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Abstract Knowledge of the soil water regime in a
dynamic equilibrium condition (steady state) of the emit-
ter—soil—plant system is essential to evaluate the adopted
irrigation management, aiming to maximize the water use
efficiency in irrigation. Thus, our objective was to deter-
mine the integrated effect of four irrigation levels on the
soil moisture (0,) distribution pattern, mechanical soil
penetration resistance (PR), and sugarcane rooting. Irriga-
tion levels were established based on the percentage of
reference evapotranspiration (ETo), as follows: 40% (W1),
70% (W2), 100% (W3), and 130% (W4) of ETo. From the
soil moisture profile and PR versus 6, regression models,
PR profiles for each irrigation level were estimated. At the
end of the crop cycle, trenches were opened to assess
sugarcane root system. According to the results, the water
dynamic in the soil profile resulted in a soil-wetting pattern
that did not match the sugarcane rooting profile. For
treatments W3 and W4 the wetting pattern indicated water
loss through deep percolation. For all treatments and con-
sidering the entire soil profile, the PR values ranged
from < 2 to 10 MPa. Also, the roots were superficially
spread and limited to the first 0.35 m in depth for all irri-
gation depths applied. Although the soil wetting by irri-
gation reduced the strength of the cohesive layer, this
reduction was insufficient to allow the deepening of plant
roots. The su garcane root development was limited to the
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region of the soil profile defined by a PR value approxi-
mately equal to 2.0 MPa.
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Introduction

Brazil is the world’s largest sugarcane producer, with
757.12 million Mg harvested in 2020, accounting for
38.27% of world production and more than twice the
amount produced by the second-placed country, India,
which is followed by China, Pakistan, and Thailand
(FAOSTAT 2020; IBGE 2020). In the 2020/2021 harvest
season, the Southeast and Midwest regions of Brazil pro-
duced a total of 568.40 million Mg (CONAB 2021),
amounting to 86.84% of national sugarcane production.
Historically, sugarcane stands out as one of the most
important agricultural crops in the Northeast region of
Brazil, whose cultivated area, with 888.95 thousand hec-
tares in 2020 (IBGE 2020), is almost entirely concentrated
within geomorphological unit of the Coastal Tablelands.
The most common soil classes that occur in the Coastal
Tablelands of the Brazilian Northeast are Ultisol and
Oxisols, which are formed from sediments of the Barreiras
Group (Jacomine 2001; Bezerra et al. 2014), a sedimentary
deposit formation of estimated age between Miocene and
Lower Pleistocene (Vilas Boas et al. 2001; Bezerra et al.
2014). These soils usually have, as their main morpho-
logical feature, a natural impediment layer called “cohe-
sive layer”, characterized by having a pedogenetic origin
and exhibiting the cohesive character, which is an attribute
of soil subsurface horizons that have a very hard to
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extremely hard consistency when dry and become friable
or firm when wet. (Bezerra et al. 2014; Santos et al. 2018;
Silva et al. 2020). Thus, the intensity of the expression of
this cohesive character is related to the soil moisture level
(Ribeiro 2001).

However, cohesive soils are not limited only to Brazil,
since there are records of similar soils in other parts of the
world, particularly Australia and some areas of the African
continent, where hard setting soils with attributes very
similar to those of the cohesive character occur (Bezerra
et al. 2014; Silva et al. 2020; Mota et al. 2021). In a
comprehensive review, Daniels (2012) pointed out that,
although hard setting soils are widespread in Australia,
they also have a worldwide occurrence, which has been
reported in several papers from Indonesia, Argentina,
Bolivia, Canada, Germany, India, Nigeria, South Africa,
Sweden, Tanzania, the United Kingdom, and Zimbabwe,
besides Brazil.

Although the so-called “water-saving irrigation” — local
scheduling that consists of applying one or two 60 mm
irrigation depths: the first right after planting or harvesting
and the second 30 days after the former application — is the
usual irrigation schedule used in sugarcane cropping in
Northeast Brazil, full irrigation using a subsurface drip
system has been increasing in recent years. In these sys-
tems, the interaction between the soil moistening profile
and the pattern of root distribution is preponderant for
maximizing water use efficiency. The occurrence of layers
that restrict the growth of plant roots can significantly
affect this interaction.

Several studies aimed to assess the formation of the
wetted soil profile in a drip irrigation system (Souza and
Matsura 2004; Barros et al. 2009; Fan et al. 2018). How-
ever, such assessments are often performed without con-
sidering the interaction of the soil moistening profile with
the root system of the crop. Thus, knowledge of the soil
water regime in the dynamic equilibrium condition (steady
state) of the emitter—soil—plant system becomes essential to
evaluate the adopted irrigation management, seeking to
maximize the water use efficiency in irrigation.

The distribution pattern of the crop root system is
related to the pattern of water and nutrient uptake (Smith
et al. 2005). In sugarcane, it was observed that the rooting
pattern is predominantly superficial, with roots mostly
concentrated in the first 0.4-0.6 m of soil depth (Farias
et al. 2008; Faroni and Trivelin 2006; Buso et al. 2009;
Otto et al. 2009; Baqueiro et al. 2012). There is also a trend
to increase root superficiality of the cane plant in the
subsequent cropping cycles (Faroni and Trivelin 2006).
This root system behavior is aggravated by the presence of
any impediment or cohesive layer in the soil, due to the
resistance to the penetration of the roots imposed. In
modeling carried out by Inmam-Bamber et al. (2012), the
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deepening of the root system was the characteristic that
resulted in a greater increase in water use efficiency by the
sugarcane plant, when compared to the characteristics of
hydraulic conductance (root and leaf), leaf senescence, and
efficiency of transpiration.

The mechanical resistance to root penetration (PR) is
one of the physical properties that express the degree of
compaction and, consequently, the ease or difficulty that
the roots have in penetrating the soil (Ribon and Tavares
Filho 2004). PR has a direct relationship with soil water
content (Silva et al. 2016) and soil density, but an indirect
one with soil cultivation practices (Kuhwald et al. 2016).
Although it may vary according to plant species, the value
of 2.0 MPa has been attributed as the one that establishes
the limit or threshold beyond which the crop roots cannot
penetrate the soil (Tormena 1998; Hamza and Anderson
2005). Therefore, it is important to know the relationship
between soil water content and PR for each local condition
(soil type, soil layer, irrigation system, irrigation manage-
ment, etc.).

Thus, the objective of this study was to assess the pat-
tern of moisture distribution in the soil and the way it
influences the soil mechanical resistance to root penetration
and the distribution of the sugarcane root system for dif-
ferent levels of replacement of the crop water demand
under subsurface drip irrigation conditions.

Materials and Methods

The study was conducted in an experimental area located at
the Usina Coruripe, in the municipality of Coruripe, State
of Alagoas, Northeast of Brazil, with geographic coordi-
nates of 10°01'29” south latitude and 35°16'24” West
longitude and altitude of 108 m a.s.l. The region’s climate
is tropical rainy type with a dry summer, according to
Koppen’s classification. The soil of the area used in the
study is a cohesive Ultisol (Embrapa 2006), with texture
ranging from sandy to sand clay loam. This soil is formed
from the Barreiras group sediment and is characteristic of
the Coastal Tablelands geomorphological unit (Jacomine
et al. 2001). The physical-hydric characterization of the
soil occurring in the experimental area is shown in Table 1.

The experimental design was completely randomized
blocks, with four replications. Five levels of irrigation were
evaluated, based on the percentage of the average reference
evapotranspiration (ETo) estimated in the week prior to
irrigation, namely: 40% (W1), 70% (W2), 100% (W3), and
130% of ETo (W4). The experimental plots consisted of
four double rows, 11.0 m long, resulting in a total area of
79.2 m’. ETo was estimated by means of the Penman-
Monteith model and data from an automatic climatological
station, installed approximately 5 km from the
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Table 1 Soil characterization of the experimental area'. Coruripe Mill, Alagoas State, Brazil

Depth (m) Granulometry (g kg™") Fc Wp Ds Textural classification
Sand Silt Clay (m’m™%) (m® m™3) Mg m~)

0.0-0. 20 870 44 86 0. 125 0. 037 1. 37 Sand

0. 20-0. 40 759 64 177 0. 140 0. 052 1. 58 Sandy loam

0. 40-0. 60 599 99 302 0. 192 0. 103 1. 39 Sandy clay loam

! Coruripe Mill, Alagoas State, Brazil

Fc: Field capacity (— 10 kPa); Wp: Wilting point (— 1.500 kPa); Ds: Soil density

experimental area (CORURIPE-A355, WMO Code:
86,619), belonging to the network of the Brazilian National
Institute of Meteorology (INMET).

In the experimental area, subsurface drip irrigated sug-
arcane has been cultivated since 1998, with the use of fire
for harvest. Sugarcane, cultivar RB 867,515, first ratoon,
was planted double spaced, with 1.30 m in the wide row
space and 0.50 m in the narrow row space. The initial soil
tillage consisted of a subsoiling, with cutting depth
between 0.50 and 0.60 m, followed by crossed plowing and
harrowing, with the incorporation of 500 kg ha™" of Cal-
mix® (70% lime + 30% gypsum), and supplemented by a
furrowing at the depth of 0.30 m. Planting was performed
using previously treated sets, with 15-18 sets per meter,
manually inserted into furrows. Sugarcane was fertigated
applying 106, 62 and 215 kg ha™" of nitrogen, phosphorus,
and potassium, respectively, besides 300 kg ha~' of mag-
nesium sulfate. The fertilizers used to supply N-P-K were
urea (N-45%), calcium nitrate (N-15.5%), monoammo-
nium phosphate (N-11% and P-55%), and potassium
chloride (K-60%).

Irrigations were performed daily using a subsurface drip
system with drip tube buried at 0.25 m depth, spaced 1.8 m
apart, and flat, non-pressure compensating drippers with a
flow rate of 1.70 L h™' and spaced 0.5 m apart.

Soil Wetting Profile

To assess the wet bulb formed, four PVC access tubes were
installed in each irrigation treatment to measure the volu-
metric soil moisture (8,), by means of the frequency
domain reflectometry (FDR) technique, at 0.10 m intervals,
from the soil surface to 0.8 m depth. Access tubes were
installed perpendicular to the drip tube (Fig. 1), at dis-
tances of 0, 0.30, 0.60, and 0.90 m, obtaining a 4 x 8
matrix of 6, values. The soil moisture was measured by
using the default calibration equation supplied by Sentek
Pty Ltd, according to the following equation.

FR = 0.2746x VW(C?3314 (1)

where FR is the measured frequency relative (adm) and
VWC is the volumetric water content (cm3 cm73).

Along 65 days of the local dry season, 31 soil moisture
readings were undertaken in each plot of sugarcane aged 55
to 120 days after cutting (DAC). The averaged values of
soil water for the entire test period were interpolated using
the ordinary Kriging method and represented by isoline
maps.

Soil Mechanical Resistance to Root Penetration
(PR)

To establish the relationship between the mechanical
resistance of the soil to root penetration (PR) and soil water
content (0,), four points (replications) were selected in
experimental area. For each selected point, eight undis-
turbed soil samples were taken (corresponding to each
point of retention curve), between the rows of sugarcane, at
soil layers 0-0.20, 0.20-.40, and 0.40-0.60 m, totaling 96
samples. For soil sampling, an Uhland auger with PVC
rings (5.2 cm in diameter and 2.0 cm in height) was used
(Pacheco and Cantalice 2011). For each sampled soil layer,
the first 5 cm of soil was removed, so that the Uhland auger
could be driven, resulting in undisturbed soil sampled
depths of 5 to 7, 25 to 27, and 45 to 47 cm, that represent
the top of each sampled layer. To preserve the physical
characteristics and moisture of the soil, the cylinders con-
taining the undisturbed samples were wrapped in alu-
minum foil, paraffined, and labeled (Pacheco 2010;
Pacheco and Cantalice 2011).

At the lab, each sample was allowed to stabilize in eight
soil water matric potentials (— 1, — 4, — 6, — 10, — 33,
— 100, — 500, and — 1,500 kPa) and were subjected to
soil penetration resistance test (PR) using a benchtop
electronic penetrograph, with a cone shank 4 mm in
diameter and 45° in angle (Pacheco and Cantalice, 2011).
The shank penetration speed was calibrated to
10 mm min~', with each test lasting 80 s. For the calcu-
lation of the average penetration resistance, the penetration
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Fig. 1 Schematic a and field b arrangement of access tubes for measuring soil moisture, perpendicular to the planting line

force data between the times 40 and 80 s were considered,
and the penetration force data (kgf) were recorded every
second. The penetration resistance was calculated accord-
ing to Eq. 2 (Pacheco 2010; Pacheco and Cantalice 2011).

PR = (Fp/0.1275)x0.09806 (2)

where PR is the soil penetration resistance in laboratory
(MPa), Fp is the averaged penetration force (kgf);0.1257 is
the cone area (cm2) and 0.09806 is the conversion factor
(kgf cm—2 to Mpa).

Regression analyses were performed, using the SAEG
9.1 statistical program, to obtain the adjustment parameters
“a” and “b” of the mathematical models of soil resistance
to penetration in the laboratory (PR) as a function of the
volumetric soil moisture (8v), according to Eq. 3.

PR = axe~ ™) (3)

where PR is the soil penetration resistance (MPa); e is the
Napierian logarithm; a and b are fitting parameters of the
mathematical model and 6, is the volumetric soil water
content.

The PR versus 0, regression equation determined for
each soil layer (Eq. 3) was applied to the 4 x 8 matrix of
Ov values, obtaining the matrix of PR values. The set of PR
values was interpolated using the ordinary kriging method
and represented by isoline maps for each irrigation man-
agement level.

Sugarcane Rooting Pattern

For each irrigation treatment, four trenches were opened
immediately after sugarcane harvest, with the soil wall to
be analyzed positioned perpendicular to the planting line.
The trenches were 1.0 x 0.8 x 0.8 m in length, width,
and depth, respectively. The length of the sugarcane roots
was measured in the range of 0 to 0.60 m in depth, sub-
divided into 12 equal extracts of 5 cm. The root length
measurement was performed by processing and analyzing
digital images, in a 20 x 20 cm grid on the soil wall of the
trenches. The trench wall was scarified with a nail roller,
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cleaned, and the exposed roots were painted with white
paint (Cintra and Neves 1996). In sequence, each root was
touched up with white synthetic enamel. The SIARCS
software (Cruvinel et al. 1996) was used for image treat-
ment, providing as output the root density (cm cm™?).

Results and Discussion
Soil Wetting Profile

In the time of soil wetting measurements (55 to 120 days
after cutting), total precipitation was 52 mm and 85% of
this was concentrated in two days at the beginning of the
data collection period. During this same period, the refer-
ence evapotranspiration (ETo) summed 312 mm, resulting
in a daily average of 4.7 and 260 mm total water deficit.
Thus, the major sugarcane water supply was provided by
irrigation. The soil water profiles for each irrigation level
are presented in Fig. 2. For better reader visualization, a
mirroring of all the isoline maps hereafter was produced,
assuming an isotropic behavior of the variable, in relation
to the dripper tube location.

In the first 0.40 m soil layer, the moisture content at
field capacity and permanent wilt point conditions is 13.25
and 4.45 cm® cm ™3, respectively (Table 1). In this layer,
the W1, W2, W3, and W4 treatments gave averaged soil
water content 8.5, 10.5, 11.5, and 12.5 cm’® cm_3, respec-
tively. These values corresponded to soil water storage
capacity depletion of 55, 33, 22, and 11%, respectively. For
sugarcane, Pires et al. (2008) recommend that the soil
moisture depletion should not exceed the range of 50 to
65% of the water storage capacity. Considering the 0-0.20
and 0.20-0.40 m averaged soil water retention curve, the
continuous highlighted line in Fig. 2 defines the isoline
corresponding to the limit of 50% water storage: above that
isoline is the area where soil water is below so-called
“readily available water” for sugarcane. This area
decreases as the irrigation level increases and represents
25, 31, 18, and 4% of the total area of the observed profile,
for treatments W1, W2, W3, and W4, respectively.
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In both W1 and W2 treatments, a significant part of the
profile presented a wetting pattern below the limit of 50%
of soil water storage capacity. This happened just in the
root zone of the crop (Figs. 2a and 2b). Conversely, for
most of the profile under W4 treatment, the soil water
content remained above the soil field capacity, which is
19.2 cm® em ™ for the 0.40 to 0.60 m soil layer (Table 1
and Fig. 2d). In treatments W3 and W4, a water capillary
rising occurs, in relation to the water emission point, which
results in a condition that is more favorable for moistening
the superficial part of the soil profile.

The cohesive soil layer is associated with low perme-
ability and hydraulic conductivity (Cintra 1998; Santos
et al. 2019), which affects the soil water dynamics, pro-
moting lateral water movement and superficial rainwater
accumulation. From this point of view, in a superficial drip
irrigated system would be expected an accumulation zone
of irrigation water just above the cohesive soil layer.
However, in the present study, we assumed that the sub-
surface irrigation system, combined with a long-term low-
frequency water application, allowed to overcome the
lower hydraulic conductivity, and resulted in a lateral
distribution and accumulation of moisture in a deepest part
of the soil profile, indicating a water accumulation zone
(Figs. 2c and d).

The pyramidal shape of the wetted bulb differs from the
elliptical shape usually found in laboratory tests (Fan et al.
2018). This wetting pattern indicates that, beyond the
capillary rise suggested above, water loss through deep
percolation, resulting in a possible anaerobic condition for
crop roots. Despite that, even for the highest depth of
applied water, aerial growth of stem roots was not found in
the field. Aerial root growth was observed by Tetsushi and
Karim (2007) in an environment of soil water saturation.

Soil Mechanical Resistance to Root Penetration (PR)

Considering the sandy characteristic of the upper layer
(Table 1), the soil moisture influence on PR is small. For
the 0.20 to 0.40 m layer, the existence of the cohesive layer
from a pedogenetic source resulted in an increase in the soil
density and PR values, causing the moisture to play a major
role in the expression of the cohesive soil layer. For each
soil layer evaluated in the present study, Table 2 shows the
exponential regression equations for estimating PR from
soil moisture.

The application of the PR x 6 mathematical models
from Table 2 to the soil moisture values from each eval-
uated irrigation management condition (Fig. 2) allowed to
build the PR profiles associated with these managements
(Fig. 3). For all irrigation managements, the soil layer
which remained with PR values below 2.0 MPa was
delimited by soil depth ranging from 0.20 to 0.30 m.

As the irrigation depth increased, the estimated PR
values decreased in the deeper soil layers. For treatment
W1, the soil wetting pattern resulted in PR above 4.0 MPa
at a depth below 0.25 m. For treatments W2 and W3, the
wetting bulb resulted in a central and well-defined zone of
the soil in which the PR value was reduced, even in the
region where the cohesive layer is found (Figs. 3b and c).
In this central region (just below the dripper tube), the PR
values ranged from < 2.0 to 4.0 MPa for all irrigations
levels, while in the lateral and deeper part of the profile
they reached up to 10.0 MPa (Fig. 3a). In addition to
increasing the area of the soil profile with PR up to
2.0 MPa, in treatment W4 the greater lateral distribution of
the wetting bulb resulted in PR values between 2.0 and
4.0 MPa for most of the soil below 0.30 m.

Even though increasing soil moisture decreased the
intensity of the subsoil cohesive character, it was not
enough to reduce the PR below 2.0 MPa. Considering the
PR versus 0, regression equation determined for each layer
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Table 2 Exponential regression equations for estimating PR (MPa) from volumetric soil moisture (6v)

Soil layer Model R?

0-0.20 m PR = 1.26, ¢~ !3:07- O 0.62
0.20-0.40 m PR = 13.01. g ' 119 Ov 0.54
0.40-0.60 m PR = 37.69. ¢ '2°8 v 0.65

Fig. 3 Soil resistance profile to
root penetration (MPa) as a

distance from dripper - m
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(Table 2), for the two deeper layers, the soil moisture
necessary for PR not to be restrictive (< 2.0 MPa) is bigger
than soil moisture at the field capacity condition—Table 1
(0.14 cm® cm ™ in the 0.20-0.40 m layer and 0.19 cm” -
cm ™ in the 0.40-0.60 m layer). Therefore, the limiting
factor for root development is not the water available
(deficit or surplus), but the mechanical resistance to root
penetration, which provides an optimal hydric interval
(OHI) condition close to zero. For all irrigation levels, PR
ranged from 0.3 to 9.6 MPa. The PR values estimated here
were higher than those measured in Oxisols by Pereira
et al. (2002), Souza and Alves (2003), and Baquero et al.
(2012), which reached up to 3.5 MPa in the first 0.40 m of
soil depth but were lower than those found by Silveira et al.
(2010) in Ultisols cropped with citrus, with 8.67 and
9.78 MPa in layers 0-0.20 and 0.20-0.40 m, respectively.

Sugarcane Rooting Pattern

The roots were superficially spread and limited to the first
0.35 m in depth for all irrigation depths applied (Fig. 4).
Regarding lateral growth pattern, roots were concentrated
at 0.6 m from the dripper tube, except for treatment W4, in
which roots were spread beyond 0.80 m. (Fig. 4d).

Considering the entire soil profile, the extreme values of
root density—darker blue areas in Fig. 4—were observed in
treatments W2 (4.57 cm cm %) and W4 (3.27 cm cm ™ 2).
This similarity of root density for all irrigation levels is also
in line with the results reported by Landell et al. (2005) for
the varieties IAC93-3046 and TAC87-3396.
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The values of root density for different soil depths and
lateral distance from the dripper tube are presented in
Tables 3 and 4. Based on the ANOVA, the F test revealed
no significant effect (p > 0.05) from the irrigation levels
factor on sugarcane root density. There was also no sig-
nificant interaction (p > 0.05) for irrigation level versus
soil depth interaction, meaning that the irrigation level
effect on sugarcane root density was similar for all soil
depths evaluated. As expected, there was significant vari-
ance (p < 0.05) in the root density with respect to soil
depth (Table 3).

The root density on the topsoil layer (0.0-0.15 cm)
differed significantly (p < 0.05) from that measured in the
layer immediately below (0.15-0.30 cm) in relation to W1,
W2, and W3 irrigation treatments. In these two layers, the
root density was significantly greater (p < 0.05) than that
observed in 0.30-0.45 m and 0.45-0.60 m layers for W1,
W3, and W4 irrigation levels. Sugarcane showed a super-
ficial rooting pattern for all irrigation treatments, with the
two upper layers, corresponding to the soil depth of
0.0-0.30 cm, concentrating 95% of the total roots.

Based on the ANOVA, for the lateral pattern of root
distribution (Table 4) the F test revealed no significant
effect (p > 0.05) of the irrigation levels factor when con-
sidering the entire soil profile. Also, there was no statistical
significance (p > 0.05) for interaction between irrigation
levels and lateral distance of the roots from drip tube
interaction, indicating that the sugarcane root density in the
lateral distances from drip tube evaluated does not depend
on the irrigation level applied. There were significant
(p < 0.05) differences in root density with respect to the
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Table 3 Sugarcane root density for different soil depths and irrigation levels
Depth (m) Wil W2 W3 W4 Mean Wil W2 w3 W4 Mean
Root density (cm cm™2)? %
0.0-0.15 0.534a 0.640a 0.555a 0.542a 0.568 62 71 64 56 63
0.15-0.30 0.283b 0.222b 0.276b 0.369a 0.287 33 25 32 38 32
0.30-0.45 0.040c 0.030b 0.030c 0.042b 0.035 5 3 3 4 4
0.45-0.60 0.009¢ 0.008b 0.009¢ 0.013b 0.010 1 1 1 1 1
Mean 0.286 ™ 0.297 ™ 0.287 ™ 0.318 ™
aAveraged root density comprising 0.8 m lateral distance from dripper
- Means followed by the same letter, in the column, do not differ from each other by the Tukey test (p < 0.05)
- W1-40% ETo, W2-70% ETo, W3-100% ETo and W4-130% ETo
Table 4 Sugarcane root density for different lateral distances (m) from dripper tube and irrigation levels
Lateral 0-0.20 0.20-0.40 0.40-0.60 0.60-0.80 0-0.20 0.20-0.40 0.40-0.6 0.60-0.80
dist. (m)
Root density (cm cm™2)* %
Wi 0.326a 0.307a 0.158ab 0.075b 38 35 18 9
w2 0.323a 0.409a 0.118b 0.051b 36 45 13 6
W3 0.308a 0.331a 0.186ab 0.045b 35 38 22 5
W4 0.312a 0.354a 0.196ab 0.105b 34 39 18 9
Mean 0.317a 0.350a 0.165b 0.069¢ 36 40 18 7

aAveraged root density from topsoil to 0.6 m depth

- Means followed by the same letter, in the line, do not differ from each other by the Tukey test (p < 0.05)

- W1-40% ETo, W2-70% ETo, W3-100% ETo and W4-130% ETo

lateral distance from drip tube (Table 4). For all treatments,
94% of roots were concentrated within an area 0.60 m
away from the drip tube. In this range, there was no dif-
ference between 0.0 and 0.20 cm, 0.20-0.40 cm, and
0.40-0.60 cm distance segments for W1, W3 and W4.
Although some studies (Vasconcelos and Casagrande
2008; Smith et al. 2005; Carr and Knox 2011) indicate that
the sugarcane root system has the potential to reach up to

4 m, predominantly observed pattern of root distribution
was shallower and approximately 80% of the roots are
found in the first 0.40 m of depth. In addition to soil, other
factors can contribute to (1) More superficial pattern of
rooting in sugarcane, for instance: a. irrigation applied at
high frequency; (2) Evidence showing that the root system
is not completely replaced when ratooning occurs, and (3)
It is possible that improvements in yield through breeding
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have come at expense of roots (Smith et al. 2005). Besides
that, varietal differences (Vasconcelos and Casagrande,
2008) and timing of root sampling along the crop cycle
(Laclau and Laclau 2009) constitute factors which deter-
mine sugarcane rooting pattern. Otto et al. (2009), by using
the monolith method for root sampling, observed 87% of
the sugarcane roots are found in the first 0.40 m of depth.
Ohashi et al. (2015), when evaluating three sugarcane
cultivars in oxisols, reported a similar rooting depth. Other
authors (Medina et al. 2002; Baquero et al. 2012) also
observed the small depth of rooting in sugarcane. Other-
wise, Battie-Laclau and Laclau (2009) in a Xanthic Fer-
ralsols (FAO classification) without any physical or
chemical barrier, observed the maximum depth reached by
sugarcane roots at the harvest was 4.7 and 4.25 m in the
rainfed and irrigated crop, respectively and 50% of root
intersects were observed bellow 1.0 m, in the two water
supply regimes.

In the present study, the subsurface drip irrigation sys-
tem with the installation depth of the dripper of 0.25 m-—
close to the maximum crop roots depth-imposes a great
challenge for both rational irrigation management and crop
fertigation to avoid water percolation and nutrients leach-
ing. Subsoiling has been the main management tool
worldwide used to overcome problems related to cohesive
layers (Shukla et al., 2017). Biological practices could also
be effective in improving root environment-soil water
movement and soil gas exchange-by increasing biopore
number or total soil porosity. Cintra et al. (2006) when
growing Crotalaria spectabilis (Fabaceae) previously the
sugarcane planting; found higher root density at deeper
layers, compared to use of organic composts applied in the
bottom of the plowing furrow of the sugarcane cropping.

From the present results, a relationship between the
level of soil wetting and the density of roots has not been
clearly established. The average root density in the entire
soil profile ranged from 0.286 cm cm™? in treatment W1 to
0.318 cm cm™ 2 in treatment W4 (Table 3). The highest
root densities were observed in the soil layer 0.0-0.15 m,
which averaged 0.568 cm cm ™2 (63% of total roots), lower
than that found by Ohashi et al. (2015), who found root
density of 0.75 cm cm™2 cropping sugarcane cultivar
SP79-1011 in Oxisol, which had a 0.20-0.40 soil layer
presenting a RP ranging from 2.5 to 3 MPa.

Overlapping the PR profiles (Fig. 3) and the rooting
profiles (Fig. 4), we can see that the limit of root depth
matches the 2.0 MPa isoline; this value is often found in
the literature as being critical for most agricultural crops
root development (Tormena 1998; Hamza and Anderson
2005; Cherubin et al. 2016).

@ Springer

The assertion that moisture reduces the effect of the
cohesive layer (Jacomine 2001; Bezerra et al. 2014; Santos
et al. 2018; Silva et al. 2020) proved to be true in the light of
the field results obtained. However, the reduction occurred to
an insufficient magnitude to promote the development of
sugarcane root in depth. Although the higher irrigation
depths (W3 and W4) resulted in a significant PR decrease, in
the area underlying the dripper, the values observed
remained above 2.0 MPa. In sugarcane cultivar SP81 3250,
the growth of the roots was not affected when the PR was
lower than 0.75 MPa but decreased significantly between
0.75 and 2.0 MPa; the growth was severely restricted when
the PR was higher than 2.0 MPa (Otto et al. 2011). For the
RB96-6928 cultivar cropped in Oxisoil, Barbosa etal. (2018)
observed PR values greater than 1.5 MPa severely restricting
the root system, while in a clay soil such restriction occurred
at values above 2.5 MPa.

Even considering the physical limitation imposed by the
cohesive layer on root system deepening and that irrigation
was not able to mitigate this limitation, the increasing
levels of irrigation resulted in an exponential productive
response of sugarcane. The yields were 114.4, 120.9,
123.9, and 122.1 Mg ha™! for treatments W1, W2, W3,
and W4, respectively. These yields are bigger than the
obtained by Dantas Neto et al. (2006) in a sandiest irrigated
soil and under similar climate characteristics, but lower
than 180-200 Mg ha™' obtained by Andrade Junior et al.
(2017), when cropping sugarcane drip irrigated in oxisol
without occurrence of cohesive soil layer. Thus, we
assumed that irrigation applied at high frequency, com-
bined with the management of fertigation acted as com-
pensatory factors to the limitations of the root development
of sugarcane. Therefore, considering that there was no
significant relationship between sugarcane yield and total
rooting, the question that remains is what would be
expected sugarcane yield in the absence of soil cohesive
layer? For comparative purpose, when cropping RB 96,579
variety in production fields of Coruripe Mill, the historical
yield data for drip-irrigated sugarcane averaged
98 Mg ha™', but with a wide range of 50 to 270 Mg ha™"
(database of the Coruripe Mill-data unpublished).

Although the drip irrigation method is associated with
higher water use efficiency, the data presented here show
that for soils with a subsurface impediment or cohesive
layer, the subsurface drip system needs to be better eval-
uated, since the wetting bulb formed may not coincide with
the so-called “effective rooting depth”. In this case, a low
efficiency both of water application and, consequently, of
macro and micronutrient absorption by the crop (if its
application is via irrigation water) are expected.
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Conclusion

Under subsurface drip irrigation, the water dynamic in the
soil profile with cohesive layer resulted in a soil-wetting
pattern that did not match the sugarcane rooting profile.
Although capillary rise of water favored the moistening of
the upper part of the soil profile, in the lower part there was
water loss by deep percolation, implying in decrease in
both the water and fertigation efficiency.

Regarding the soil mechanical resistance to root deep-
ening, although the soil wetting provided by irrigation
reduces the effect of the soil cohesive layer, such reduction
was insufficient to allow adequate deepening of the sug-
arcane root system. Thus, the root development of sugar-
cane cultivar RB 867,515 was restricted by the limit of
2.0 MPa of the soil mechanical resistance to root
penetration.
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