through quadratic
models, we estimated that approximately 10 Mg ha−1 (8–13 Mg ha−1) of straw retention provided
the greatest root development and, consequently, the highest sugarcane yield. Corroborating with
these results, several authors reported better agronomic performance of several sugarcane varieties
in different soil types due to straw maintenance [24,25,55]. However, straw maintenance higher
than 10 Mg ha−1 is also associated with a reduction in plant sprouts, stalk yield [24,25] and sucrose
concentration in stalks [56], particularly in the region where the study was conducted, which is
cooler than other sugarcane-producing regions in Brazil [25]. Overall, decreasing of initial sugarcane
phytomass yield (tillering) occurs even under lower quantities of straw; this is especially remarkable
under cooler regions [24], but in most cases, the crop is able to recover from the negative impacts
caused by straw retention in earlier growth stages [15,24,57].

Although few undesirable effects are associated with straw retention, several recent studies
have addressed the benefits of straw retention. The benefits of straw maintenance for the soil–plant
system are associated with an increase in water availability [11,12], decrease in soil temperature [12],
reduction in soil compaction [13,45], and increase in soil carbon content [8]. However, the soil response
to straw removal is site-specific [8,45] and the decision about the amount of straw to be removed should
be made based on holistic and integrated knowledge [25]. Despite this fact, through an extensive
literature review, Carvalho et al. [23] verified that most agronomic benefits for the soil–plant system are
provided when around 7 Mg ha−1 is left on the field. Also, higher stalk yields have been reported under
moderate straw removal (approximately 9 Mg ha−1) [24] and 10 Mg ha−1 [55]. In this sense, our findings
may explain higher yields under moderate straw removal, since the better root distribution and mass
were also observed under moderate straw removal (Figure 6). Better root distribution increases the
volume of soil explored, which may increase water and nutrient uptake by the plant. These conditions
potentially improve plant growth and, consequently, phytomass yield. Although we strongly recognize
that it is mandatory to consider specific edaphoclimatic conditions to perform sustainable straw
removal, our findings provide relevant understanding about why moderate straw removal has been
suggested in several studies in which straw removal management was framed [15,24,55,57].

The different rates of straw removal did not affect the root:shoot ratio (p < 0.05) and the values of
this parameter ranged from 0.059 to 0.101 (Table S2). The absence of responses in this parameter to
straw removal rates may be related to the short-term in which the study was conducted. Despite this,
the root:shoot values found are in accordance with Korndörfer et al. [16], who evaluated the root mass
in five sugarcane varieties and reported 0.10 as a mean value for the root:shoot ratio. Nevertheless,
it seems that the root:shoot ratio increases along the crop cycle, as reported by Silva-Olaya et al. [43],
who found values of 0.15, 0.18 and 0.29, respectively for the cane plant, first and second ratoon cycles.
High root:shoot ratio values indicate that the plants allocated more resources to the roots instead of the
shoot (i.e., stalk and straw) [58].
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5. Conclusions

Straw removal (high to total) reduces soil moisture and increases soil penetration resistance;
however, root growth was little affected by straw removal, at least in the short term. The slight effects
of straw on the root system and yield of the sugarcane suggest that moderate straw removal (keeping
around 10 Mg ha−1 on soil surface) is enough to sustain soil physical conditions for root growth and
improve sugarcane yield, while part of the straw can be removed for industrial uses.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/7/1048/s1.
Figure S1: Sampling strategy for evaluation of the sugarcane root system (biomass and distribution) at nine
sampling points from the middle of the traffic interlines (A, B and C points) to crop interline (D and E points),
Figure S2: Relative distribution of sugarcane roots (CTC14 variety) in the soil profile, Table S1: Sugarcane root
dry mass (kg ha-1) as affected by increasing rates of straw retention on the soil surface, Table S2: Root dry mass,
aboveground mass and root:shoot ratio of sugarcane plants under different amounts of straw removal.
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