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Abstract: Climate change may harm the growth and yield of sugarcane (Saccharum officinarum L.)
without the introduction of appropriate irrigation facilities. Therefore, new irrigation methods should
be developed to maximize water use efficiency and reduce operational costs. OPSIS (optimized
subsurface irrigation system) is a new solar-powered automatic subsurface irrigation system that
creates a phreatic zone below crop roots and relies on capillarity to supply water to the root zone.
It is designed for upland crops such as sugarcane. We investigated the performance of OPSIS for
irrigating sugarcane and evaluated its performance against sprinkler irrigation under subtropical
conditions. We conducted field experiments in Okinawa, Japan, over the period from 2013 to 2016
and took measurements during spring- and summer-planted main crops and two ratoon crops of
the spring-planted crop. Compared with sprinkler irrigation, OPSIS produced a significantly higher
fresh cane yield, consumed less irrigation water and provided a higher irrigation water use efficiency.
We conclude that OPSIS could be adopted as a sustainable solution to sugarcane irrigation in Okinawa
and similar environments.

Keywords: fresh cane weight; optimized subsurface irrigation (OPSIS); sprinkler irrigation; sugarcane;
water use efficiency

1. Introduction

Sugarcane (Saccharum officinarum L.) is one of the most important crops in the world. It plays a
vital economic role in sugar and bioenergy production and has an important social role in the rural
communities of sugar-producing nations worldwide.

Climate change threatens the sustainability of most rainfed sugarcane farming systems [1].
Some authors have reported that certain climate change scenarios may harm sugarcane growth
and yield without the introduction of appropriate irrigation facilities [1–4]. Rainfed sugarcane farming
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systems are gradually being replaced by irrigated farming systems wherever such transition is possible.
In addition, low-efficiency irrigation systems are being replaced by high-efficiency systems to make
sugarcane farming more economically sustainable. However, irrigation is one of the most expensive
practices of sugarcane farming systems and can account for more than 25% of the production cost [5,6].
Therefore, the dimensions of sugarcane irrigation systems need to be adjusted for water conservation
while simultaneously reducing operational costs.

Although sugarcane can tolerate some moisture stress, it still has a high water requirement—in the
range of 1500 to 2500 mm per season [7]—in order to achieve yields close to the potential maximum [8,9].
Most importantly, sugarcane requires an evenly distributed water supply throughout its growing
season to produce high yields. Even though sugarcane requires a high water supply, it is also
susceptible to waterlogging, which reduces plant growth and yield [10]. Therefore, to maintain
optimum soil moisture throughout the growing period and to achieve close to maximum yields,
both appropriate irrigation and drainage facilities are vital in sugarcane fields.

Fresh water is often a scarce resource and sugarcane faces competition from other water uses;
therefore, irrigation systems should be able to use water efficiently. However, if water is free or priced
too low, farmers have no incentive to adopt capital-intensive technologies unless they confer other
benefits (e.g., lower energy and labor costs, higher nutrient use efficiency).

Surface, overhead and drip irrigation methods are most commonly used to irrigate sugarcane
crops [11] depending on physical characteristics, economic considerations and social and other
considerations. The performance of irrigation systems directly affects crop performance, water use
efficiency (WUE), cost of production and profit and is, therefore, of keen interest to farmers [12].
The same irrigation method and the same amount of water can produce significant differences in yield
with different patterns of water application. Therefore, more uniform irrigation application needs to be
targeted through design, continuous evaluation and maintenance practices [13]. However, continuous
evaluation and maintenance require farmers to invest time and money that they may not have.

Traditionally, most sugarcane farming systems used surface (specifically furrow) irrigation
because of its simplicity and low cost. But the increasing cost of energy and labor and the increasing
demand for scarce water resources has led to greater adoption of overhead or drip irrigation methods.
However, furrow irrigation is still the major method used worldwide [14]. The major drawbacks of
furrow irrigation and the main reasons for its unpopularity among sugarcane farmers are the high labor
requirement and low WUE stemming from percolation and tail-water losses [6,14]. Furrow irrigation
is remarkably less efficient in light textured soils than overhead and drip irrigation systems. Although
measures such as the use of low flow rates [15], surge irrigation [14,16] and local modifications [17]
can increase the efficiency of furrow irrigation to a degree, such refinements have not been able to
achieve satisfactory levels of efficiency and do not obviate the high labor requirement.

Sprinkler and drip irrigation methods utilize water pressure to irrigate sugarcane crops.
A comparative study of surface drip irrigation, subsurface drip irrigation and surface irrigation
of sugarcane reported that both surface and subsurface drip irrigation systems performed as well
as surface irrigation systems in a few key areas such as plant growth and development and water
savings [18]. Pires et al. [19] reported a higher fresh cane yield under subsurface drip irrigation than
under rainfed farming. Shinde and Deshmukh [20] reported similar sugarcane yields from drip and
rain gun sprinkler methods that exceeded those of surface irrigation but rain gun sprinkler irrigation
consumed 33% more water than drip irrigation, which also gave a more uniform water distribution.
In a comparison of different hydrant pressures (4.0, 4.5 and 5.0 bars) and nozzle sizes (2.4 mm× 4.4 mm
and 2.4 mm × 4.8 mm), Dinka [21] reported large deep percolation losses (about 40%) in sprinkler
irrigation in Ethiopia. This is a waste of water resources, energy and soluble nutrients, which results in
increased production costs and environmental impacts.

Subsurface drip irrigation enhances growth and yield, not only through the precise application of the
right amount of water, but also by maintaining adequate aeration of the root zone. Further, it promotes
the effectiveness of applied fertilizers by minimizing losses through processes such as denitrification,
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deep percolation and runoff, which can occur with other irrigation methods. The optimum depth of
subsurface drip lines varies between 10 and 80 cm depending on the soil type, soil depth and crop
type, as capillary action ensures water uptake by upward water movement. With the same amount
of water, subsurface drip irrigation wets an area about 50% larger than surface drip irrigation does.
Mahesh et al. [22] reported that subsurface and surface drip irrigation can save 31% and 23% of water
relative to surface irrigation. They further reported significantly higher sugarcane yield and WUE with
subsurface fertigation than with surface irrigation with a conventional fertilizer application. However,
subsurface drip irrigation entails some drawbacks, such as low germination if there is poor capillary
movement, salinity, nozzle clogging and uneven water distribution [23]. Moreover, it does not always
assure high efficiency and good yield because it requires an accurate design and a skilled operator [24].
Therefore, new methods or strategies must be introduced to subsurface irrigation systems to achieve
better precision, while overcoming the inherent disadvantages of available subsurface irrigation methods.

Okinawa prefecture in Japan comprises many small islands with little or no surface water
resources; therefore, sugarcane farming there requires water-efficient irrigation methods. However,
drip irrigation—the most water-efficient method available—is not popular among sugarcane farmers
in the prefecture because it is labor intensive, requires frequent monitoring and many farmers are aged
and favor low-maintenance farming systems. Therefore, water saving irrigation methods that can be
operated with minimum attention are required to make sugarcane farming systems in Okinawa more
sustainable and economically viable.

The optimized subsurface irrigation system (OPSIS) is a new subsurface irrigation system for
irrigating upland crops. It irrigates the root zone of the crop by capillarity [25]. OPSIS has two major
components: a main water control system (including a solar-powered submersible pump, a water
tank, a water supply column and a fertilizer tank) and a water distribution system (including a water
distribution column at the head end of the field, perforated pipes buried parallel to the field surface to
irrigate the field and PVC (Polyvinyl Chloride) or metal sheet to control seepage losses). Similar to the
other subsurface irrigation systems, OPSIS is remarkable for its ability to eliminate surface runoff and
evaporation [25]. Further, it significantly reduces percolation losses, which are common problems in
other subsurface irrigation systems [25]. Because a small solar-powered pump is used to lift water and
create a pressure head and because minimum operational activities are required [25], OPSIS offers the
potential to drastically lower the operational costs of irrigation for sugarcane farmers in Okinawa.

In OPSIS, water flow is automatically triggered by solar radiation (as it uses a solar-powered pump)
without any manual operation, however it irrigates (emits water through perforated pipes) based on the
soil moisture’s potential difference between the inside of the pipe and the outside soil. Further, it can
remain in place during other field operations, including mechanical harvesting [25]. In that respect,
OPSIS is compatible with the low-intervention requirements of Okinawan sugarcane farmers. Further,
as the farmers irrigate their fields prescriptively (set timing and amounts), rainfall that occurs shortly after
scheduled irrigation application leads to water wastage, whereas OPSIS irrigates only when required.

However, OPSIS is still new and has had little uptake in Okinawa as there is not yet sufficient
information on it. OPSIS therefore needs to be compared with other irrigation methods in terms
of both yield performances and water conservation, as water conservation is equally important in
these small water-limited islands. Therefore, we conducted cultivation experiments in Okinawa to
quantify the differences between OPSIS and conventional sprinkler irrigation systems in terms of
water consumption and several growth and yield parameters.

2. Materials and Methods

2.1. Field Experiment

Field experiments were conducted in Itoman, Okinawa, Japan (26◦7′59.07′′ N, 127◦40′52.32′′ E)
over a period from 2013 to 2016 in order to compare the performances of OPSIS and sprinkler irrigation
in sugarcane cultivation under subtropical conditions. The climate of the Itoman area is classified
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as Cfa by the Köppen classification system [26] and is generally referred to as subtropical, with dry
summers and mild cold winters. Climatic data of Naha, Okinawa (26◦12′26′′ N, 127◦41′11′′ E) were
gathered from Japan’s meteorological agency to assess the climatic conditions in Itoman during the
study periods (Table 1). Daily rainfall of the experimental field was also measured to enable the precise
calculation of the water use efficiency of irrigation treatments. The soil present at the experimental
site is generally known to be dark red soils—called Shimajiri-Maji—which correspond to Udalfs,
Udepts and Udolls in the United States Department of Agriculture Soil Taxonomy [27].

Table 1. Planting seasons and harvesting periods of sugarcane crops used to compare the performance
of two irrigation methods and climatic conditions during the periods.

Planting
Season Crop Type Planting Date Harvesting

Date
Rainfall

(mm)
Max. T

(◦C)
Min. T

(◦C)
Cumulative
SR (MJ/m2)

Spring Main crop April 2013 March 2014 2234 15.5–34.8 10.3–28.9 5460
First ratoon crop January 2015 3599 14.9–33.9 9.8–28.8 4595

Second ratoon crop January 2016 2303 12.5–33.8 6.1–28.8 5499
Summer Main crop October 2013 January 2015 4529 14.9–33.9 9.8–28.8 6604

Rainfall—Total rainfall during the cropping period; Max. T—Range of maximum temperature during the cropping
period; Min. T—Range of minimum temperature during cropping period; Cumulative SR—Cumulative solar
radiation during the cropping period.

The sugarcane cultivar Ni21 used for this experiment is a Japanese cultivar that was developed to
withstand strong winds from typhoons. The single-row planting method with 1.3 m spacing between
rows was used in all treatments.

Experiments were conducted to observe growth and yield under two planting conditions—namely
spring planting and summer planting—according to the local practice in Okinawa. Spring-planted
sugarcane crop was extended to observe the growth and yield of two consecutive ratoon crops.
In Okinawa, summer planting usually starts in September and spring planting in March. Both crops are
harvested during January to March according to the requirement of sugarcane millers. Table 1 shows the
planting and harvesting times of the crops studied. Figure 1 shows the field layout of the experiment.
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In the OPSIS treatments, ten split applications of urea fertilizer were used at a rate of 350 kg/ha for
the first 3 months of the crop. In the sprinkler irrigation treatment, the same amount of fertilizer was
added as two splits, at one and two months after planting, following the regular fertilizer application
practice in Okinawa.

2.2. Irrigation System Installation

For the OPSIS treatments, two plots of 6.5 m × 50 m were prepared by installing five OPSIS lines
at 1.3 m spacing. Before planting, the main water control system was established [25]. A concrete water
tank stored water and 100 mm PVC pipes were used to make a water supply column, water distribution
column and fertilizer tank. The water control mechanism of the water supply column used a 50 mm
PVC pipe (inner pipe) and a 6.5 mm flexible pipe [25]. An automatic fertilizer tank [25] supplied
fertilizer to the irrigation system [25]. The water distribution column, which feeds five irrigation supply
lines [25], was set vertically at the head end of the field. The irrigation supply lines were made of
50-mm flexible perforated pipe, which was simultaneously laid together with 45-cm-wide PVC sheets
(seepage barrier) using the newly developed OPSIS system laying attachment [25]. The irrigation lines
were laid 45 cm below the soil surface. The seepage barrier was laid below the supply line forming an
open trapezoidal cross-section [25]. The height, top width and bottom width of the trapezoid were 15,
30 and 12 cm, respectively. In OPSIS treatments, automatic irrigation was practiced during the crop
growing period and stopped in October until harvesting the crop.

For the sprinkler irrigation treatments, two plots of 16.9 m × 50 m were prepared by installing
commercially available impact-type sprinklers. Irrigation was practiced on a fixed-interval irrigation
schedule similar to the common practice in Okinawa.

2.3. Plant Growth and Yield Sampling

Plant height and cane diameter of the summer-planted main crop and the first ratoon crop of the
spring-plant were measured at monthly intervals from April 2014 to January 2015 using non-destructive
sampling. The distance from the soil surface to the +1 dewlap (plant height; [28]) and the diameter of
the middle internode of the randomly selected primary shoots of five plants in the central three rows of
each plot were measured. Linear mixed-effects analysis was performed—using the lme4 package [29]
of R statistical software (R Foundation for Statistical Computing, Vienna, Austria) [30]—to compare
the effect of irrigation method on height and diameter. In the linear mixed-effect analysis, irrigation
method was used as the fixed effect and crop type (main crop or ratoon) was used as the random
effect. Interaction was ignored. Residual plots were visually inspected to check the normality of errors.
Likelihood ratio tests of full models (with the effect of irrigation) and null models (without the effect
of irrigation) were used to test for significant differences between means.

During harvesting of the spring- and summer-planted main crops and the two ratoon crops,
a 5.2 m2 area was randomly selected in each plot to measure yield. Fresh cane weight was measured
on a top-loading balance, average cane diameter of the harvest with a vernier caliper and average
millable cane length of the harvest with a measuring tape. The Brix value of the cane juice extracted
from the middle internode (estimate of sugar content) was measured with a hand-held refractometer
and the values were corrected to 20 ◦C. The number of millable stalks was also counted as part of
the yield survey. Linear model analysis was performed using R statistical software to compare the
effect of irrigation method and planting season/crop type on measured yield parameters except the
number of millable stalks. Linear models for each measured parameter were set as a function of
irrigation method and planting season/crop type. The interaction between irrigation method and crop
type/planting season was ignored. Poisson regression analysis using the MASS package [31] of R
statistical software was used to compare the effect of irrigation method and planting season/crop type
on the number of millable stalks. Mean separation was performed using the least significant difference
(LSD) comparison of the agricolae package [32] of R.
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2.4. Measurement of Irrigation Water Use

Irrigation water use in the first and second ratoon crops under sprinkler irrigation and OPSIS
was surveyed during the growing periods. Irrigation of the first ratoon crop was started in April 2014
and continued until October 2014. Irrigation of the second ratoon crop was started in February 2015
and continued until October 2015. The amount of irrigation consumed in the OPSIS treatment was
measured using water level recorders attached to the main water tank. Water level was recorded at 1-h
intervals and converted into a daily irrigation amount. The amount of irrigation water used in the
sprinkler irrigation treatment was measured during each irrigation event and recorded.

2.5. Water Use Efficiency

Daily rainfall was measured using a recording rain gauge that was installed at the site. Effective
rainfall—the portion of rainfall that can be effectively used by the plants—was calculated using the
procedure as explained by Brouwer and Heibloem [7]. Total and irrigation water use efficiencies were
calculated using Equations (1) and (2):

Water Use Efficiency (WUE) =
Cane yield (t/ha)

Total water applied (cm)
(1)

Irrigation Water Use Efficiency (IWUE) =
Cane yield (t/ha)

Total irrigation water applied (cm)
(2)

3. Results

3.1. Plant Height during Crop Growth

Figure 2 shows how irrigation method affected the average plant height of the main
summer-planted crop and the first ratoon crop of the spring-planted crop. In both crops, plant height
shows the usual sigmoidal growth pattern under both irrigation methods. Linear mixed-effects analysis
revealed that irrigation method significantly affected plant height (χ2 = 44.36, p < 0.001), with OPSIS
increasing the plant height by 34.0 ± 3.4 cm, which was an increase of approximately 12% compared
to that from the sprinkler irrigation.
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3.2. Cane Diameter during Crop Growth

Figure 3 shows how irrigation method affected the average cane diameter of the main
summer-planted crop and the first ratoon crop of the spring-planted crop over the course of crop
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development. Linear mixed-effects analysis revealed that irrigation method did not have a significant
effect on cane diameter (χ2 = 0.10, p = 0.75).

Water 2018, 10, x FOR PEER REVIEW  7 of 14 

 

 

Figure 3. Average cane diameter of sugarcane cultivar Ni21 as affected by irrigation method in (a) the 
summer-planted main crop and (b) the first ratoon crop of spring-planted sugarcane. 

3.3. Fresh Cane Yield 

The OPSIS-irrigated crops all had a higher fresh cane yield than the sprinkler-irrigated crops 
(Figure 4): by 9% in the spring-planted main crop, 27% in the summer-planted main crop, 44% in the 
first ratoon crop and 20% in the second ratoon crop. The linear model analysis revealed that irrigation 
method and crop type significantly affected the fresh cane yield (F(2, 5) = 20.3, p = 0.004). OPSIS 
produced significantly higher yield than sprinkler irrigation (by 23.0 ± 4.7 t/ha, p = 0.005). Both main 
crops recorded higher yields (by 8.6 ± 2.1 t/ha, p = 0.009) than the ratoon crops. 

 

Figure 4. Fresh cane yield of sugarcane cultivar Ni21 as affected by irrigation method. 

3.4. Millable Cane Length 

Figure 5 shows the how irrigation method affected average millable cane length in the spring-
planted crop, summer-planted crop and the first and second ratoon crops of the spring-planted 
sugarcane. The OPSIS-irrigated crops all had a higher average millable cane length than the sprinkler-
irrigated crops (Figure 5): by 13% in the spring crop, 14% in the summer crop, 23% in the first ratoon 
crop and 2% in the second ratoon crop. The linear model analysis revealed that OPSIS significantly 
increased the average cane length of the harvest (by 29.8 ± 11.1 cm, p = 0.04) relative to sprinkler 
irrigation. 

Figure 3. Average cane diameter of sugarcane cultivar Ni21 as affected by irrigation method in (a) the
summer-planted main crop and (b) the first ratoon crop of spring-planted sugarcane.

3.3. Fresh Cane Yield

The OPSIS-irrigated crops all had a higher fresh cane yield than the sprinkler-irrigated crops
(Figure 4): by 9% in the spring-planted main crop, 27% in the summer-planted main crop, 44% in
the first ratoon crop and 20% in the second ratoon crop. The linear model analysis revealed that
irrigation method and crop type significantly affected the fresh cane yield (F(2, 5) = 20.3, p = 0.004).
OPSIS produced significantly higher yield than sprinkler irrigation (by 23.0 ± 4.7 t/ha, p = 0.005).
Both main crops recorded higher yields (by 8.6 ± 2.1 t/ha, p = 0.009) than the ratoon crops.
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3.4. Millable Cane Length

Figure 5 shows the how irrigation method affected average millable cane length in the
spring-planted crop, summer-planted crop and the first and second ratoon crops of the spring-planted
sugarcane. The OPSIS-irrigated crops all had a higher average millable cane length than the
sprinkler-irrigated crops (Figure 5): by 13% in the spring crop, 14% in the summer crop, 23% in
the first ratoon crop and 2% in the second ratoon crop. The linear model analysis revealed that OPSIS
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significantly increased the average cane length of the harvest (by 29.8 ± 11.1 cm, p = 0.04) relative to
sprinkler irrigation.Water 2018, 10, x FOR PEER REVIEW  8 of 14 
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3.5. Cane Diameter at Maturity

The cane diameter of the middle internode (Figure 6) was not significantly affected by irrigation
type (F(2, 5) = 2.2, p = 0.21).
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3.6. Number of Millable Stalks

The number of millable stalks (Figure 7) was greater with OPSIS irrigation in the spring-planted
crop (+2%), summer-planted crop (+14%) and second ratoon crops (+31%) than with sprinkler irrigation.
No difference in millable stalk number was observed between irrigation types in the first ratoon crop.
The Poisson regression analysis revealed that OPSIS significantly increased the number of millable
cane stalks (p < 0.001) relative to sprinkler irrigation.
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3.7. Brix Value

Figure 8 shows how irrigation method affected the Brix value of juice extracted from the middle
internode in the four crops. The linear model analysis revealed that irrigation method and crop type
did not affect the Brix value of cane juice (F(2, 5) = 0.62, p = 0.57).
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3.8. Irrigation Water Use

From April 2014 to January 2015, the research field received 3342 mm of rainfall (higher than the
average of 2200 mm for the area), of which an estimated 2474 mm was effective rainfall. Therefore,
both irrigation methods consumed low amounts of irrigation water during the growing period of
the first ratoon crop. However, the results showed that OPSIS (82 mm) consumed only 46% of the
amount of water that was consumed by sprinkler irrigation (178 mm). During the second ratoon crop,
the field received 2239 mm of rainfall, of which an estimated 1545 mm was effective. During this
period OPSIS (323 mm) used 79% of the water used by sprinkler irrigation (409 mm). In the sprinkler
irrigation, although antecedent rainfall was taken into consideration, irrigation timing followed the
irrigation schedule decided in the region. Therefore, more irrigation water was used than needed.
On the other hand, OPSIS does not use much water when soil moisture is near saturation. Therefore,
OPSIS used less water than sprinkler irrigation and the difference was greater when rainfall was above
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average. The difference is attributed to OPSIS having more precise application, an absence of runoff
and minimal evaporation compared with sprinkler irrigation.

3.9. Water Use Efficiency

In the first ratoon crop, OPSIS recorded irrigation water use efficiency (IWUE) of 14.8 t/ha/cm,
which was 3.1 times that of sprinkler irrigation (4.8 t/ha/cm). Because of the high rainfall received
during this season, the total WUE was low in both methods: 0.47 t/ha/cm in OPSIS and 0.32 t/ha/cm
in sprinkler irrigation. During the second ratoon crop, OPSIS recorded an IWUE of 3.2 t/ha/cm,
which was 1.5 times that of sprinkler irrigation (2.1 t/ha/cm). The total WUEs of OPSIS and sprinkler
irrigation were 0.55 and 0.44 t/ha/cm respectively.

4. Discussion

4.1. Crop Yield

Our results confirm that the sugarcane yield was higher with OPSIS than with conventional
sprinkler irrigation and the higher yield was achieved by the increase in millable cane length and the
number of millable canes.

In previous studies, optimum soil moisture [33,34] and nutrient supply [35,36] have been found to
increase the number of millable stalks—a significant contributor to the economic yield—because water
and nutrient stresses reduce tiller production and increase tiller mortality. Because water availability
directly influences cell turgor [37] and thus cell growth and development, increased plant height
and canopy development of sugarcane have been reported when moisture and nutrient stresses are
removed [34,38]. Optimum soil moisture [39] and nutrient availability [40] have also been shown to
increase the photosynthetic rate in sugarcane.

Juan et al. [39] examined mean net photosynthetic rate in the sugarcane cultivar Liucheng 05-136
under six irrigation methods and found that photosynthetic rate was highest in the subsurface drip
irrigation treatment, which was 58% higher than with no irrigation, 24% higher than with pipe
irrigation, 13% higher than with sprinkler irrigation, 10% higher than with micro-sprinkler irrigation
and 3% higher than with surface drip irrigation. They concluded that irrigation method significantly
affects the photosynthetic rate of sugarcane plants. Further, using Path analysis, they reported soil
water content, air temperature and soil fertility as the main environmental factors influencing sugarcane
net photosynthetic rate, with some differences in these among irrigation methods. Fertigation
improves the utilization of fertilizer and therefore can boost plant growth, increase the number
of effective tillers, promote stalk elongation and diameter enlargement and ultimately increase the
millable cane yield [35]. Similarly, Sivanappan [41] reported that soil fertility limitations, poor water
management and unbalanced nutrient management are the major barriers to achieving maximum
potential sugarcane yields. Proper irrigation and nutrient management are therefore essential to
achieving sugarcane yields close to the potential. The higher yields in furrow irrigation than in rainfed
conditions [42,43], in surface and subsurface drip irrigation than in surface irrigation [18,44] and in
subsurface drip irrigation than in sprinkler irrigation [45] are on par with the importance of water and
nutrient management in achieving higher yields near close to the potential yield.

Fertigation is an effective method for increasing sugarcane yield as it manages both water
and nutrients more effectively than conventional fertilizer applications. A study reported a 32%
higher sugarcane yield with drip fertigation than with conventional fertilizer applications (without
drip irrigation) and a 23% higher yield than with drip irrigation plus a conventional fertilizer
application [35]. Abdel Wahab [46] reported higher growth and yield performances of sugarcane with
fertigation than with conventional fertilizer applications, in both cases using a gated pipe surface
irrigation system. Similarly, in the current study, OPSIS results in a higher growth and yield of
sugarcane than sprinkler irrigation. Since all physiological processes depend on water and nutrient
availability and the adverse effects of water and nutrient stress on physiological processes [47] and
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canopy development [48] are well understood, it is clear that the higher growth and yield of sugarcane
from OPSIS derives from the better water and nutrient management it affords.

4.2. Water Use Efficiency

Our results confirm that OPSIS achieves a higher total WUE and IWUE than sprinkler irrigation.
Kumawat et al. [49] reported 56% higher WUE with drip irrigation (5.96 t/ha/cm) than with surface
irrigation (3.32 t/ha/cm), as well as minimal water losses and higher yields. Even with a yield
penalty due to increased residues, the use of residue as a cover significantly increased IWUE relative
to bare soil by cutting evaporation losses [50,51]. Gupta and Singh [52] reported that the ability of
drip irrigation to significantly increase IWUE relative to furrow irrigation was due to both lower
water use and higher yields (attributed to more millable stems and increases in both stem length and
diameter). Similarly, in our study, OPSIS resulted in higher IWUE due to fewer water losses and higher
yields than sprinkler irrigation. It also returned a higher total WUE and higher IWUE than sprinkler
irrigation, which derives from both higher crop yield and lower irrigation water consumption than in
sprinkler irrigation.

Under rainfall conditions close to the average (during ratoon 2), the water savings were less than
when rainfall was above average (during ratoon 1). This result suggests that there were water losses,
probably due to percolation, when water was close to average. Therefore, measures should be taken to
control the percolation losses. Gunarathna et al. [25] suggested changing the solar-radiation–triggered
automatic operation mechanism to a soil-moisture–based automatic operation mechanism to minimize
percolation losses.

5. Conclusions

This study showed that OPSIS offers advantages over sprinkler irrigation for sugarcane cultivation
in Okinawa in respect of both sugarcane yield and WUE. Compared with sprinkler irrigation,
OPSIS produced significantly taller plants and thus significantly longer millable stalks and significantly
more millable stalks. Therefore, OPSIS achieved significantly higher fresh cane weight using less
irrigation water than did sprinkler irrigation. OPSIS is a water-conserving irrigation technique that can
irrigate sugarcane crops with minimal operational cost, energy consumption and human intervention.
Therefore, it may be a sustainable alternative for sugarcane crop irrigation in Okinawa and similar
subtropical environments.

6. Recommendations

Further studies are needed to validate the long-term viability of OPSIS as a sustainable alternative
to current irrigation methods used in sugarcane farming systems. We need to confirm that the benefits
revealed in the current study hold under different climatic, soil and management conditions and,
wherever possible, identify improvements to the system.

Author Contributions: M.H.J.P.G., K.S., T.N., K.M., T.O., H.K., H.U. and K.W. conceived, designed and performed
the experiments; M.H.J.P.G., K.S., T.O., T.N. and K.M. analyzed and interpreted the data; M.H.J.P.G. and K.S.
wrote the paper; all authors read and approved the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Knox, J.W.; Rodríguez Díaz, J.A.; Nixon, D.J.; Mkhwanazi, M. A preliminary assessment of climate change
impacts on sugarcane in Swaziland. Agric. Syst. 2010, 103, 63–72. [CrossRef]

2. Santos, D.L.; Sentelhas, P.C. Climate change scenarios and their impact on the water balance of sugarcane
production areas in the State of São Paulo, Brazil. Ambi-Agua Taubaté 2012, 7, 7–17. [CrossRef]

http://dx.doi.org/10.1016/j.agsy.2009.09.002
http://dx.doi.org/10.4136/ambi-agua.907


Water 2018, 10, 314 12 of 14

3. Carvalho, M.; Serralheiro, R.; Corte-Real, J.; Valverde, P. Implications of climate variability and future trends
on wheat production and crop technology adaptations in southern regions of Portugal. Water Util. J. 2015, 9,
13–18.

4. Zhao, D.; Li, Y.R. Climate change and sugarcane production: Potential impact and mitigation strategies.
Int. J. Agron. 2015. [CrossRef]

5. Mazibuko, N.W.; Greenfield, P.L.; Johnston, M.A. The effect of different furrow irrigation regimes on
infiltration and sugarcane yield at Ubombo. Proc. S. Afr. Sugar Technol. Assoc. 2002, 76, 196–206.

6. Narayanamoorthy, A. Economics of drip irrigation in sugarcane cultivation: Case study of a farmer from
Tamil Nadu. Indian J. Agric. Econ. 2005, 60, 235–248.

7. Brouwer, C.; Heibloem, M. Principles of irrigation water needs. In Irrigation Water Management Training
Manual; Food and Agriculture Organization (FAO): Rome, Italy, 1986.

8. Shukla, S.K.; Lal, M. Productivity and economics of sugarcane based production systems in subtropical
India. Indian J. Agron. 2003, 48, 16–19.

9. Inman-Bamber, N.G.; Smith, D.A. Water relations in sugarcane and response to water deficits. Field Crop. Res.
2005, 92, 185–202. [CrossRef]

10. Skocaj, D.M.; Hurney, A.P.; Inman-Bamber, N.G.; Schroeder, B.L.; Everingham, Y.L. Modeling sugarcane
yield response to applied nitrogen fertilizer in a wet tropical environment. Proc. Aust. Soc. Sugar Cane Technol.
2013, 35, 1–9.

11. Carr, M.K.V.; Knox, J.W. The water relations and irrigation requirements of sugarcane (Saccharum officinarum):
A review. Exp. Agric. 2011, 47, 1–25. [CrossRef]

12. Mudima, K. Socio-economic impact of smallholder irrigation development in Zimbabwe: A case study of
five successful irrigation schemes. In Private Irrigation in sub-Saharan Africa; Proceedings of Regional Seminar
on Private Sector Participation and Irrigation Expansion in sub-Saharan Africa; Sally, H., Abernethy, C.L.,
Eds.; International Water Management Institute, Food and Agriculture Organization of the United Nations
and ACP-EU Technical Centre for Agricultural and Rural Cooperation: Colombo, Sri Lanka, 2002; pp. 21–30,
ISBN 9290904941.

13. Lecler, N.L.; Jumman, A. Irrigated sugarcane production functions. Proc. S. Afr. Sugar Technol. Assoc. 2009,
82, 604–607.

14. McGuire, P.J.; Holden, J.R.; McDougall, A. Irrigation Systems. In Irrigation of Sugarcane Manual; Holden, J.R.,
McGuire, P.J., Eds.; BSES Limited: Queensland, Australia, 2010; pp. 13–23.

15. Torres, J.S.; Campos, A.; Cruz, D.M. Irrigating sugarcane with very low furrow inflow rates. Proc. Int.
Soc. Sugar Cane Technol. 2010, 27, 1–4. [CrossRef]

16. Young, M.; Klose, S.L.; Jupe, M.; Morris, J.; Kaase, G. Impact of Volumetric Water Pricing for Sugarcane
Comparing Furrow vs. Surge Irrigation in the Lower Rio Grande Valley. FARM Assistance Focus, April 2006.
Available online: http://agrilife.org/farmassistance/files/2013/08/2006-4.pdf (accessed on 8 November 2017).

17. El-Berry, A.M.; El Ebaby, F.G.; Hassan, S.S.; Fattouh, S.M. Performance of locally developed surface irrigation
in sugarcane production. Misr J. Agric. Eng. 2006, 23, 169–191.

18. Hanafy, M.; Mahrous, A.; El Garib, M.Z. Water requirements for irrigated sugarcane under trickle irrigation
systems. Misr J. Agric. Eng. 2008, 25, 1343–1357.

19. Pires, R.C.M.; Barbosa, E.A.A.; Arruda, F.B.; Silva, T.J.A.; Sakai, E.; Landell, M.G.A. Subsurface Drip Irrigation
in Different Planting Spacing of Sugarcane; Geophysical Research Abstracts. In Proceedings of the EGU
General Assembly, Vienna, Austria, 22–27 April 2012.

20. Shinde, P.P.; Deshmukh, A.S. Sugarcane nutrition through rain gun sprinkler irrigation. Proc. Int. Soc. Sugar
Cane Technol. 2007, 26, 481–484.

21. Dinka, M.O. Evaluating the adequacy performance of sprinkler irrigation systems at Finchaa sugar cane
plantation, Eastern Wollega zone (Ethiopia). Irrig. Drain. 2016, 65, 537–548. [CrossRef]

22. Mahesh, R.; Asoka, R.N.; Archana, H.A. Performance of surface and subsurface drip fertigation on yield and
water use efficiency of sugarcane. In Proceedings of the 2nd World Irrigation Forum, Chiang Mai, Thailand,
6–8 November 2016.

23. Kaushal, A.; Patole, R.; Singh, K.G. Drip irrigation in sugarcane: A review. Agric. Rev. 2012, 33, 211–219.
24. Dlamini, M. Experience with drip irrigation on smallholder sugarcane irrigation schemes in Swaziland.

Proc. S. Afr. Sugar Technol. Assoc. 2005, 79, 463–472.

http://dx.doi.org/10.1155/2015/547386
http://dx.doi.org/10.1016/j.fcr.2005.01.023
http://dx.doi.org/10.1017/S0014479710000645
http://dx.doi.org/10.1016/j.scitotenv.2016.07.144
http://agrilife.org/farmassistance/files/2013/08/2006-4.pdf
http://dx.doi.org/10.1002/ird.2059


Water 2018, 10, 314 13 of 14

25. Gunarathna, M.H.J.P.; Sakai, K.; Nakandakari, T.; Kazuro, M.; Onodera, T.; Kaneshiro, H.; Uehara, H.;
Wakasugi, K. Optimized subsurface irrigation system (OPSIS): Beyond traditional subsurface irrigation.
Water 2017, 9, 599. [CrossRef]

26. Rubel, F.; Kottek, M. Observed and projected climate shifts 1901–2100 depicted by world maps of the
Köppen-Geiger climate classification. Meteorol. Z. 2010, 19, 135–141. [CrossRef]

27. Kubotera, H. The factors and assumed mechanisms of the hardening of Red Soils and Yellow Soils in
subtropical Okinawa Island, Japan. JARQ 2006, 40, 197–203. [CrossRef]

28. De Sousa, R.T.X.; Korndörfer, G.H.; Brem Soares, R.A.; Fontoura, P.R. Phosphate fertilizers for sugarcane
used at pre-planting (Phosphorus fertilizer application). J. Plant Nutr. 2015, 38, 1444–1455. [CrossRef]

29. Bates, D.; Maechler, M.; Bolker, B.; Walker, S. Fitting linear mixed-effects models using lme4. J. Stat. Softw.
2015, 67, 1–48. [CrossRef]

30. R Core Team R. A Language and Environment for Statistical Computing; R Foundation for Statistical Computing:
Vienna, Austria, 2016.

31. Venables, W.N.; Ripley, B.D. Modern Applied Statistics with S, 4th ed.; Springer: New York, NY, USA, 2002;
ISBN 0-387-95457-0.

32. Mendiburu, F.D. Agricolae: Statistical Procedures for Agricultural Research. 2016. R Package Version 1.2-4.
Available online: https://CRAN.R-project.org/package=agricolae (accessed on 12 October 2017).

33. Johari, D.; Srivastava, R.P.; Singh, S.P.; Agarwal, M.L.; Singh, G.P. Effect of moisture stress on growth,
yield and juice quality of sugarcane. Coop. Sugar 1998, 30, 15–18.

34. Ramesh, P.; Mahadevaswamy, M. Effect of formative phase drought on different classes of shoots,
shoot mortality, cane attributes, yield and quality of four sugarcane cultivars. J. Agron. Crop. Sci. 2000, 185,
249–258. [CrossRef]

35. Chen, G.F.; Tang, Q.; Li, Y.; Huang, Y.; Liu, B.; Lin, X.; Huang, H. Effects of Sub-soil Drip Fertigation on
Sugarcane in Field Conditions. Sugar Tech 2012, 14, 418–421. [CrossRef]

36. Mahesh, R.; Asoka, R.N. Influence of source of fertilizers and fertilizer levels on tillers production, shoot
population, number of millable canes and yield of sugarcane under subsurface drip fertigation. Trends Biosci.
2015, 8, 1095–1099.

37. Levitt, J. Responses of Plants to Environmental Stresses; Academic Press: New York, NY, USA, 1972.
38. Bendigeri, A.V.; Hapse, D.G.; Tiwari, U.S. Physiological behavior of different sugarcane varieties for moisture

stress. In Proceedings of Deccan Sugar Technologists Association; Deccan Sugar Technologists Association:
Maharashtra, India, 1986; pp. A217–A238.

39. Juan, T.; Jinchuan, G.; Jianqiang, W.; Wei, P.; Yang, B.; Kai, H.; Lingzu, H.; Weixiong, W.; Jinhua, S.
Photosynthetic characteristics of sugarcane under different irrigation modes. Trans. CSAE 2016, 32, 150–158.
(In Chinese) [CrossRef]

40. McCormick, A.J.; Cramer, M.D.; Watt, D.A. Sink strength regulates photosynthesis in sugarcane. New Phytol.
2006, 171, 759–770. [CrossRef] [PubMed]

41. Sivanappan, R.K. Chapter 7. Advanced Technologies for sugarcane Cultivation under Micro Irrigation:
Tamil Nadu. In Sustainable Micro Irrigation Principles and Practices; Goyal, M.R., Ed.; Apple Academic Press:
Waretown, NJ, USA, 2014; pp. 121–145.

42. De Silva, A.L.C.; de Costa, W.A.J.M. Varietal Variation in Growth, Physiology and Yield of Sugarcane under
Two Contrasting Water Regimes. Trop. Agric. Res. 2004, 16, 1–12.

43. Basnayake, J.; Jackson, P.A.; Inman-Bamber, N.G.; Lakshmanan, P. Sugarcane for water-limited environments.
Genetic variation in cane yield and sugar content in response to water stress. J. Exp. Bot. 2012, 63, 6023–6033.
[CrossRef] [PubMed]

44. Surendran, U.; Jayakumar, M.; Marimuthu, S. Low cost drip irrigation: Impact on sugarcane yield, water and
energy saving in semiarid tropical agro ecosystem in India. Sci. Total Environ. 2016, 573, 1430–1440.
[CrossRef] [PubMed]

45. Shrivastava, A.K.; Srivastava, A.K.; Solomon, S. Sustaining sugarcane productivity under depleting water
resources. Curr. Sci. 2011, 101, 748–754.

46. Abdel Wahab, D.M. Introduction of fertigation in sugarcane production for optimization of water and
fertilizers use. Agric. Sci. 2014, 5, 945–957. [CrossRef]

47. Inman-Bamber, N.G. Sugarcane water stress criteria for irrigation and drying off. Field Crops Res. 2004, 89,
103–114. [CrossRef]

http://dx.doi.org/10.3390/w9080599
http://dx.doi.org/10.1127/0941-2948/2010/0430
http://dx.doi.org/10.6090/jarq.40.197
http://dx.doi.org/10.1080/01904167.2014.990567
http://dx.doi.org/10.18637/jss.v067.i01
https://CRAN.R-project.org/package=agricolae
http://dx.doi.org/10.1046/j.1439-037x.2000.00399.x
http://dx.doi.org/10.1007/s12355-012-0173-x
http://dx.doi.org/10.11975/j.issn.1002-6819.2016.11.022
http://dx.doi.org/10.1111/j.1469-8137.2006.01785.x
http://www.ncbi.nlm.nih.gov/pubmed/16918547
http://dx.doi.org/10.1093/jxb/ers251
http://www.ncbi.nlm.nih.gov/pubmed/22996675
http://dx.doi.org/10.1016/j.scitotenv.2016.07.144
http://www.ncbi.nlm.nih.gov/pubmed/27476728
http://dx.doi.org/10.4236/as.2014.511102
http://dx.doi.org/10.1016/j.fcr.2004.01.018


Water 2018, 10, 314 14 of 14

48. Smit, M.; Singles, A.; Antwerpen, R.V. Differences in canopy development of two sugarcane cultivars under
conditions of water stress: Preliminary results. Proc. S. Afr. Sugar Technol. Assoc. 2004, 78, 149–152.

49. Kumawat, P.D.; Kacha, D.J.; Dahima, N.U. Effect of crop geometry and drip irrigation levels on sugarcane in
South Saurashtra region of India. Indian J. Agric. Res. 2016, 50, 366–369. [CrossRef]

50. Motiwale, M.P.; Singh, A.B. Effect of Trash Mulch in Economy of Water and Fertilizer Use in Sugarcane; Annual
Report; Indian Institute of Sugarcane Research: Lucknow, India, 1971; pp. 23–24.

51. Oliviera, F.C.; Singels, A. Increasing water use efficiency of irrigated sugarcane production in South Africa
through better agronomic practices. Field Crops Res. 2015, 176, 87–98. [CrossRef]

52. Gupta, R.; Singh, P.R. Water management strategies for sustainable socio-economic development of sugarcane
farmers. Agric. Eng. Today 2015, 39, 11–19.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.18805/ijare.v0iOF.9360
http://dx.doi.org/10.1016/j.fcr.2015.02.010
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Field Experiment 
	Irrigation System Installation 
	Plant Growth and Yield Sampling 
	Measurement of Irrigation Water Use 
	Water Use Efficiency 

	Results 
	Plant Height during Crop Growth 
	Cane Diameter during Crop Growth 
	Fresh Cane Yield 
	Millable Cane Length 
	Cane Diameter at Maturity 
	Number of Millable Stalks 
	Brix Value 
	Irrigation Water Use 
	Water Use Efficiency 

	Discussion 
	Crop Yield 
	Water Use Efficiency 

	Conclusions 
	Recommendations 
	References

