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Abstract
This study determines the cause of soil erosion in red soils in sugarcane fields, especially even with the use of subsoiling 
fissures, and to compare the effectiveness of a novel artificial linear-macropore with the insertion of fibrous material into 
the fractures. Four column treatments (tillage, subsoiling, linear-macropore with plant residue fillings, and no-tillage-with-
mulching) were established. A subsoiler was used to break up hard soil layers to enhance infiltration, whereas mulching 
reduced the impact of raindrops on the soil. Sugarcane residue was inserted in the empty fissure to reinforce the structure, 
making linear macropore. Simulated rainfall with 20  mmh−1 was applied to the soil surface for 6 h per day for two days. 
Surface runoff, soil erosion, and drainage were measured during each run. Erosion was minimal (1/7 reduction), and bottom 
drainage was observed in the linear-macropore and no-tillage-with-mulching plots. Conversely, due to the formation of an 
impermeable layer or surface crust, high erosion (0.282 t-C  ha−1  yr−1) and decreased drainage levels were detected in the 
subsoiling and tillage plots. Moreover, the aboveground protrusion of fibrous material at the linear-macropore maintained 
infiltration, even following crust formation. Field application of these four management strategies revealed the effectiveness 
of linear-macropore and mulching in reducing surface flow. Linear-macropore application maintains appropriate levels of 
infiltration, and insertion of plant residue fillings reinforces the macropore structure while also avoiding clogging. Hence, 
the linear-macropore scheme may represent an effective strategy for reducing surface runoff and red soil erosion.
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1 Introduction

In the Okinawa region of Japan, which is located in the sub-
tropical zone, red soil runoff causes loss of nutrient-rich 
topsoil, leading to reduced agricultural productivity. Agri-
cultural surface soils contain a large amount of organic mat-
ter, while soil erosion, which occurs with surface flow, also 
significantly disrupts the terrestrial carbon budget (Wang 
et al. 2017). In addition, tropical soils are inherently vul-
nerable to organic matter loss due to rapid weathering and 

thin organic matter layers caused by intense solar radiation 
and poor land management (Guillaume et al. 2015). Under 
these conditions, the impact of soil erosion due to heavy 
rainfall is likely significant (Lal 2001). The eroded topsoil 
is then transported into the ocean, adversely affecting coral 
reef ecosystems, which require clear, nutrient-poor waters to 
grow (Ikeda and Kan 2014). Agricultural land is responsible 
for most of the erosion of red soil (Nakasone et al. 1998). 
During the early stages of cropping, a significant proportion 
of agricultural land is bare, thus highlighting the need for 
improved measures to reduce surface runoff and soil erosion.

There are several measures that can be taken to prevent 
soil erosion as part of agricultural practices. For instance, 
mulching with sugarcane residue and no-till farming effec-
tively reduce red soil erosion (Noda et al. 2009; Osawa 
et al. 2005; Tebrügge and Düring 1999). In no-till farming, 
sugarcane residue acts as a mulch to mitigate the effects 
of raindrops, thereby preventing red soil erosion. In fact, 
no-till cultivation techniques are becoming increasingly 
popular globally, as means to reduce soil movement toward 
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lower elevation (Komissarov and Klik 2020), reduce soil 
compaction by heavy machinery (Richard et  al. 2001), 
reduce global warming (Yagioka et al. 2015), and increase 
biological diversity (Miura et al. 2016). In contrast, tilling 
destroys soil aggregates, increases contact with oxygen, and 
tends to accelerate organic matter decomposition (Six et al. 
2000). Although the application of no-tillage has gradually 
increased within the Okinawa region, yields have contin-
ued to decrease in semi-humid and humid areas (Kanazawa 
1995). Moreover, the aversion of farmers to landscapes with 
plant residues and weeds has limited the application of no-
till farming.

To avoid soil erosion while mitigating the current reduc-
tion in revenue and landscape degradation, the primary 
research focus has shifted toward investigating subsoil 
crushing management, which can be accomplished with 
machinery and does not negatively impact the landscape. 
More specifically, this strategy improves permeability by 
crushing hard soil layers to create fissure-like gaps and is a 
management technique described in the sugarcane cultiva-
tion guidelines (Okinawa Prefecture 2014). However, it is 
unclear how long this technique, developed in the temperate 
zones, will remain effective when exposed to the heavy rain-
fall unique to subtropical regions. In particular, within the 
subtropical climate of the Okinawa region, subsoiler treat-
ments that create vertical fissures may initially prove effec-
tive; however, the intense rainfall and the typhoons passing 
through the subtropical zone may ultimately cause erosion, 
resulting in small particles clogging subsoil cracks. Accord-
ingly, we have adopted an artificial macropore system to 
address red soil erosion.

Artificial macropores are constructed to mimic the struc-
tural characteristics of root pores in natural soils (Mori et al. 
1999a, b) while also promoting vertical infiltration and hori-
zontal diffusion (Mori and Higashi 2009; Mori et al. 2013). 
Solute transport through artificial macropores has been 
investigated numerically (Lamy et al. 2009) and experimen-
tally (Gjettermann et al. 2004), and this preferential flow 
enhanced salt leaching in the arid area (Zhang et al. 2021).

In previous studies, artificial macropores—cylindrical 
pores filled with fibrous material—were introduced to the 
soil (Mori and Hirai 2014; Mori et al. 2014). As empty 
macropores are prone to collapse and clogging, fibrous mate-
rials are inserted to reinforce the structure and induce water 
flow through capillary forces (Mori and Hirai 2014). Appli-
cation of this process has successfully enhanced infiltration, 
increased the soil organic matter content, and nearly doubled 
plant biomass production at a faster rate than expected (Mori 
et al. 2014).

Therefore, in the current study, we describe a novel arti-
ficial macropore design based on the insertion of fibrous 
material into a subsoiling gap. As this strategy represents 
the linear form of a cylindrical artificial macropore, we 

have designated it linear macropore. The fibrous mate-
rial used was sugarcane leaf residue (locally available and 
easily accessible) from agricultural land. The primary 
objective of this research was to evaluate soil surface 
management, namely, tillage, subsoiling, no-tillage-with-
mulching, and a linear-artificial-macropore, to reduce 
surface runoff and red soil erosion. Simulated rainfall 
was applied to observe surface runoff and sediment loss. 
Moreover, a 2D numerical simulation was conducted to 
assess surface flow and infiltration.

2  Materials and Methods

2.1  Examined Soils

A soil prone to erosion was sampled from a sugarcane 
field (24°21′56'' N, 124°07′34'' E) located in the south-
western region of Ishigakijima Island, Okinawa, Japan. 
The mean annual temperature and precipitation from 1981 
to 2010 were 24.3 °C and 2106.8 mm, respectively (Japan 
Meteorological Agency 2023). Soils were Kunigami Mahji 
(Onaga and Gibo 1984), or Haplic Acrisols (Chromic) 
(World Reference Base for Soil Resources 2006). The 
sugarcane field was ~ 80 m long and sloped 3% from west 
to east, which is the standard on Ishigakijima Island.

The characteristics of this soil are listed in Table 1. The 
hydraulic conductivity at 0–10 cm depth measured with 
the core sample was 3.16 ×  10–4 cm  s−1. The sample col-
umn was filled with soil samples that were passed through 
a 2-mm sieve at a dry density of 1.20 Mg  m−3 and with an 
initial volumetric water content of 0.15  m3  m−3 to match 
the field conditions.

Table 1  Characteristics of examined soil

The numbers in parentheses show standard deviations

depth (cm)

0 cm 10 cm 30 cm

Sand 38.22(7.30) 28.53(7.51) 23.97(4.33)
Silt 40.35(3.07) 47.27(7.23) 48.05(4.37)
Clay 21.43(4.90) 24.2(0.30) 27.98(2.33)
TC(%) 1.73(0.93) 1.10(0.19) 0.91(0.02)
TN(%) 0.172(0.111) 0.115(0.004) 0.113(0.006)
K(mg 100  g−1) 27.2(7.1) 19.2(6.1) 15.1(3.9)
P(mg 100  g−1) 3.70(2.95) 1.15(0.66) 1.05(0.40)
Mg(mg 100  g−1) 25.5(14.7) 20.6(3.0) 17.4(1.3)
Fe(mg  kg−1) 0.407(0.155) 0.329(0.004) 0.272(0.017)
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2.2  Column Setup

Figure 1 shows a schematic of our experimental apparatus. 
Acrylic columns (inner diameter 4.9 cm, height 10 cm) were 
used in the setup. A small hole (inner diameter: 1 cm) was 
made immediately beside the soil surface to collect surface 
water. When the rainfall intensity exceeded the infiltration 
capacity of the soil, the surface layer became slightly flooded 
and tiny pools of water appeared. Once flooding occurred, 
surface runoff water was captured, as shown in Fig. 1. For 
effluent sampling, rectification plates with multiple holes 
(0.2 cm diameter) and a nylon mesh were placed at the bot-
tom of the column to prevent soil particle loss while collect-
ing the effluent.

The surface runoff and downward drainage water were 
measured with an electronic balance connected to a PC and 
recorded at 5-min intervals. The sampled surface water con-
taining sediment was oven-dried at 105 °C, and the amount 
of sediment discharge was measured.

2.3  Simulated Field Management

We simulated four types of sugarcane cultivation manage-
ment schemes (Fig. 1), namely, (1) tillage, (2) tillage plus 
subsoil treatment (empty fissure), (3) tillage plus subsoil 
treatment with sugarcane leaf residue (linear macropore), 
and (4) no-tillage with mulching. In the tillage plot, the soil 
surface was lightly scratched after repacking. In the no-
tillage plot, air-dried sugarcane residue from the field was 
spread evenly over the soil surface, as no-tillage manage-
ment often includes the distribution of intact plant residues 

in the field. For the subsoiling treatment, after repacking 
the soil, fissures (4.9 cm long, 0.5 cm wide, and 5 cm deep) 
were cut with a soil knife (Fig. 1). Moreover, for the linear-
macropore treatment (Fig. 1), we inserted sugarcane leaf 
residue into the fissures at a density of ~ 0.1 Mg  m−3. The 
sugarcane leaf residue was placed such that the ''heads'' 
protruded above the soil surface to prevent clogging under 
flooding conditions (Mori et al. 2014).

2.4  Simulated Rainfall

Given that the impact of raindrops during heavy rain is a 
vital factor to consider when simulating surface management 
effects, we developed a rainfall device that ''drips'' water 
droplets randomly and equally across the soil surface by four 
needles. Droplet release was controlled by the pressure from 
a pump, gravity, and friction at the inner wall of the release 
needle. Here, the friction should be sufficient to resist grav-
ity. Otherwise, the release would be primarily controlled 
by gravity, preventing a consistent rainfall between the four 
needles and spatial distribution on the soil surface. Five 
needle types (18, 20, 22, 27, and 30 G) were tested in the 
device (Fig. 1), and preliminary rainfall experiments were 
conducted at a rainfall intensity of 20 mm  h−1. The data fluc-
tuation, i.e., the coefficient of variation (CV), was affected 
by the inner diameter of the needles (Table 2). As the 27 G 
needle (inner diameter 0.2 mm, outer diameter 0.41 mm, 
and length 12.7 mm; DPN-27G-1, Musashi Eng. Co. Ltd., 
Tokyo) exhibited the smallest fluctuation, it was selected 
for further experimental use. The pump feeding rate was 
adjusted for the 27 G needle to apply 20 mm  h−1 of rainfall.

Fig. 1  Schematic diagram of the 
experiment. Four types manage-
ment were employed, that were 
(1) tillage, (2) subsoiler (empty 
fissure, width 5 mm depth 
50 mm), (3) subsoiler with 
sugarcane leaf residue inserted 
(linear macropore), and (4) no-
tillage with mulching
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The rainfall device was mounted 3.3 cm above the soil 
surface, and rainfall was produced via a microtube pump 
(PSM 050DA, Advantec, Tokyo) with 2 × 4-mm silicon 
tubes (AS-ONE Corporation, Osaka). The simulated rain-
fall was applied for 6 h at an intensity of 20 mm  h−1 (total 
amount 225 mL) to match the local conditions. We selected 
20 mm  h−1 as strong rainfall (Japan Meteorological Agency 
2023), lower than the 25 mm  h−1 reported by Hudson (1981), 
to observe the initial runoff and erosion under typhoon or 
heavy rain conditions that could cause soil erosion. The sim-
ulated rain was reapplied under the same conditions 24 h 
after the end of the first rainfall period, as natural rain occurs 
intermittently. The experiment (two simulated rainfall peri-
ods) was repeated three times for each type of soil surface 
management.

2.5  Two‑dimensional Numerical Simulation 
of Water Flow

The infiltration process in the sample columns was simulated 
using the HYDRUS (2D/3D) software (PC-PROGRESS, 
Prague, Czech Republic), which can simulate water and 
solute transport in variably saturated soils (Simunek et al. 
2007). Calculations were performed for the four soil man-
agement methods. The same rainfall intensity of 20 mm  h−1 
as in the column experiment was used for the two-dimen-
sional simulations.

The calculation domains with and without macropores 
were set to observe different surface runoff and downward 
movements caused by the different soil surface treatments. 
We also simulated conditions with/without a surface crust, 

as a surface crust, or impermeable layer, may form on the 
soil surface when erosive soils are exposed to rain drop 
impact. In addition, we assessed the mulching effect by 
applying a 5-mm plant residue layer on the soil surface. The 
van Genuchten parameters (van Genuchten 1980; Mualem 
1976) used in the calculation domain are listed in Table 3.

2.6  Preliminary Farming using the Four Treatments

The goal of this study was to develop a soil erosion control 
strategy that farmers can implement. Experiments on a small 
scale were conducted first, as these treatments, if applied in 
a farmer's field without evaluation, could affect the entire 
sugarcane crop and the surrounding water environment dur-
ing the crop season to the detriment of the farmer. Therefore, 
after obtaining initial data and confirming the validity of 
the experiment, the same four treatments were applied on 
the actual farm with the farmer's permission to ensure the 
representativeness of this experimental setup. The depth and 
width of the fissures were 25 and 5 cm, respectively, and 
sugarcane leaves were inserted at a density of 0.1  m3m−3.

3  Results

3.1  Surface Runoff and Infiltration/Drainage

During the first rainfall period from 0–60 min, most rainfall 
infiltrated into the soil, and surface runoff water was rarely 
observed in any treatment (Fig. 2a). After 60 min, surface 
runoff water gradually became noticeable in the tillage and 
subsoil treatments, with significant surface runoff detected 
in the latter. By the end of the first rainfall period, approxi-
mately half of the rainfall flowed from the surface. Surface 
runoff began in the linear-macropore and no-tillage-with-
mulching treatments 130 min after rainfall initiation. The 
cumulative surface runoff water at the end of the first rainfall 
period was ~ 15–20% of the applied rainfall volume.

During the second rainfall period (Fig. 2b), the largest 
amount of surface runoff water was observed in the sub-
soil treatment (~ 86%), followed by the tillage, no-tillage-
with-mulching, and linear-macropore treatments (~ 70% 
each; Fig. 2b). Moreover, during the second rainfall period, 
the time at which surface runoff became apparent differed 

Table 2  Selection of needle gauge for simulated rainfall

20 mm   h−1 of rainfall was applied, and 5 mm   h−1 was expected for 
each needle

Gauge size O.D. I.D. Average S.D. C.V.
(unit) mm mm mm/h mm/h

18G 1.27 0.84 5.52 7.48 1.36
20G 0.91 0.58 5.43 4.21 0.78
22G 0.71 0.41 5.25 1.93 0.37
27G 0.41 0.20 4.64 0.16 0.03
30G 0.31 0.13 5.58 0.27 0.05

Table 3  van Genuchten 
parameters for 2D simulation

θr θs α n Ks (mm h−1) l

Red soil 0.050 0.448 0.015 1.233 13.96 0.5
Air 0.001 1 24 3 9936 –3
Macropore 0.037 0.832 0.154 2.103 92880 0.5
Crust 0.086 0.38 0.0008 1.09 0.5 0.5
Plant residue 0.045 0.430 0.145 2.68 297 0.5
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significantly from that of the first rainfall period. That is, sur-
face runoff was generated in all treatments within 15–20 min 
of rainfall initiation. The cumulative surface runoff water 
increased significantly for all treatments relative to the first 
rainfall period, as the soil was relatively saturated at the 
initiation of the second rainfall period.

Additionally, within the first 90 min of the first rainfall 
period, drainage water was detected in all treatments at 
the bottom of the samples (Fig. 2c). Although the average 
cumulative drainage amount differed among treatments, 
that for the linear-macropore and no-tillage-with-mulching 
treatments was similar (~ 50%), while that in the tillage and 
subsoil treatments was ~ 25 and 15% of the applied rainfall, 
respectively.

During the second rainfall period (Fig. 2d), the cumula-
tive drainage water volume was the highest in the linear-
macropore treatment, followed by the no-tillage-with-mulch-
ing, tillage, and subsoil treatments. Similarly, the ratio of 
discharged water volume to simulated rainfall was the largest 
in the linear-macropore treatment (26%) and the smallest in 
the subsoil treatment (4%). Moreover, relative to the first 
rainfall period, drainage water was detected earlier during 
the second rainfall period. We estimated that the soil was 
close to saturation 24 h after the first rainfall period, as grav-
ity drainage rarely occurs in soil with high clay content. 
In the linear-macropore and no-tillage treatments, drainage 

was observed 15–20 min after the second rainfall initiation, 
whereas in the tillage and subsoil treatments, it was observed 
within ~ 30 and 50 min following rainfall initiation, respec-
tively. Here, we noted that a smaller amount of drainage 
corresponded to a reduced infiltration capacity.

3.2  Formation of a Surface Crust

The formation of an impermeable “crust” was detectable 
on the surface soil in the tillage, subsoiling, and linear-
macropore treatments, whereas no crust was visible in the 
no-tillage-with-mulching treatment (Fig. 3). Surface crusts 
are formed when raindrops collide with the soil surface, 
effectively detaching soil particles from the surface, which 
are carried by moving water, leading to their accumulation 
and subsequent clogging of pore spaces (Morin et al. 1981; 
Moss 1991). This process continued throughout the rainfall 
period, effectively generating a thin yet impermeable layer. 
However, covering the soil surface with sugarcane leaf resi-
due prevented the formation of a crust in the no-tillage-with-
mulching treatment.

In the subsoiling treatment, the pre-generated fissures 
were blocked, so that they were not visible at the end of the 
experimental period (Fig. 3b). However, when the column 
was cut horizontally at the midpoint, the fissures were still 
present (Fig. 3b’), indicating that only surface level clogging 

Fig. 2  Change in surface runoff 
water and drainage water during 
the first and second rainfall 
periods. a and b denote surface 
runoff; c and d denote bottom 
drainage; average data for three 
repetitions are shown
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occurred, which is characteristic of thin crust formation at 
the soil surface.

3.3  Infiltration Process and 2D‑simulation

A 2D simulation using Hydrus2D (Fig. 4) revealed differ-
ences in infiltration between each treatment after the first 
hour of rainfall in the presence or absence of crust forma-
tion. When no crusts formed, the macropore structure clearly 
promoted downward infiltration (Fig. 4b). Moreover, the 
presence of plant residues on the surface not only reduced 
the impact of raindrops but also promoted downward infil-
tration by storing water at the soil surface (Fig. 4c), result-
ing in a superior infiltration as compared to that achieved 

with tillage (Fig. 4a). These findings are consistent with 
those of Oka et al. (2022). On the contrary, when surface 
crusts formed in the top-five millimeters of the surface soil 
(Fig. 4d, e, f), minimal infiltration was observed in the case 
of tillage, which is consistent with the large amount of sur-
face flow (Fig. 2). On the contrary, artificial macropores 
which contained plant residues protruding above the soil 
(Fig. 1) allowed downward infiltration even in the presence 
of surface crusts (Fig. 4e). These findings agree with our 
experimental results (Fig. 2), in which the downward infiltra-
tion was equivalent to no tillage. However, subsoiler fissures 
were readily sealed by small particles (Fig. 3b); thus, despite 
the existence of macropore structures in the lower part of 
the topsoil (Fig. 3b'), infiltration could not be maintained 

Fig. 3  Soil surface for each 
treatment after rainfall; (a) 
tillage, (b) subsoiler, (c) linear-
macropore, (d) no-tillage-with-
mulching. b’, fissure appearance 
at the midpoint of the column, 
following sealing of the soil 
surface with small particles

No-Tillage with MulchingLinear-macropore

Tillage Subsoiler

aa bb

cc dd

bb’’

Fig. 4  2D-simulation results of 
macropore/no macropore with/
without crust formation after 
one hour of rainfall a                    b                    c                      d                    e                    f

Crust formation

Tillage Linear-Macropore Mulching Tillage Linear-Macropore
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sealed by crust
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Volumetric water content (m3m-3)
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(Fig. 4f). Hence, the subsoilers developed in temperate 
regions are not likely to function under subtropical climates 
with dispersive soils in which surface crusts tend to form.

3.4  Soil Erosion

In general, the surface runoff volume after the second 
rainfall period was more extensive than that after the first 
(Fig. 5). As the soil was saturated at the beginning of the 
second rainfall period, we observed a large amount of sur-
face water in the second rainfall period.

A substantial difference in soil erosion was observed 
among the treatments, with the tillage and subsoil treatments 
exhibiting large sediment loss, whereas the no-tillage-with-
mulching and linear-macropore treatments exhibited less 
sediment loss. While the soil surface in the tillage and sub-
soil treatments was sealed by crusts and allowed sediment 
loss, the fissures in the linear-macropore treatment, as well 
as the surface covering provided by the mulch, effectively 
reduced sediment loss despite the presence of significant 
surface water. Thus, although surface runoff was not sig-
nificantly different, soil erosion for the subsoiler and no-
tillage-with-mulching treatments was significantly different 
(Kruskal–Wallis test, 0.05%).

4  Discussions

During 180–360 min after rainfall initiation, the surface flow 
was rapidly removed; therefore, we assumed that steady-
state saturated flow was maintained. The saturated hydraulic 

conductivity was subsequently calculated in Fig. 6 using 
Eq. (1) based on the drainage water using Darcy’s law.

where H10 and L10 are equal to 10 cm and H0 and L0 are 
equal to 0 cm.

Generally, the infiltration rates during the second rain-
fall period were lower than those during the first, as surface 
conditions deteriorated following the first rainfall period. 
Moreover, substantial differences in hydraulic conductivities 
were observed between the tillage/subsoil treatments and 
linear-macropore/no-tillage-with-mulching treatments; this 
trend did not change throughout the first or second rainfall 
periods.

Given that rainfall intensity of 20  mm   h−1 
(5.56 ×  10–4 cm  s−1) was higher than the initial saturated 
hydraulic conductivity of all soils, surface flow occurred for 
all treatments, which is also possible during the storms that 
occur at the sugarcane field. However, infiltration intensities 
were significantly lower for the tillage and subsoiler treat-
ments compared with the initial conductivity (Tukey–Kramer 
test, p < 0.05), indicating that surface crust in Fig. 3 might 
cause significant negative effects during the rainfall simula-
tion. In contrast, the linear-macropore and no-tillage-with-
mulching treatments alleviated these negative effects, as dis-
cussed later. During the two rainfall periods, the infiltration 
rates decreased from  10–3.43 to  10–4.23 (1/6.31) for the tillage, 
 10–4.45 (1/10.5) for the subsoil,  10–3.84 (1/2.57) for the linear-
macropore, and  10–4.07 (1/4.36) for the mulching treatments.
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Fig. 5  Cumulative surface flow and sediment loss after the first and 
second rainfall periods. Error bars show standard errors. There was 
no significant differences in surface runoff, while sediment loss 
showed a significant difference between the subsoiler and no-tillage-
with-mulching treatments (Kruskal–Wallis test, p < 0.05). CT: con-
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Fig. 6  Hydraulic conductivity calculated during the steady state flow 
period. The initial hydraulic conductivity was independently meas-
ured. Error bars show standard errors, while lower-case letter indicate 
significance based on Tukey–Kramer tests, p < 0.05. CT: conventional 
tillage, SS: subsoiler, LM: linear-macropore, NT-M: no-tillage with 
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Next, we estimated the saturated hydraulic conductivity 
(K) of soil with a surface crust. Our observations indicated 
that the depth of the crust was only 0.5 cm, while the remain-
ing 9.5 cm of the soil remained unchanged. We calculated 
the two-layer hydraulic conductivity, setting Kc at the crust 
layer  (L1: height 10–9.5 cm) to 2.0 ×  10–6 cm  s−1 (typical for 
clay soil) and Ko to 3.16 ×  10–4 cm  s−1 (core sample from the 
field, measured without the crust) for the remaining depth 
 (L2: height 9.5 to 0 cm). Darcy’s equation for these two lay-
ers is represented by Eqs. (2) and (3):

Given that the flux, J, is the same through the two lay-
ers, we can assume that Jc = Jo. Note that L10, L9.5, and L0 
are 10, 9.5, and 0, respectively. H10 and H0 can be assumed 
to be 10 and 0, and H9.5 is unknown. By solving Eqs. (2) 
and (3), we obtained the resultant infiltration rate, Jc = Jo, 
to be 3.57 ×  10–5 cm  s−1, which was 1/8.9 of the initial 
infiltration intensity. This calculated value corresponded 
well with the decrease in the measured infiltration rate of 
1/6.31 for the tillage and 1/10.5 for the subsoiler treat-
ments (Fig. 6). We postulate that the decrease in the infil-
tration rate was caused by crust formation at the soil sur-
face, which already occurred after the first rainfall period. 
According to Onaga and Yoshinaga (1988), Kunigami 
Mahji soil is distributed over 50% of the entire Okinawa 
region and Ishigakijima Island. This soil shows a high 
rate of dispersion, i.e., the soil contains a small propor-
tion of water-resistant aggregates that readily contribute 
to the formation of crusts, leading to surface flow. As the 
infiltration capacity deteriorated, the surface flow readily 
increased (Fig. 2). The subsoil treatment is assumed to 
increase the amount of water movement in the saturated 
soil layer (Miyazaki et al. 2005); however, despite the 
advantages of subsoil treatments in the temperate zone (He 
et al. 2021), within subtropical climates, such treatment 
can be expected to dissipate relatively quickly. On the 
other hand, even with crust formation at the soil surface 
of the artificial macropore treatment (Fig. 3c), the highest 
volume of drainage water was obtained (Fig. 2d). Hence, 
the application of fibrous material within the vertical gap 
successfully reinforced the structure of the linear artificial 
macropore and maintained its infiltration capacity, even 
after crust formation. In contrast, no crust was formed 
in the mulching treatment as the plant residues likely 
dampened the impact of the rain, thus preventing crust 
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formation, which was corresponded well with Adekalu 
et al. (2007).

We calculated the water mass balance (Fig. 7a, b) after 
the first and second rainfall periods. The fraction of each 
component, as well as the surface flow, soil water content, 
and drainage, clearly showed water movements that reflected 
the aforementioned findings. Moreover, the 2D simulation 
results were converted to a mass balance (Fig. 7c) using an 
initial water content of 15% for no crust formation, while 
40% were used for crust formation, as soils were saturated 
before initiating the second run. The calculated results with 
no crust formation (left three simulations in Fig. 7c) showed 
a similar trend as the experimental results in the first rain-
fall period (Fig. 7a), showing that the subsoiler treatment 
had almost the same effect as the tillage or no macropore 
treatments.

For crust formation (right three simulations in Fig. 7c), 
the tillage in Fig. 7c was similar to that in Fig. 7b, the second 
rainfall period. In addition, the subsoiler sealed by a crust 
(Fig. 7c) was similar to that in Fig. 7b, indicating dysfunc-
tional subsoilers. The drainage in the macropore in Fig. 7c 
was more extensive than that in Fig. 7b; however, the results 
clearly showed that the artificial macropore structure, rein-
forced by fibrous material protruding above the soil surface, 
worked effectively for infiltration/drainage, even with crust 
formation. These simulation results confirm the experimen-
tal results in Fig. 7a, b.

The above surface flow or surface crust affected soil ero-
sion. The 0.07 g of sediment lost per 120 mm of rainfall 
in the tillage and subsoil treatments (Fig. 5) was converted 
to 774 kg/ha/1,000 mm of rain, which was relatively close 
to the value reported for conventional tillage (1,200 kg/
ha/1,000  mm) (Oka et  al. 2022). Ishigakijima Island, 
Okinawa, Japan, has an annual rainfall of 2,106.8  mm 
(1981–2010, Japan Metrological Agency), and the sur-
face soil has a carbon concentration of 1.73 g-C/100 g-soil 
(Table 1), with the resulting soil carbon loss estimated as 
0.282 t-C  ha−1   yr−1. Such significant carbon loss would 
negate the 0.1–0.7 t-C  ha−1  yr−1 carbon increase in cultivated 
fields within other regions (Hillel and Rosenzweig 2009). 
Therefore, the 0.01 g of soil lost per 120 mm of rainfall for 
the linear-macropore and no-tillage treatments (Fig. 6) can 
be considered a significant reduction relative to the other 
experimental cases. Moreover, the observed 1/7 reduction 
is reasonable, considering that Osawa et al. (2005) reported 
a reduction factor of 1/6.6 for a no-tillage treatment plot. 
Therefore, the linear-macropore treatment could be applied 
to sugarcane fields, along with the no-tillage treatment.

Finally, to evaluate these effects under actual rain-
fall, we conducted a field experiment, employing the 
four approaches (tillage, subsoil, linear-macropore, and 
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no-tillage-with-mulching treatments). Figure 8 presents 
images captured after 9.5 mm  h−1 of rainfall at 11:30 am on 
December 27. Continuous rainfall occurred at 08, 09, 10, 11 
a.m., and 12 p.m., with 2.0, 7.5, 3.5, 9.5, and 5.5 mm of pre-
cipitation, respectively. Water ponding was clearly observed 
in the tillage and subsoil plots; however, it was absent from 
the linear-macropore and no-tillage plots. Furthermore, less 

surface soil was lost from the linear-macropore and no-till-
age plots compared with that from the tillage and subsoil 
treatment plots. While we are aware of the limitations of 
applying these experimental results to the field, these pre-
liminary results provide sufficient theoretical evidence for 
potential field applications in sugarcane fields during the 
next season.

Fig. 7  Mass balance of water 
for experiments (a, b) and 
2D-simulation (c). Error bars 
were added to surface runoff 
and drainage while the soil 
water showed saturated water 
content. The horizontal line 
denotes the sum of the initial 
and applied water volume. CT: 
conventional tillage, SS: sub-
soiler, LM: linear-macropore, 
NT-M: no-tillage with mulching

a. first rainfall b. second rainfall
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Fig. 8  Preliminary field appli-
cation of the four treatments 
(a) tillage, (b) subsoiler, (c) 
linear-macropore, (d) no-tillage-
with-mulching. Photos were 
captured on the same day at the 
same time
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5  Conclusions

The following conclusions can be drawn from the appli-
cation of the four different soil management strategies to 
mitigate the erosion of red soil.

Among the four treatments, the no-tillage and linear-
macropore treatments successfully reduced surface runoff and 
sediment discharge. In the no-tillage treatment, the use of plant 
residues reduced the impact of raindrops, thus preventing crust 
formation. Moreover, the linear-macropore treatment improved 
infiltration by maintaining coarse structural gaps via the inser-
tion of fibrous material. Therefore, linear macropores could 
also be suitable to counter red soil erosion.

In addition, given that the Okinawa region has abun-
dant and high-intensity annual rainfall as well as soils that 
exhibit dispersive characteristics, even a coarse gap cre-
ated by a subsoiler can become readily plugged by small 
particles, leading to crust formation. Hence, a coarse gap 
structure would not be effective, even if the impermeable 
layer was limited to the topsoil surface.

Finally, the soil carbon loss estimated from soil erosion was 
0.282 t-C  ha−1  yr−1, which is sufficient to negate conservation 
management used in other fields. As the observed 1/7 reduc-
tion offers significant benefits, the linear-macropore treatment 
could be applied to sugarcane fields, along with no tillage.

This study aimed to evaluate measures to counteract soil 
erosion by the introduction of linear macropores. A set of com-
paratively small-scale experiments was conducted to understand 
the mechanism of erosion prevention. Superior results were 
obtained for the linear-macropore and no-tillage-with-mulch-
ing treatments in the laboratory experiments and 2D simulation 
analysis, as well as in a preliminary field application.
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