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Abstract: Removing sugarcane straw to increase bioenergy production can generate significant in-
come to the industry. However, straw contributes to the regulation of soil functions and consequently
supports the provision of ecosystem services, such as water flow regulation. Thus, straw removal
may hinder the provision of these services, especially in mechanized sugarcane production systems,
which have soil compaction problems due to machinery traffic. In this study, we assess a six-year
experiment in Brazil with four rates of straw removal: 0 Mg ha−1 (TR), 5 Mg ha−1 (HR), 10 Mg ha−1

(LR), and 15 Mg ha−1 (NR) remaining straw. Using attributes, such as soil bulk density, porosity,
water infiltration, runoff, saturated hydraulic conductivity and available water-holding capacity, as
indicators of key soil functions, we calculated a soil-related ecosystem service (ES) index for water
flow regulation provision. The ES index revealed that water flow regulation was low regardless
of the straw management (0.56, 0.63, 0.64 and 0.60 for TR, HR, LR and NR, respectively). It can
be a consequence of soil compaction caused by machinery traffic throughout the successive cycle,
whose straw was unable to mitigate this issue. Thus, by the end of the sugarcane cycle (sixth ratoon),
straw removal had little effect on soil physical and hydraulic indicators, and consequently had little
impact on the provision of the soil-related ES associated with water flow regulation. Nevertheless,
straw management should be planned to consider other functions and soil-related ES benefited by
straw retention.

Keywords: soil physical attributes; soil health; soil-related ecosystem service; bioelectricity

1. Introduction

The impacts of worldwide logistic mishaps on energy production and distribution are
felt across all other sectors of economic activity. Therefore, local, reliable, and renewable
potential sources of energy, such as crop residue, are of great interest to the industry that
directly produces them and to consumers in general [1,2]. In the global ethanol industry,
sugarcane (Saccharum spp.) is one of the main crops, which produces an abundant amount
of crop residue commonly denominated as “sugarcane straw” [3]. The high availability
of sugarcane straw is a result of the transition from a manual burnt-cane system to a
mechanized green-cane system in high-yield sugarcane systems worldwide. Mechanized
harvesting results in the addition of 10–20 Mg ha−1 year−1 of straw over the soil [4–6],
which corresponds to one-third of the total energy potential of the crop [7]. Therefore, in
addition to the benefits to human health and the environment, the transition to mechanized
harvesting creates the possibility of using crop residues as feedstock for the production
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of cellulosic ethanol [8], other biomaterials [9], or as fuel to increase cogeneration of
electricity [9–12], which can be economically positive for mills [13,14].

Although it is a market opportunity, the trade-offs associated with sugarcane straw
removal from the field cannot be neglected. Recent studies indicate that indiscriminate
straw removal for bioenergy production can cause a series of negative effects on soil
functions [5,10,15,16]. Many deleterious effects on the soil functions are related to the
reduction in physical quality caused by machinery traffic [17–20], which can reduce the
capacity of the soil to adequately provide soil-related ecosystem services, such as water flow
regulation. In addition, mostly sugarcane management keeps soil without crop rotation
for 5–6 years, which does not provide the root diversification that is very important for
soil structuring and functioning [21,22]. Under high straw removal management, the
deterioration of the soil structure by compaction as a result of machinery traffic reduces
the size, continuity, and functionality of the pores, and consequently negatively impacts
the water flow in the soil [17]. Increasing surface sealing [23] and reducing soil porosity,
water infiltration is restricted, runoff increases, and, consequently, decreases soil water
retention [24]. Water availability to the crop is then affected, which can be a serious problem
for sugarcane, a semi-perennial crop that is subject to several periods of water deficit during
its cultivation cycle. Ultimately, several studies have indicated that water deficit along the
crop cycle is one of the main causes of the yield losses in sugarcane fields [25–27].

Reconciling the industrial and agri-environmental applications of sugarcane straw,
therefore, implies identifying the amount of straw that can be removed from the field for
the production of bioenergy without compromising the capacity of the soil to provide
ecosystem services, such as water flow regulation. Some recent short-term studies have
indicated that the amount of straw required to fully cover the soil surface is ~7 Mg ha−1 [28]
and that keeping up to 10 Mg ha−1 of straw on the soil surface is sufficient to sustain
productivity levels [6,29] and prevent soil structural degradation [17,18]. Thus, in areas
with a high productive potential that result in a large amount of straw left on the soil
surface, the removal of this surplus to generate bioenergy may be a viable alternative.
However, the intensity of the changes catalyzed by the management of straw removal
is specific to the situations evaluated [11]. Therefore, it is still necessary to understand
how the mechanisms of water regulation are affected by the removal of straw to develop
appropriate management recommendations. Modifications in soil functions correlated with
straw removal can be monitored using soil parameters used as indicators/proxies related to
the soil structure, since the physical degradation mechanisms are strongly linked to the soil
structure [30]. By this approach, it is possible to correlate the indicators with soil functions,
and finally infer about services provided by the soil, e.g., water flow regulation [30–32], as
outlined in Figure 1.

To determine whether straw removal is a suitable strategy to increase energy output
without compromising the sustainability of sugarcane crop, we hypothesize that the indis-
criminate removal of sugarcane straw from the soil surface would catalyze soil physical
degradation caused by machinery traffic and reduce the soil’s capacity to regulate water
flow. To test this hypothesis, we assess a six-year field experiment in southeastern Brazil to
determine the effect of straw removal on soil physical and hydraulic properties, and then,
in the capacity of the soil to provide the water flow regulation service.
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Figure 1. The theoretical framework applied in this study, which links soil physical and hydraulic
properties to soil physical functions and then to one soil-related ecosystem service (water flow regulation).

2. Materials and Methods
2.1. Study Area and Original Experiment

A field experiment of sugarcane straw removal was established in a sugarcane planta-
tion in the Iracemápolis municipality (22◦36′ S–47◦34′ W), in the São Paulo state, the largest
sugarcane producing region in Brazil. The selected area has been cultivated with sugarcane
for over 50 years and has a history of frequent applications of organic residues, such as
vinasse and filter cake, and the harvesting system has been mechanized and unburnt for
approximately 15 years. The area has an altitude of 613 m above sea level, a mean annual
rainfall of 1420 mm, a mean annual temperature of 20.4 ◦C, and the climate type, following
Köppen’s climate classification, is Cwa (humid subtropical with dry winter) [33]. The soil
of the area is classified as an Oxisol (Rhodic Eutrudox) [34], with 584, 597, and 626 g kg−1

of clay content in the 0.0–0.1 m, 0.1–0.2 m, and 0.2–0.4 m soil layers, respectively. The soil
chemical and physical characterization was conducted before the experiment installation
and can be found in the “Clayey 2” column in “Table 1” of Castioni et al. [18].

The field experiment was installed in April 2013 in a randomized block design with
4 treatments and 4 repetitions, 16 experimental plots in total. Each plot had 10 m × 12 m,
with eight sugarcane rows at a 1.5 m spacing (Figure 2). After each harvest, the straw
left on the field was quantified by a 0.25 m2 metallic frame randomly thrown ten times.
Straw moisture measurements were taken in the field using a hay moisture meter with
a coupled electrode. After quantifying the straw dry mass, the four straw removal rates
(i.e., the treatments) were established: total removal (TR—0 Mg ha−1), high removal (HR–
maintenance of 5 Mg ha−1 in the field), low removal (LR—maintenance of 10 Mg ha−1

in the field), and no removal (NR—maintenance of 15 Mg ha−1 in the field). The correct
amount of dry straw deposited within each plot was adjusted manually, with rakes and
forks. This procedure, firstly performed after the plant-cane harvest (2013), was repeated
after the harvesting of each ratoon (Figure 3).
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rates and soil sampling).

2.2. Field Assessments of Soil Indicators

Infiltration and runoff rates were measured using a Cornell sprinkle infiltrometer [35].
The Cornell infiltrometer is a portable rain simulator (Figure 4) and consists of a transparent
acrylic reservoir with an approximate capacity of 20 L, and 69 microtubules measuring
0.063 cm in diameter and 19 cm in length at the bottom. A ruler glued to the inner wall of
the reservoir allowed reading the height of the water, which was used for the infiltration
calculations, according to the methodology proposed by Ogden et al. [35]. To operate it, the
sugarcane straw was removed from the soil surface and the infiltrometer was mounted on
a 24 cm diameter metal ring set on the ground and leveled. This ring contains an opening
in which a hose was inserted to lead the water resulting from surface runoff to a beaker for
measuring the runoff volume. We calibrated the equipment’s rain intensity in a preliminary
test, using its air intake regulation system, at an average rain intensity of 300 mm h−1. The
high rain intensity was chosen to induce runoff since we expected the soil to have a high
infiltration rate due to its microstructure. The readings of water height and runoff volume
were taken every 2 minutes, for 40 min, in three repetitions for each treatment (i.e., three
out of four plots for each treatment were assessed). The onset of runoff was determined
from the outlet of a continuous stream of water from the collecting hose, and the volume
collected in a beaker was measured in a graduated cylinder.
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The rate of simulated rainfall (r, constant during the experiment) was determined
by Equation (1), and the runoff rate (rot) was calculated by Equation (2), according to
Ogden et al. [35].

r = (H1 − H2)/Tf (1)

where: H1 is the water height reading at the beginning of the measurement, in cm; H2 is
the water height reading at the end of the measurement, in cm; and Tf is the measurement
time interval, in minutes.

rot = Vt/457.3 × t (2)

where: Vt is the volume of the collected water, in mL; 457.3 is the area of the standard ring
used, in cm2; and t is the time interval during which the water was collected, in minutes.

The infiltration rate (it) is determined as the difference between the rate of simulated
rainfall and the runoff rate (Equation (3)):

it = r − rot (3)

The measured infiltration and runoff rates data for each treatment were used to fit
infiltration and runoff curves. For infiltration, we fitted a power model as the one proposed
by Kostiakov [36]. For runoff, the best fit was achieved as a logistic model. The basic
infiltration rate (steady-state infiltration) for each treatment was calculated from the curves
as the mean infiltration rate between the 50 to 60 min interval.
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2.3. Soil Sampling

We collected soil samples in October 2019, immediately after the harvest of the 6th sug-
arcane ratoon, during the end of the dry season. From the 0–0.05, 0.05–0.10, 0.10–0.20, and
0.20–0.40 m layers, undisturbed soil samples were collected in volumetric rings (~100 cm3)
for the evaluation of soil physical quality indicators in the laboratory (e.g., soil porosity
and bulk density). We collected all samples from trenches dug in the middle of the sugar-
cane inter-row. Data on soil chemical characterization, organic matter, and organic carbon
content for these samples can be found in the Supplementary Materials (Table S1) [37].
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2.4. Laboratory Assessments of Soil Indicators
2.4.1. Soil Hydraulic Parameters, Porosity, and Bulk Density

The soil samples collected in volumetric cylinders were saturated by capillarity with
distilled water and after being weighed. Then, they were subjected to water drainage
in the following matric potentials: −6, −10, and −1500 kPa, in pressure plate extractors
(Richards chambers). After reaching the hydraulic equilibrium at each potential, the soil
samples were weighed, and then, all soil samples were oven-dried at 105 ◦ C for 72 h, to
quantify the mass of the dry soil and determine soil bulk density (BD, Mg m−3), and the
volumetric soil water content (m3 m−3). Additionally, soil particle density (PD, Mg m−3)
was determined with a gas pycnometer using disturbed soil samples previously oven-
dried at 105. The parameters extracted from the measured data were total porosity (TP,
m3 m−3), calculated as shown in Equation (4); macroporosity (MaP, m3 m−3), calculated
as the difference between soil volumetric water content at saturation and soil volumetric
water content at the −6 kPa potential; and microporosity (MiP, m3 m−3), calculated as the
soil volumetric water content at the −6 kPa matric potential. Field capacity (FC, water
potential at −10 kPa, as by Haise et al. [38]), and the permanent wilting point (PWP, water
potential at−1500 kPa, as by Richards and Weaver [39]) were used to calculate the available
water-holding capacity (AWC, m3 m−3), as the difference between the water content in FC
and PWP (Equation (5)), and the soil water (SWSC) and air (SAC) storage capacity indices,
as proposed by Reynolds et al. [40]. The soil water storage capacity (SWSC) is the ratio
between water content in FC and TP (Equation (6)), and the SAC index is the ratio between
drained pores at the −10 kPa (CAt) potential and TP (Equation (7)).

TP = 1 − (BD/PD) (4)

AWC = FC − PWP (5)

SWSC = FC/TP (6)

SAC = CAt/TP (7)

2.4.2. Soil Saturated Hydraulic Conductivity

Saturated soil hydraulic conductivity (Ks) was determined using a constant head
permeameter, with a Mariotte bottle supplying a constant water flow (40 mm in depth)
to the rings containing soil samples with the preserved structure. The water that flowed
through the cores was collected in recipients and the volume was measured in a graduated
cylinder every two minutes. The soil saturated hydraulic conductivity (Ks, measured in
cm min−1) was calculated by Equation (8) [41]:

Ks = Q × L/A × (L + h) (8)

where:
Q is the water flow rate, in cm3 min−1; L is the sample’s height, in cm; A is the cross-

sectional area of the sample (cm2); h is the constant head of water maintained on the soil
surface [41].

2.5. Soil-Related Ecosystem Service Assessement

The removal of sugarcane straw affects soil water flow regulation since it reduces soil
cover, increases surface sealing and runoff, reduces carbon input, depletes resources for
the soil food web and decreases soil resilience to physical degradation. For the integrated
assessment of the impact of sugarcane straw removal on the physical functions of the soil
and the provision of the water flow regulation ecosystem service, we used the methodology
proposed by Cherubin et al. [42] to evaluate soil physical quality and expanded by Oliveira
et al. [43] to include soil-related ecosystem services. The methodology consisted of four
steps to calculate an index for assessing the provision of soil-related ecosystem services
(ISES). The first step was to define the soil functions to be evaluated, and their corresponding
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weight in the final index. The selected soil functions were related to the mechanisms that
regulate soil water flow. The second step was the selection of a minimum set of indicators
(minimum dataset) that represents the soil functions related to the provision of the water
flow regulation service (Table 1).

Table 1. Soil indicators and functions were selected to compose the index for the provision of the
water flow regulation ecosystem service for four sugarcane straw removal rates in clayey soil in
Iracemápolis, São Paulo, Brazil.

Soil-Related Ecosystem Service Soil Functions Indicators (Proxies)

ISES—Water flow regulation

f(i)—Water entrance flow and water
movement in the soil

p(i)—Infiltration rate;
p(ii)—Runoff rate;
p(iii)—Soil saturated hydraulic conductivity;
p(iv)—Macroporosity

f(ii)—Water retention p(i)—Microporosity

f(iii)—Water availability to plants and
organisms

p(i)—Available water-holding capacity;
p(ii)—SWSC

In the third step, the data from the indicators were interpreted, and the measured
values of each indicator were transformed into dimensionless values between 0 and 1. The
transformations were performed using linear equations, where each indicator was ranked
according to the type of specific scoring curve for each soil function. The specific scoring
curves were: (i) “more is better”—i.e., as the measured values increased, the higher (better)
was the score (water infiltration, soil saturated hydraulic conductivity, available water-
holding capacity, macro- and microporosity); (ii) “less is the better”—i.e., as the measured
values increased, the lower (worse) was the assigned score (runoff); (iii) “optimum point”—
i.e., the optimal measured value received the highest score, and all observed values lower
or higher than this optimum point received lower scores (SWSC index—the optimum
point being 0.66). In the fourth step, the values obtained in the third step were integrated
and transformed into a single, dimensionless value, composing the ISES that expresses the
provision of the water flow regulation service.

The water flow index scores for each treatment were calculated using the weighted
method in which weights were assigned to indicators and soil functions according to
the number of indicators that compose each function (Equation (9)), and the number of
functions that compose the final index. Within each function, all the indicators had the
same weight.

ISES = ∑n
i=1 p(i) × weight(i) (9)

where:
p(i) refers to the scores for each indicator; n is the number of indicators included in the

index; and weight(i) is the weight attributed to each indicator.
The data for infiltration rate and runoff rate had to be normalized by the drip rate (it/r;

and rot/r, respectively) to compose the index and allow comparisons between treatments.
The data for all the other indicators were used as measured or calculated.

2.6. Data Analysis

The data of the indicators were initially subjected to Shapiro–Wilk’s test for normality
analysis, then to Levene’s test for homogeneity of variance analysis. The data that met
ANOVA’s assumptions were then subjected to Fisher’s ANOVA to test the effects of sugar-
cane straw removal as a management strategy. As data for soil bulk density, the hydraulic
parameters (FC, PWP, and AWC) and soil porosity (TP, MiP, and MaP) for the first soil layer
(0.0–0.05 m) was found by Levene’s test to not be homoscedastic, we subjected these data to
Welch’s ANOVA [44]. For the results analyzed by Fisher’s ANOVA, when found significant
by the F test (p < 0.05), the means were compared using Tukey’s (p < 0.10) post hoc test.
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For the integration of the data of soil-related ecosystem service, the analytical strategies
outlined in Cherubin et al. [42] and Oliveira et al. [43] were used as described above.

3. Results
3.1. Soil Physical and Hydraulic Indicators
3.1.1. Bulk Density, Porosity, and Hydraulic Parameters

No differences were observed among treatments for soil bulk density values (Welch’s
t = 0.709, 0.396, 0.707, and 0.220, respectively by soil layer). Considering all the soil layers
(0–0.05, 0.05–0.10, 0.10–0.20, and 0.20–0.40 m), the mean soil bulk density values for all
treatments reached around 1.5 Mg m−3 (Table 2).

Table 2. Soil bulk density, porosity, available water capacity for four soil depths and four sugarcane
straw removal rates in a clayey soil in Iracemápolis, São Paulo, Brazil.

Straw Removal Rates
Porosity Water Parameters

BD TP MiP MaP AWC

Mg m−3 m3 m−3

0.0–0.05 m
TR * 1.521 ns 0.482 ns ± 0.013 0.307 ns ± 0.165 0.176 ns ± 0.153 0.121 ns ± 0.055
HR 1.511 0.467 ± 0.017 0.357 ± 0.061 0.109 ± 0.060 0.080 ± 0.049
LR 1.426 0.483 ± 0.033 0.437 ± 0.064 0.046 ± 0.033 0.196 ± 0.151
NR 1.521 0.457 ± 0.014 0.376 ± 0.063 0.091 ± 0.063 0.063 ± 0.063

0.05–0.1 m
TR 1.694 ns 0.401 ns ± 0.015 0.385 ns ± 0.026 0.016 ns ± 0.016 0.129 ns ± 0.093
HR 1.713 0.402 ± 0.009 0.368 ± 0.020 0.034 ± 0.029 0.085 ± 0.058
LR 1.604 0.438 ± 0.043 0.436 ± 0.042 0.002 ± 0.003 0.268 ± 0.133
NR 1.645 0.428 ± 0.032 0.333 ± 0.079 0.127 ± 0.069 0.115 ± 0.057

0.1–0.2 m
TR 1.520 ns 0.497 ns ± 0.008 0.430 ns ± 0.023 0.068 ns ± 0.031 0.093 ns ± 0.011
HR 1.462 0.515 ± 0.029 0.388 ± 0.009 0.127 ± 0.019 0.081 ± 0.010
LR 1.588 0.471 ± 0.033 0.391 ± 0.022 0.107 ± 0.055 0.08 ± 0.025
NR 1.483 0.483 ± 0.019 0.409 ± 0.015 0.074 ± 0.031 0.082 ± 0.011

0.2–0.4 m
TR 1.514 ns 0.493 ns ± 0.006 0.430 ns ± 0.019 0.062 ns ± 0.024 0.099 ns ± 0.017
HR 1.441 0.487 ± 0.040 0.416 ± 0.021 0.071 ± 0.056 0.088 ± 0.017
LR 1.555 0.453 ± 0.044 0.394 ± 0.003 0.078 ± 0.044 0.102 ± 0.024
NR 1.657 0.451 ± 0.024 0.393 ± 0.017 0.058 ± 0.041 0.093 ± 0.015

* Sugarcane straw removal rates: TR = 0 Mg ha−1; HR = 5 Mg ha−1; LR = 10 Mg ha−1; NR = 15 Mg ha−1. ns, not
significant (p > 0.1).

Straw management also did not impact soil porosity within each layer (Welch’s
p < 0.10). The mean total porosity in the 0.05–0.10 m layer was lower than the mean of
the 0.0–0.05 m layer (~12%) for all straw removal rates, and macroporosity was lower for
the TR, HR, and LR treatments, as compared to the other layers. All treatments in all soil
depths showed MaP levels around or below 0.10 m3 m−3, a value considered a limiting
threshold for adequate soil aeration [45] (Table 2).

We found no differences in AWC induced by straw management (Welch’s t = 0.306,
0.245, 0.490, and 0.787, respectively by soil layer). In general, the measured values were
around 0.1 m3 m−3. The AWC values showed high variation in the first two soil layers,
with coefficients of variance reaching up to 100%. Overall, no changes to SWSC and SAC
induced by straw management were observed (Fisher’s ANOVA, p = 0.603, 0.200, 0.480,
and 0.437, respectively by soil layer) (Figure 5). In the 0–0.05 m soil layer, the HR and TR
treatments were close to the ideal ratio as per Reynolds et al. [40], with average SWSC
values of 0.68 and 0.62. The other two treatments showed SWSC values above the ideal
ratio (LR with 0.85, and NR with 0.78). In the 0.05–0.10 m soil layer, NR values were lower
than the ideal ratio (0.55), whereas LR on average had SAC values trending to 0 (SWSC of
1.0), and the SWSC values for the TR and HR treatments were higher than the ideal ratio
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(0.91 and 0.90, respectively), severely compromising soil aeration. The layers 0.10–0.20 m
and 0.20–0.40 m exhibited a similar pattern, where all treatments had SWSC values higher
than the ideal ratio (Figure 5).
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Figure 5. Percentage of soil water storage capacity (SWSC) and soil air content (SAC) in four soil
depths ((a) = 0–0.05 m; (b) = 0.05–0.10 m; (c) = 0.10–0.20 m; (d) = 0.20–0.40 m) for four sugarcane straw
removal rates in a clayey soil in Iracemápolis, São Paulo, Brazil. TR = 0 Mg ha−1; HR = 5 Mg ha−1;
LR = 10 Mg ha−1; NR = 15 Mg ha−1. The dashed red lines indicate the critical limit of water and air
ratio to root growth, as proposed by Reynolds et al. [40] (ideal ratio: SAC ~0.33, and SWSC ~0.66).

The total water infiltration for the time (40 min each measurement) was similar be-
tween the straw removal rates (TR ~4100 mm, LR ~5100 mm, and NR ~4800 mm), except
for the HR treatment (~8400 mm). The basic infiltration rates, except for the HR, increased
with the amount of straw left on the soil (Figure 6). The runoff interception time for the
HR treatment (~23.9 min) was considerably higher than other treatments (TR ~7.8 min,
LR ~7.1 min, NR ~3.6 min). Total runoff volume for the time varied among treatments,
which is to be expected since the drip rate is not fixed. The HR treatment showed the
lowest runoff value among treatments, with ~5500 mm, followed by TR with a runoff
volume of approximately 7400 mm. The treatments with more straw had higher drip rates,
and consequently showed higher total runoff values, LR with ~9700 mm and NR with
~10,130 mm.

Soil saturated hydraulic conductivity (Ks) was not significantly affected by straw
removal rates, except for a specific change observed in the 0.05–0.10 m layer (Figure 7).
For this specific layer (0.05–0.10 m) average Ks values reached 3.4 cm min−1 in the NR
treatment, which was 74, 88, and 98% higher than LR, HR, and NR treatments, respectively.
In the other soil layers, however, straw removal did not affect Ks (Fisher’s p < 0.05). We
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detected a high variation in Ks measurements, which is typically observed for this attribute.
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Figure 6. Soil water infiltration and runoff rates modeled from field data measured with a Cornell
sprinkle infiltrometer for four sugarcane straw removal rates: (a) Total removal, equivalent to
0 Mg ha−1; (b) High removal, equivalent to 5 Mg ha−1; (c) Low removal, equivalent to 10 Mg ha−1;
(d) No removal, equivalent to 15 Mg ha−1; in a clayey soil in Iracemápolis, São Paulo, Brazil.
WI = Water infiltration rate. RO = runoff rate. t = elapsed time (minutes).

3.1.2. Soil-Related Ecosystem Service Assessment

The soil-related ecosystem service index associated with soil water regulation (ISES)
was calculated based on three correlated soil functions (Figure 8). For the first soil function,
concerning the infiltration and water movement, HR was the treatment with the best score
(0.217), whilst TR and LR had lower scores. The NR scores did not differ from the other
two groups for the first function (i.e., water infiltration flux and water movement in soil).
For the second function, measuring water retention, no differences between treatments
were found. On the other hand, for the third soil function, water availability to plants,
LR had the best scores, followed by TR, and finally, the treatments with the lowest scores
were NR and HR. By integrating the scores from the three functions, we observed that
the overall ISES was not impacted by the straw management (Fisher’s ANOVA, p = 0.317)
(Figure 8). The ISES values ranged from 0.56 for the TR treatment (lowest score) to 0.64 for
the LR treatment (highest score), indicating soil degradation across all treatments, with a
medium-to-low provision of this soil-related ecosystem service (Figure 8).
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Figure 7. Soil saturated hydraulic conductivity measured with a constant head permeameter in four
soil depths for four sugarcane straw removal rates in a clayey soil in Iracemápolis, São Paulo, Brazil.
TR = 0 Mg ha−1; HR = 5 Mg ha−1; LR = Mg ha−1; NR = 15 Mg ha−1. * Means within each soil depth
followed by the same letters did not differ significantly among themselves according to Tukey’s test
(p < 0.1). ns, not significant (p > 0.1).
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Figure 8. Scores of the individual indicators (spider graphic), soil functions, and water flow regulation
index (ISES) for four sugarcane straw removal rates in a clayey soil in Iracemápolis, São Paulo, Brazil.
TR = 0 Mg ha−1; HR = 5 Mg ha−1; LR = 10 Mg ha−1; NR = 15 Mg ha−1. Infiltration = water infiltration;
Runoff = water runoff; Ks = saturated hydraulic conductivity; MiP = microporosity; SWSC = soil water
storage capacity index (Reynolds et al. [40]); AWC = available water-holding capacity; f(i) = Water
infiltration flux and water movement in soil; f(ii) = Water retention; f(iii) = Water availability to plants.
* Means within each soil physical function followed by the same letters did not differ significantly
among themselves according to Tukey’s test (p < 0.1). ns, not significant (p > 0.1).
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4. Discussion
4.1. Impact of Straw Removal on Physical and Hydraulic Indicators

Soil physical degradation by compaction as a result of heavy machinery traffic is a
well-documented problem in mechanized sugarcane systems [46–49]. The high tire-soil
contact stress and heavy axle loads of the tractors, harvesters, and wagons increase soil
bulk density and reduce total porosity [50,51]. Consequently, water infiltration and the soil
available water-holding capacity are reduced. On the other hand, mechanized sugarcane
systems have the advantage of maintaining a layer of crop residue over the soil, which
has an important role in maintaining overall soil health [15]. As sugarcane mills began to
adopt straw removal as a management strategy to increase bioenergy production in the
last decade, the adverse consequences of mechanized traffic may be increased [17], due to
the loss of the protection provided by the straw layer. As straw is linked to several soil
processes that favor the strengthening of soil structure and porosity (e.g., soil cover, soil C
inputs, and aggregation), our initial hypothesis was that indiscriminate straw removal (i.e.,
TR and HR rates) would exacerbate the issues caused by compaction and further reduce
soil physical quality, which was not confirmed. Our findings indicated that, by the end
of the sugarcane cultivation cycle, straw removal had little effect on the process of soil
degradation that resulted in the loss of soil physical quality and the ecosystem service
related to the water flux regulation. This result is likely associated with repetitive heavy
traffics that diminishes soil resilience, suggesting that under weathering clayey soils the
benefits of sugarcane straw are not enough to sustain or recover the soil structure over the
crop cycle.

The mean bulk density value we found by the end of one sugarcane cycle was
1.55 Mg m−3, whereas the bulk density of the soil in 2013 (measured before the estab-
lishment of the experiment) was 1.40 Mg m−3 [18]. The increase in soil bulk density reflects
alterations in soil porosity that led to the low available water-holding capacity and aeration.
Our data showed that soil porosity degradation has occurred over the sugarcane cycle,
regardless of the straw removal rate. Soil compaction occurs mainly in the soil layer up to
0.40 m depth and can severely restrict the soil functions linked to gases exchange and water
storage, and thus restrict root development [49,52]. By comparing soil porosity values with
those reported by Castioni et al. [18], collected on the fourth year of the same experiment,
we observed that porosity was altered as a consequence of further soil compaction caused
by machinery traffic during the two-year gap between the studies. There was a reduction
in MaP (i.e., from an average MaP of 0.167 in the fourth year to 0.078 in the sixth) coupled
with an increase in MiP (i.e., from an average MiP of 0.218 in the fourth year to 0.391 in
the sixth), in all soil layers. In addition to high soil bulk density, we observed high mean
values of water content at PWP, in which smaller pores are responsible for water retention
in this potential. It negatively affected AWC, which presented very low values mainly at
layers below 0.10 m. According to van der Berg et al. [53], soils with high bulk densities
present a larger surface area that is available to retain water at low potentials. These results
suggest that the soil could hold a smaller volume of water in its pores, and a great portion
of this water is not available for plants. Gmach et al. [24] also observed values of water
retention capacity lower than the limiting range, though, for the sandy clay loam Oxisol
that was evaluated in that study, low straw removal rates mitigated this effect.

The effect of organic matter on soil physical quality can be verified by the S index and
is higher in sandy soils as compared to clayey soils [54]. In this way, it is possible to infer
that the straw effect in clayey soils has less impact on soil aggregation, and consequently
soil porosity, and AWC, than in sandy soils. The SWSC/SAC ratios exhibit this imbalance
of water availability and aeration due to porosity changes. Though the majority of the
SWSC ratios found were higher than the ideal ratio, indicating more water-filled pore space,
in this situation most of the water is retained under high matric energy in micropores and
is inaccessible to plant roots, i.e., water content below the PWP. The alteration in porosity
compromised soil aeration at the layer where a large portion of the sugarcane root system
is located, i.e., down to 0.20 m deep [55,56]. In addition to the reduction in AWC, the lack
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of adequate aeration shown by low SAC also constitutes an obstacle for root growth and
plant development and can reduce sugarcane yield, as reported by Castioni et al. [18] and
Cherubin et al. [15]. The authors of both studies observed a direct correlation between soil
structural degradation and losses in sugarcane yield.

As an isolated strategy, maintaining straw on the soil surface is not effective to mitigate
the loss of soil macroporosity caused by compaction, regardless of the amount of straw
under clayey soil. Castioni et al. [17] reported that macroporosity was not significantly
affected by straw removal rates after four years of successive sugarcane harvests. In the
same way, we verified that macroporosity was uniformly reduced by the sixth ratoon in the
present study. Other authors have reported similar bulk density increase and macroporosity
reduction in soils under sugarcane without straw removal (i.e., all the straw kept on the soil
surface), especially at the end of the cultivation cycle, after five to six years of machinery
traffic [42,57,58]. Other management practices, such as controlled traffic and or double row
spacing [59–62], and reduced tillage [47,63] seem to have a higher impact on the mitigation
of soil structural and physical degradation. In addition, in a recent study, Cherubin et al. [64]
concluded that the “damper” effect of sugarcane straw left on the soil surface is very subtle
(i.e., increased 15 kPa in soil load-bearing capacity), and is thus presumably insufficient
to diminish the risk of soil compaction caused by successive stresses promoted by heavy
machinery traffic along the sugarcane production cycles.

Soil water infiltration and runoff were more associated with the inherent character-
istics of the soil and, therefore, these parameters were less intensively impacted by straw
removal. The high-water infiltration and hydraulic conductivity rates observed in the
Oxisol evaluated in this study are strongly correlated to the soil’s granular microstruc-
ture, and the high amount of microaggregates with high inter-aggregate porosity, rather
than management practices [65,66]. In natural conditions, these soils have a bimodal pore
distribution as a result of microaggregation, with a high total pore volume composed of
drainable pores (diameter > 50 µm), responsible for the soil’s high permeability, and small
pores (diameter < 0.2 µm), which can retain water with very high energy [67,68]. The infil-
tration value for the HR treatment was not in line with the data found for the other three
straw removal rates. We believe that this discrepancy is a result of the presence of biopores
created by soil fauna, which could have increased the infiltration of water. Although it
was not measured, we observed the presence of both Coleoptera larvae and earthworm
individuals in the plots where the infiltration measurements were taken. Nevertheless,
although some of the results for infiltration and runoff were discrepant, it is still possible
to see differences in the basic infiltration rate for the straw removal rates (Figure 6). The
treatment without removal had an infiltration rate more similar to the expected from this
soil type, while the other treatments had basic infiltration rates 48% (for TR) and 33% (for
LR) lower than NR. This could not be related to the higher hydraulic conductivity seen
for the NR treatment in the 5–10 cm layer. The results for saturated water conductivity
were lower than the values found in other studies with soils from the same class [65]. This
can be explained by the high variability typically observed in Ks data, especially in highly
disturbed soils [69], by the limitations of the laboratory methodology used, and by the
extremely low MaP volume (<0.03 m3 m−3) at 0.05–0.10 m of depth, found at TR, HR,
and LR. Soil saturated hydraulic conductivity data were also uneven between soil layers
(Figure 7). Uneven hydraulic conductivity can lead to water accumulation on top of the
layer with lower conductivity, which can lead, in seasons of high rainfall, to an increased
risk of hypoxia [70], accelerated root decomposition [56], and also increase the risk of
soil erosion.

4.2. Soil Water Flow Regulation under Straw Removal Management

In certain conditions, crop residue has a notable effect on the regulation of the soil’s
capacity to provide the soil-related ecosystem service of water flow regulation since it can
increase water infiltration [71] and retention [72], and mitigate water loss through evapo-
ration by reducing high soil temperature variations [27,73,74]. The organic matter input
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through crop residue is fundamental for carbon sequestration [75], soil aggregation [76,77],
and, consequently, soil porosity, which in turn regulates soil water flow. Thus, removing
the straw from the soil surface could contribute to a loss of the soil’s capacity to provide
this ecosystem service. Based on our assessment, the soil was providing the water flow
regulation ecosystem service at 56 to 64% of its full capacity under sugarcane cultivation
(Figure 8), indicating a loss of soil functions and the soil-related ecosystem service provision,
as a result of physical degradation. Nevertheless, we did not detect the direct influence of
straw removal on the loss of function and service provision. The main driver for degrada-
tion appears to be compaction caused by heavy machinery traffic throughout the years of
cultivation [42,62]. In addition, straw removal seems to have less impact on soil functions
in clayey soils when compared to sandy soils, as soil organic matter has more influence
on the hydraulic parameters of sandy soils as opposed to clays [78]. Cherubin et al. [15]
conducted an assessment in 12 field experiments using the Soil Management Assessment
Framework (SMAF) to investigate the broad impact of straw removal on soil health and
found that sandy soils were more prone to degradation under high straw removal rates,
especially because of soil organic carbon decline. Therefore, to preserve soil functions,
straw management decisions have to consider the inherent characteristics of the soil of each
specific region or sugarcane field.

The loss of soil physical functions by degradation under sugarcane cultivation is not
exclusive to the systems with mechanized harvest. Cavalcanti et al. [79], evaluating a
sandy loam Ultisol in Northeastern Brazil, in an area where sugarcane is burned, manually
harvested, and mechanically collected with wagons, found soil functions reduced from
88% of its full capacity in the native forest to 67% in the sugarcane ratoon. In this case,
total straw removal by burning reduced soil organic carbon and aggregate stability, de-
grading soil structure, which can partially explain the loss of soil physical functions. In
addition, compaction is also high in this system, since traffic is not oriented in lines, and
the entire area is trampled by both workers and loaders [52]. In addition, recent studies
indicate that indiscriminate straw removal reduces the input of carbon to the soil and
consequently reduces soil carbon stocks [16,75,80] and undermine soil physical quality as a
consequence [15]. It is therefore important to underline that the maintenance of a thick layer
of straw on soil surface results in several well-reported benefits to the soil–plant system (as
mentioned before), but by itself, straw is not enough to mitigate the problems caused by
intense and disorderly machinery traffic in sugarcane fields. In the present study, intensive
machinery traffic during six years (without any tillage practices) caused severe soil physical
degradation and nullified any potential positive effect on soil physical quality induced by
the maintenance of straw on the soil surface along the crop cycle. Our data represent a case
study evaluating the six-year effect of straw removal on soil physical quality and water
flow in a clayey soil with a long history of sugarcane cultivation. We advocate that new
studies should be performed considering areas under distinct edaphoclimatic conditions to
provide a broader basis for management recommendations.

The loss of soil functions is not only an ecological problem, but also an agronomic
and economic one. Several studies investigated the effect of soil quality over sugar-
cane yield from different perspectives, with the conclusion that soil degradation leads
to losses in yield and, consequently, in food and bioenergy production, finally reducing
profitability [6,15,16,29,59]. Therefore, it is important to include the state of soil health and
soil functions in yield predictions and economic decision-making processes.

5. Conclusions

At the end of the sugarcane cultivation cycle, straw removal had a minor effect on
the aggravation of soil physical degradation and the consequential loss of soil-related
ecosystem service of water flow regulation. Soil compaction by successive mechanized
harvests was the major driver of the physical changes in the soil, for which straw has a
limited mitigating effect. Therefore, rational straw removal for bioenergy production at
the end of the cultivation cycle is a strategy that can be implemented in soils with high
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structural stability without compromising water flow regulation. However, it is important
to emphasize that the soil provides several other vital ecosystem services (e.g., climate
regulation, support for biodiversity, nutrient cycling, and food-energy production) whose
provision may be impacted by straw removal and thus require integrated evaluations in
further studies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/su14020841/s1: Table S1: Soil chemical characterization for soil samples collected in October
2019 from an experiment with four sugarcane straw removal rates in a clayey soil in Iracemápolis,
São Paulo, Brazil.
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