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Abstract: Declining water availability is pressing rice growers to adopt water-saving irrigation prac-
tices such as aerobic rice to maintain profitability per megalitre (ML) of water input. Irrigators require
well-defined irrigation thresholds to initiate irrigation to maximise water productivity. Such thresh-
olds do not exist for temperate rice regions. Adopting a strategy that has been reported to succeed
in non-temperate environments may fail in temperate climates, and therefore, needs investigation.
This study aimed to investigate, in a temperate Australian environment, the effect of increasing soil
moisture deficit during the rice vegetative period on crop physiological development, grain yield and
water productivity. The study was conducted in a commercial farm using a randomised complete
block design in the 2020/21 and 2021/22 growing seasons. Automated gravity surface irrigation tech-
nologies were adopted to enable high-frequency irrigation. Extending soil moisture deficit beyond
15 kPa was found to significantly delay panicle initiation by at least 13–14 days, exposing rice to cold
temperatures in Year 1 during the cold-sensitive early pollen microspore period. This reduced yield
by up to 55% (4.5 t/ha) compared to the 15 kPa treatment that was not impacted by cold sterility. In
the absence of cold sterility, irrigated water productivity and total water productivity ranged between
1.02 and 1.61 t/ML, and 0.84 and 0.93 t/ML, respectively. The highest yields (8.1 and 7.5 t/ha)
were achieved irrigating at a soil tension of 15 kPa in growing seasons 2020/21 and 2021/22. This
research demonstrates that sound water productivity can be achieved with aerobic rice cultivation in
temperate climates, providing cold temperatures during early pollen microspore are avoided. The
quantification of the delay in crop development caused by increasing soil moisture deficit provides
rice farmers greater confidence in determining the irrigation strategy and timing of pre-emergent
irrigation in regions at risk of cold sterility. However, due to the high labour demand associated
with aerobic rice, the adoption of aerobic rice at a commercial scale in this Australian environment is
unlikely without adopting automated irrigation technology.

Keywords: water saving irrigation; water productivity; oryza sativa; automated irrigation; deficit
irrigation; soil tension; rice irrigation

1. Introduction

Rice is the largest irrigated crop and accounts for 30% of the global irrigated area
whilst being a staple food for over 50% of the global population [1,2]. Relative to other
crops, rice is a high-water use species [2–4]. Global water scarcity is increasing due to
increased demand from urban and industrial users, silting of reservoirs, chemical pollution,
decreasing groundwater tables, salinisation, livestock production, as well as social and
other environmental pressures [5]. As a consequence of reduced water availability for
irrigation and increasing water costs, rice farmers must enhance water productivity to
maximise rice production per unit of applied water.

Rice has traditionally been grown under continuously flooded situations in an anaero-
bic environment for the majority of the season (from the 3-leaf stage until physiological
maturity). This practice aims to maximise yields by meeting rice crop evapotranspiration
needs, reducing weed and pest pressures and providing a thermal buffer in temperate
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environments during the early pollen microspore period when the crop is sensitive to low
temperatures [6–9]. Water-saving irrigation techniques for rice have been investigated
around the world with the aim to reduce water use whilst maintaining or improving grain
yields. One such strategy termed alternate wetting and drying (AWD), consists of periodic
soil drying and re-flooding, generally to 2–5 cm a few days after the disappearance of
ponded water [10,11]. Delayed permanent water (DPW) is a water-saving strategy in
which the soil is left to dry between irrigation events in the early vegetative period and
delays the onset of permanent water until just before panicle initiation [12]. Mid-season
drainage and aerobic rice (understood here as periodic irrigation without maintaining
a flood at any time in the growing season) are also techniques implemented to reduce
water use. Decreasing the depth of flooded water (normally 5–10 cm above ground) to soil
saturation or implementing AWD techniques has reduced water input by ~40% compared
to continuously flooded rice in Japan, Uruguay, India and the Philippines with little or no
yield loss, provided adequate weed control is achieved [13–16].

Advances in water productivity have also been achieved without any period of pond-
ing as is the case for aerobic rice, compared to continuous flooding due to a significant
reduction in water use. However, minor yield penalties often ensue with yields generally
below 6 t/ha [13,17–20]. Environmental factors, cultivar selection, the extent, duration and
frequency of drought stress and water table height are all factors found to influence the
extent of yield reduction when rice is grown in non-ponded systems [11,13,18].

A review of global aerobic rice production by Kato et al. [19] concluded that aero-
bic rice production in temperate regions can produce in excess of 9 t/ha, whilst yields
in tropical areas are limited to less than 8 t/ha. Whilst the review highlighted studies
on rice grown under aerobic conditions that achieved yields in excess of 8 t/ha, many
were from subtropical environments with associated lower vapour pressure deficit and
solar radiation [21–24] with no yields > 8 t/ha from truly temperate environments out-
side of Japan. Comparatively, growers of flooded rice in temperate Australia achieve in
excess of 10 t/ha [25,26], with the next highest yielding rice producers (Tajikistan, Egypt,
Uruguay, USA and Peru (8–9 t/ha) [25]) also predominately from temperate environments.
Widespread adoption of non-ponded rice is not evident in these high-yielding temperate
regions which can be exposed to cold-induced sterility, heat stress and high evaporative
demand [8,9]. In the absence of ponded water, under mild water stress, stomatal closure
reduces evaporative cooling, thus high temperatures can severely damage rice during the
reproductive period [27].

Despite substantial water savings, the yields of non-flooded/aerobic rice were gener-
ally considered unacceptable in the sprinkler and flood-irrigated experiments conducted
in temperate Australia in the 1980s [28–30]. Yield reduction was likely a result of a large
soil moisture deficit with leaf rolling, wilting and senescence reported, particularly in the
once-a-week irrigation regimes [28,29] and when the sprinkler experienced issues [30]. As
such, the practice was not adopted at a commercial scale. However, delaying the onset
of permanent water until just before panicle initiation has successfully reduced water use
by 15–23% whilst maintaining or increasing yields [12,28]. This highlights the ability of
rice grown in temperate environments to withstand water stress in the vegetative stage
and significantly increase water productivity. Nevertheless, the adoption of DPW does
not appear to be widespread in any temperate rice regions, possibly due to agronomic
and labour challenges associated with irrigation prior to the permanent flood or due to
variability of irrigation regime producing inconsistent results. However, the extent of soil
moisture deficit between irrigation events prior to the application of permanent water
was found to vary considerably (−20 to >−120 kPa) in different temperate Australian
rice fields [31].

Scheduling irrigation frequency based on number of days since the last irrigation [28–30]
or crop evapotranspiration without definitive crop coefficients [12] may result in under-
or over-irrigation due to the effects of different soil types and climatic conditions. This
is evident with severe leaf rolling, scorching and stunting reported by [28–30] when irri-
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gation occurred on a 7-day interval, whilst simultaneously observing water runoff under
a sprinkler irrigation system [30]. As such, an absolute value irrigation threshold that
is easily measured and accounts for environmental variation may provide farmers with
confidence to adopt water-saving rice irrigation practices should sound water productivity
be achieved. Soil-water or plant-water-based sensing would likely provide more accurate
irrigation scheduling due to the influence of soil type, crop management and variable
evapotranspiration with Tuong et al. [11] recommending irrigation scheduling based on
soil water potential rather than the number of days for AWD rice. Soil moisture sensing
has long been applied in the field and is considered easier to measure and automate than
plant-based sensing with a number of commercial sensors available [32]. Cost-effective and
appropriate sensing with definitive thresholds to schedule irrigation in water-saving rice
lends itself to incorporation into automated gravity surface irrigation which is an emerging
technology used to overcome the increased labour issues associated with high frequency
irrigation experienced with aerobic rice production [33].

Soil moisture tension describes how strongly water binds to soil and is measured
in units of pressure (kPa) with saturated soil measuring > −10 kPa and more negative
numbers indicating greater tension and more effort for the plant to extract water from the
soil. Soil moisture tension-based thresholds have previously been used to initiate irrigation
events in water-saving rice [17,34–38]. Only one such study using soil moisture tension in
a temperate environment can be found [35]. These authors reported sprinkler-irrigated
aerobic rice yields (7.9–9.4 t/ha) to be equivalent to or higher than continuously flooded
rice (8.2 t/ha) when irrigation was triggered at a soil tension of −60 kPa at 20 cm below
ground. However, in other regions, the more generally accepted threshold is between
−10 and −30 kPa [13,17,24,39]. Using soil tension thresholds determined in studies from
other environments may fail in temperate climates. Evidently, there is a need to further
investigate the impact of varying degrees of soil moisture deficit in temperate high-yielding
production systems with new varieties aimed at maximising water productivity.

Research has shown a physiological delay to panicle initiation (PI) and anthesis in
aerobic rice compared to continuous flood [28–30,40]. Similarly, Dunn and Gaydon [12]
increased the time between irrigations in DPW to delay PI and anthesis, recommending
earlier sowing of rice grown under DPW to avoid cold-induced sterility during repro-
ductive periods. Australian rice varieties are sensitive to cold temperatures during early
pollen microspore [9], which occurs about two weeks after the more easily identifiable PI.
Quantification of the maturity delay associated with soil moisture deficit is required to
enable sowing and ease of irrigation scheduling so farmers can manage irrigation water to
avoid unfavourable growing conditions during sensitive growth periods.

The Australian rice industry has set a water productivity target of 1.5 t/ML (ton/Megalitre)
by 2026, which is a significant increase on the current industry average of 0.85 t/ML [26].
This will require a radical shift in the way rice is grown and managed with aerobic rice
hypothesised as a potential solution to achieving the ambitious target. However, a better
understanding of the impact soil moisture deficit has on yield per ML and quantification
of the delay in maturity is required. Enhanced progress to achieve the goal of 1.5 t/ML is
likely with breeding efforts focused on cold-tolerant varieties to decrease the likelihood of
cold-induced sterility. It is, therefore, imperative to determine an appropriate irrigation
schedule for non-ponded rice in high-yielding temperate rice systems.

Provided plant water stress is avoided during the reproductive period, it is hypothe-
sised that sound yield and water productivity can be achieved under mild to moderate soil
moisture deficit during the vegetative period with severe soil moisture deficit hypothesised
to delay plant development. This aerobic rice study implemented various soil moisture
deficit thresholds during the vegetative period aimed to determine the most appropriate ir-
rigation regime for aerobic rice in temperate environments. The experiment was conducted
on a commercial scale to better understand the real impacts of aerobic rice cultivation and
to better engage with rice farmers and industry stakeholders. The specific objectives of the
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trial were to determine the effect of increasing soil moisture deficit during the vegetative
period on (i) crop development, (ii) grain yield, and (iii) water productivity.

2. Materials and Methods
2.1. Site Description

The experiment was conducted over the 2020–2021 (Year 1) and 2021–2022 (Year 2) rice
growing seasons (October–May) on a commercial farm located in the Murrumbidgee Valley
in south-eastern Australia near Griffith (34◦17′18” S, 146◦03′03” E). The soil was classified
as a self-mulching clay with a brown A horizon of 30 cm over a dense red B horizon [41]
which is typical of rice-growing soils in the region. Soil samples were collected at 0–15 cm
depth before planting in 2020–2021. Physical and chemical characterisation was obtained
through laboratory analysis [42] (Table 1).

Table 1. Initial physical and chemical properties of the experiment soil.

Parameter 0–15 cm

pH (1:5) (CaCl2) 7.31
EC (1:5) (dS/m) 0.28

P-Colwell (mg/kg) 127
CEC (cmol/kg) 22

Ca:Mg ratio 2.47
Total C (%) 1.32

Silt (%) 9%
Clay (%) 56%
Sand (%) 34%

The Murrumbidgee Valley has a temperate climate typified by hot dry summers with
low humidity. The average annual rainfall for Griffith is 385 mm with an average in-season
(15 October–30 April) rainfall of 150 mm and evapotranspiration of 1150 mm [8]. Weather
observations were taken from a weather station located 10 km from the trial site. Monthly av-
erage observations can be seen in Table 2. The 2020–2021 (Year 1) rice season was characterised
by very low night-time temperatures experienced during the reproductive period in January,
February and March (Figure 1). In-season rainfall was 175 mm. Reference evapotranspiration
for the period 15 October–30 April was 1259 mm. The 2021–2022 (Year 2) season started cool
with unseasonable wet conditions in November–January with well below average day-time
temperatures but adequate night-time temperatures throughout the reproductive period
(Figure 1). Well above average in-season rainfall of 352 mm was recorded with below
average reference evapotranspiration of 1100 mm for the period 15 October–30 April.

Table 2. Monthly rainfall and daily average values of minimum and maximum temperature, so-
lar radiation, and ET0 during the cropping seasons of 2020–2021 (Yr 1) and 2021–2022 (Yr 2) at
Griffith, NSW [43].

Rain (mm) Min Temp (◦C) Max Temp (◦C) Solar Rad (MJ/m2) ET0 (mm)

Month Yr 1 Yr 2 Yr 1 Yr 2 Yr 1 Yr 2 Yr 1 Yr 2 Yr 1 Yr 2

October 58 31 11.3 8.5 25.3 23.0 19.8 21.5 5.0 4.8
November 12 84 15.2 13.3 32.1 24.8 26.6 19.3 7.8 4.8
December 10 41 14.6 14.9 30.9 31.4 26.1 28.7 7.8 7.5

January 73 172 17.7 19.8 32.3 32.3 25.8 24.0 7.8 6.6
February 12 2 16.9 16.6 31.3 31.3 24.0 23.6 7.1 6.7

March 69 53 13.5 15.8 26.8 29.1 17.3 17.5 4.9 4.9
April 0 106 8.1 10.2 24.2 22.0 15.4 13.1 3.5 2.8
May 18 12 6.2 5.1 20.2 17.8 11.2 11.1 2.4 1.9
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Figure 1. Maximum (red) and minimum (blue) temperatures and rainfall (bars) recorded in Year 1 (A)
and Year 2 (B).

The study was conducted in a 9-bay, down-the-grade border check field (34 ha) (Figure 2).
Each bay was 500–600 m long and 50–75 m wide (~3.5 ha each). Each bay was separated by
30 cm high earthen banks and individually connected to a water supply channel. Irrigation
water into the field was measured by a Rubicon SlipMeter SMTM (NMI 14/3/62 certified)
which is standard across rice farms in the region and averaged across the irrigation area.
Irrigation water productivity (t/ML) was calculated: crop yield (t/ha) ÷ irrigation water
(ML/ha) [11]. Total water productivity (t/ML) was calculated: crop yield (t/ha) ÷ (irriga-
tion water (ML/ha) + rainfall (mm)) [11]. Drainage was collected at the opposite end of the
supply channel and pumped into a recycle dam which was recycled in the same field.
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2.2. Irrigation Treatments and Experimental Layout

The experimental design was a randomised complete block design with three irrigation
treatments thrice replicated in year 1 and two irrigation treatments replicated four times
in year 2. The initial irrigation events of the season were based on agronomic decisions
to ensure good establishment and weed control. After this, water management of the
different treatments was based on soil moisture tension thresholds at 15 cm depth during
the vegetative period—after establishment until panicle initiation (from mid-December
until mid-January) with irrigation commencing when the treatment average threshold was
reached. A depth of 15 cm was chosen as the majority of roots are concentrated in the
top 10 cm [28]; however, cracking to a depth of 10 cm has commonly been observed in
heavy clays in the region [31], reducing the reliability of soil moisture sensors. Irrigation
thresholds of −15, −40 and −70 kPa were used in Year 1 and based on the results obtained,
thresholds of −15 and −40 kPa were used in Year 2. These thresholds were chosen as
they were considered minimal, mild and severe soil moisture deficits. In both years, once
treatments reached the reproductive period and nitrogen was applied at panicle initiation,
all treatments were irrigated every 2 to 3 days to ensure soil moisture did not surpass
−10 kPa. Throughout the ripening stage, all treatments were irrigated to ensure soil tension
did not surpass −15 kPa to ensure adequate moisture was available for grain filling.

2.3. Soil Moisture Measurements and Water Management

Soil moisture tension was monitored throughout the growing season in two bays per
treatment in Year 1 and in all bays in Year 2 by means of two watermark sensors (Model
200SS, Irrometer Company Inc., Riverside, CA, USA) to enable averaging of readings to
reduce uncertainty. Sensors were installed after establishment to ensure they were placed
next to plants and provided representative readings of the soil tension at the root zone. In
Year 1 the sensors were located in the middle of the bay and connected to low-cost, low-
power WiField loggers that collect and store data periodically and upload to the Google
Cloud platform through an on-farm WiFi network to enable real-time monitoring [44].
In Year 2, watermark sensors were connected to an all-in-one IoT communication station
(SensorPro, Padman Automation, Strathmerton, VIC, Australia) located 100 m from the
end of each bay. The IoT communication stations contained calibrated pressure transducers
and capacitance sensors to sense and measure water height in each bay and in the supply
channel. The solar-powered IoT sensors are periodically connected via the LoRaWAN
gateway to send data to the Padman Automation webapp platform for real-time monitoring
and irrigation control.

Rubber lay-flat inserts were installed to existing concrete water stops which could
be opened/closed by a winch cable. Portable self-powered AutowinchPro’s (Padman
Automation, Strathmerton, VIC, Australia) were installed at the outlet to control irrigation
events. The automated outlet controllers have a graphical user interface for programming
at the device and communicated via LoRWAN to receive commands sent via the webapp.
The webapp was used to ‘pair’ each SensorPro to the AutowichPro in each respective
bay, as well as the subsequent bay to be irrigated. When predetermined water height
thresholds were surpassed (20 mm) near the end of each bay, outlet controller commands
were triggered to open/close respective outlets.

2.4. Crop Management

Wheaten hay was cut and bailed prior to sowing in Year 1. Medium grain short season
semi-dwarf variety, Viand was drill sown into an undisturbed seedbed at 130 kg/ha with
140 kg/ha Granulock Z starter fertilizer on 7 November 2020. The first three irrigation
events were conducted manually prior to the installation of automation infrastructure.
The timing of the first three irrigation events was based on herbicide and agronomic
requirements to ensure good establishment. Crop establishment in all treatments averaged
187 (±49) plants/m2 with no significant difference between treatments. The pre-emergent
(first) irrigation occurred 9–12 November with all treatments receiving a second irrigation



Agronomy 2023, 13, 168 7 of 18

on 20–21 November and a third irrigation on 3–5 December before irrigation treatments
were imposed (Figure 3).
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Figure 3. Irrigation management at the different crop growth stages.

After the Year 1 harvest, the field was left fallow in the winter of 2021 before rice
stubble was burnt in early October and the land was re-levelled prior to planting to
overcome wheel track compaction from previous operations. Viand was once again drill
sown two weeks earlier than the first year, at a reduced rate of 120 kg/ha with 140 kg/ha
Granulock Z starter fertiliser on 20 October, 2021. Based on the delay in maturity seen by
increasing soil moisture deficit in Year 1, the date of the pre-emergent irrigation after sowing
was staggered in an attempt to have both treatments reaching PI at the same time. The
40 kPa treatment received its pre-emergent irrigation on 22 October and second irrigation
on 30 October while the pre-emergent irrigation for the 15 kPa treatment occurred on
31 October, prior to substantial rainfall throughout November and early December. Plant
establishment did not differ between treatments to an average of 151(±19) plants/m2. Both
treatments received irrigation on 15-16 December prior to the deficit irrigation treatments
being imposed (Figure 3).

In both years all irrigation treatments received a thrice split N regime in the form of
granular urea (46% N). A total of 220 kg/ha N was applied based on the requirements
to achieve a high yield (>10 t/ha) for this soil type in the region factoring in higher N
losses than normal due to the continued wetting and drying of the soil. To reduce N losses
when broadcasting, urea should be applied to dry soil just prior to an irrigation event, and
therefore, the timing of irrigation dictated when nitrogen was applied.

In both years, weeds were successfully controlled by the farm manager using commer-
cially available herbicides applied prior to an irrigation event. In Year 1 post-sowing and
pre-rice emergence a combination of Paraquat 250 g/L (1 L/ha) and clomazone 480 g/L
(0.5 L/ha). Post-rice emergence, dicamba 500 g/L (0.5 L/ha) and pendimethalin 440 g/L
(3 L/ha) was applied. Cyhalofop butyl 160 g/L, 12 g/L Florpyrauxifen-Benzyl and 350 g/L
N,N-Dimethyloctanamide and N,N-Dimethyldecanmide (2 L/ha) was applied at the time
irrigation treatments commenced. In Year 2 post sowing and pre-rice emergence a combi-
nation of clomazone 480 g/L (0.5 L/ha) and pendimethalin 440 g/L (3 L/ha) was applied.
Post-emergence, Cyhalofop butyl 160 g/L, 12 g/L Florpyrauxifen-Benzyl and 350 g.L
N,N-Dimethyloctanamide and N,N-Dimethyldecanmide (2 L/ha) was applied at the time
irrigation treatments commenced.

2.5. Crop Measurements

Plant samples (3 × 0.2 m2 at the top, middle and bottom of each bay) for biomass
and nitrogen uptake were taken at panicle initiation and analysed for N uptake using NIR
spectroscopy [45]. Four above-ground plant samples (1 m2) per replicate were collected
at physiological maturity and dried at 80 ◦C until a constant weight to determine the
total dry matter with panicles counted to determine panicles/m2. Samples were threshed
through a stationary thresher and the grain was weighed to determine the harvest index.
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1000 grain samples were counted and weighed. Grain yield was estimated from an area of
1–1.8 ha (harvested with a commercial combine harvester on April 29 for the 15 kPa and
May 21 for the 40 and 70 kPa treatments in Year 1 and on March 24 for both treatments in
Year 2) and reported at 14% moisture. Crop phenology was monitored in each replicate
to accurately determine the timing of PI and anthesis. PI was declared when the panicle
could be identified with the naked eye in three out of 10 tillers [46]. Anthesis was declared
when an estimated 50% of anthers on 50% of panicles within the replicate was achieved.

2.6. Statistical Analysis

Statistical analysis consisted of a quantile-quantile plot to test for normality and
analysis of variance in R. Differences between means were compared by least-significant
difference (LSD) tests at a 5% probability level.

3. Results
3.1. Water Management

During the period when the deficit irrigation treatments were enforced in Year 1, the
15 kPa treatment reached its threshold and was irrigated on four occasions. The 40 kPa
treatment reached its threshold and was irrigated on three occasions during this period and
the 70 kPa twice (Figure 4). An irrigation event in each treatment during this period can be
detected in Figure 4 by a sharp increase in soil moisture tension (less negative values) with
readings returning to values ≥ −10 kPa indicative of saturated soil.
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Upon reaching irrigation thresholds in the vegetative period, visual symptoms of
moisture stress including leaf rolling and colouring to blue were observed in the 40 and
70 kPa treatments. The symptoms were more pronounced in the 70 kPa treatment; however,
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both treatments recovered immediately following irrigation. Visual plant moisture stress
was not observed in the 15 kPa treatments during the vegetative period.

Increasing soil moisture deficit in the vegetative period delayed crop development,
and therefore, during the reproductive period the 40 kPa treatment received five more
irrigations than the 15 kPa treatment, and the 70 kPa treatment received six more than the
15 kPa treatment (Table 3). It must be noted that substantial runoff occurred in Year 2 due to
extreme rainfall events with useful rainfall likely much less than the total in-season rainfall.
Soil moisture did not exceed −10 kPa during this period, as seen in Figure 4. During grain
ripening the 40 and 70 kPa treatments were irrigated three times and the 15 kPa treatment
received four irrigations. In total for Year 1, the 15 kPa treatment received 30 irrigations,
with the 40 and 70 kPa treatments both receiving an extra three irrigations due to the early
season soil moisture deficit causing a delay in plant maturity and extending the growing
season. A total of 7.95 ML/ha irrigation water was applied in Year 1.

Table 3. Number of irrigation events during various growth stages in both years.

Year Treatment Establishment Treatments
Imposed

Reproductive
Period

Grain
Filling Total

Year1 15 kPa 3 4 19 4 30
40 kPa 3 3 24 3 33
70 kPa 3 2 25 3 33

Year 2 15 kPa 2 3 15 3 23
40 kPa 3 2 15 3 23

In Year 2, the 15 kPa treatment received two irrigations during establishment and the
40 kPa received three due to the earlier pre-emergent irrigation date. From 22 December un-
til 5 January the 15 kPa treatment reached its threshold and was irrigated on three occasions
with the 40 kPa treatment reaching its threshold and irrigated on two occasions (Figure 4).
Significant rainfall events occurred from January 6 to 15 with irrigation not commencing
again until 20 January. By this stage, both treatments had reached PI and were irrigated
15 times until the end of anthesis with soil moisture not exceeding −10 kPa. A further three
irrigations occurred during ripening. The total number of irrigations for the 15 and 40 kPa
treatments in Year 2 was 23 with a total of 4.65 ML/ha irrigation water applied, much less
than in Year 1 due to the increased rainfall received. It must be noted that substantial runoff
occurred in Year 2 due to extreme rainfall events with useful rainfall much less likely than
the total in-season rainfall.

3.2. Crop Phenology and N Uptake

Increasing soil moisture deficit between irrigations in the vegetative period in Year 1 had
a significant impact on rice physiological development. Relative to the 15 kPa treatment,
the number of days from pre-emergent irrigation until PI was 13 and 17 days longer in the
40 and 70 kPa treatments, respectively, with time to anthesis occurring 10 and 15 days later
than the 15 kPa treatment (Figure 5, Table 4).

In Year 2, relative to the 15 kPa treatment, the number of days from pre-emergent
irrigation until PI was 14 days longer for the 40 kPa treatment, with anthesis delayed by
12 days. Consequently, delaying pre-emergent irrigation for the 15 kPa treatment meant
both treatments reached PI within 4–5 days of each other (Figure 5, Table 4).

No statistically significant differences in plant N uptake were recorded at either sam-
pling date in Year 1 among treatments, averaging 68 kg N/ha on January 18 (prior to final
N application) and 130 kg N/ha on February 3, respectively. In Year 2 on January 16 prior
to the final N application, the total N uptake averaged 107 kg/ha with no statistically
significant differences between treatments.
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Figure 5. Long-term mean (21 years) maximum and minimum temperatures (dashed red/blue
line, respectively) and maximum and minimum temperatures recorded [43] (solid red/blue line,
respectively) in Year 1 (A) and Year 2 (B) with dotted dark blue line at 17 ◦C to show the critical
minimum temperature for rice during early pollen microspore and anthesis. Square dots represent
date of panicle initiation with triangles representing anthesis (blue: 15 kPa, green: 40 kPa, brown:
70 kPa treatments).

Table 4. Rice establishment, nitrogen uptake and crop development results for Year 1 and Year 2.
Values ± standard deviation with different letters between rows indicating statistical significance
at 0.05.

Treatments Plants/m2 Panicles/m2 N Uptake
Jan 18/16

N Uptake
Feb 3 Days to PI Days to 50%

Anthesis

Year 1
15 193 ± 48 766 ± 107 84 ± 33 130 ± 30 69 ± 1 a 104 ± 2 a

40 174 ± 36 770 ± 70 63 ± 13 138 ± 13 82 ± 1 b 114 ± 1 b

70 195 ± 60 804 ± 98 57 ± 14 121 ± 29 86 ± 5 c 119 ± 4 b

p value n.s. n.s. n.s. n.s. <0.001 0.001

Year 2
15 151 ± 15 674 ± 110 a 112 ± 11 73 a 101 ± 2 a

40 151 ± 22 585 ± 61b 102 ± 22 87 ± 2 b 113 ± 2 b

p value n.s. 0.04 n.s. <0.001 <0.001

3.3. Grain Yield & Water Productivity

Irrigation treatment affected grain yield in Year 1 (Table 5). The 15 kPa treatment
yielded significantly more (4.5 t/ha) than the 70 kPa treatment. However, no statistically
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significant differences were observed between the intermediate treatment (40 kPa) and the
other two treatments. Irrigated water productivity and total water productivity (irrigation
and rainfall) for the 15 kPa treatment (1.02 t/ML and 0.84 t/ML, respectively) were signifi-
cantly greater than in the 70 kPa treatment (0.45 t/ML and 0.37 t/ML, respectfully). No
yield difference between the 15 kPa and 40 kPa treatments was observed in Year 2 (Table 5)
with irrigated water productivity of 1.62 t/ML and total water productivity of 0.92 t/ML.

Table 5. Grain yield, yield components and water productivity for Year 1 and Year 2. Values± standard
deviation with different letters between rows indicating statistical significance at 0.05.

Treatments Yield (t/ha) Dry Matter
(kg/ha)

Harvest
Index

1000 grain
weight (g)

Irrigation WP
(t/ML)

Total WP
(t/ML)

Year 1
15 8.1 ± 1.0 a 9.6 ± 2.2 0.48 ± .10 a 22.1 ± 1.8 1.02 ± 0.13 a 0.84 ± 0.10 a

40 5.8 ± 1.40 ab 11.6 ± 1.8 0.33 ± 0.06 b 21.4 ± 1.0 0.73 ± 0.18 ab 0.59 ± 0.14 ab

70 3.6 ± 1.74 b 12.4 ± 4.4 0.23 ± 0.15 b 20.9 ± 1.0 0.45 ± 0.22 b 0.37 ± 0.28 b

p value 0.021 n.s. <0.001 n.s. 0.0213 0.0213
Year 2

15 7.5 ± 1.9 6.7 ± 1.0 0.54 ± 0.04 21.5 ± 1.0 1.61 ± 0.40 0.92 ± 0.23
40 7.5 ± 0.7 6.5 ± 1.3 0.55 ± 0.02 22.0 ± 0.8 1.62 ± 0.14 0.93 ± 0.08

p value n.s. n.s. n.s. n.s. n.s. n.s.

Conversely, for the yield in Year 1, plant dry matter at physiological maturity in the
70 kPa treatment was significantly greater than in the 15 kPa treatment with no statistically
significant differences found between the 15 and 40 kPa treatments in either year. The
harvest index of the 15 kPa treatment was significantly higher than both the 40 and 70 kPa
treatments in Year 1 with no difference between treatments in Year 2. One thousand grain
weight did not differ between treatments in either year, averaging 21.5 g in Year 1 and
21.7 g in Year 2.

4. Discussion
4.1. Quantificaiton of the Delay in Physiological Development

Quantification of the maturity delay associated with soil moisture deficit is required
to determine optimal sowing windows and irrigation scheduling. This can provide farm-
ers and future researchers with irrigation recommendations to manage water to avoid
unfavourable growing conditions during sensitive growth periods and maximise water
productivity. Research in water-saving rice has generally assessed the delay in crop de-
velopment in relation to the frequency of irrigation rather than to the soil moisture deficit
imposed [28–30]. Increasing soil moisture deficit during the vegetative period in both years
of the present study caused a significant delay in plant physiological maturity. Initiat-
ing irrigation at −40 kPa instead of −15 kPa resulted in one less irrigation event during
the vegetative stage and delayed PI by 13–14 days and the number of days to anthesis
by 10–12 days in Years 1 and 2, respectively. Extending soil moisture deficit to −70 kPa
resulted in one less irrigation event for the 70 kPa treatment with respect to the 40 kPa
treatment in Year 1 and resulted in a further 4-day delay to reach PI and a 5-day delay to
reach anthesis. Similarly, Dunn and Gaydon [12] reported the anthesis of DPW rice to be
delayed by 3–18 days (depending on ET0 irrigation threshold) compared to the flooded
control, concluding that sowing of DPW needs to be brought forward by 7–10 days. Con-
ventionally drill-seeded Viand (the variety used in the present study) takes about 90 days
from pre-emergent irrigation to reach anthesis [47], with growers implementing a DPW
regime advised sowing 10 days earlier to overcome the associated physiological delay
to minimise the risk of cold-induced sterility [12,48]. Whilst the present study did not
comprise a flooded control treatment, days from pre-emergent irrigation to anthesis for
the 15 kPa treatment were 104 and 101 in Years 1 and 2, respectively. It could, therefore,
be speculated that an irrigation threshold of −15 kPa during the vegetative stage results
in a delay to anthesis of about 11–14 days, compared to flooded rice, with an increasing
deficit further extending development. This aligns with findings from [28–30,40] who all
reported an 8–16 day delay to anthesis between aerobic rice and conventional flooded rice
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(Table 6). Of these studies that scheduled irrigation based on the number of days since the
previous irrigation, only Blackwell et al. [30] reported on the soil-water deficit. Neuron
probe measurements showed a soil moisture deficit in the most irrigated treatment (128%
of ETo) in the top 30 cm of 14 mm at PI and up to 23 mm during the reproductive period
despite an irrigation frequency of 3 days. This would indicate that despite irrigating in
excess of ET requirements, minor water stress still occurred, resulting in an 11-day delay
to anthesis. Wilting, leaf rolling and leaf senescence observed in weekly irrigated rice
by [28,29], suggest that such an irrigation regime also resulted in a substantial soil moisture
deficit, delaying anthesis by 16 and 11 days, respectively.

Table 6. Number of days anthesis was delayed relative to traditional flooded controls in previous
Australian water-saving rice research. * in the current study, the delay of the 15 kPa versus flooded
rice is estimated, with the extra delay in the 40 & 70 kPa treatments added to the estimate with the
value of Year 1 listed before Year 2.

Author [28] [30] [29] [40] Current Study

Irrigation method Flood Sprinkler Sprinkler Flood Flood
Variety Irrigation Frequency Calrose Calrose Calrose Reiziq, Sherpa Viand

3/week 8
2/week 11 8
1/week 16 11

N.A. 16
15 kPa * 14, 11
40 kPa * 24, 23
70 kPa * 29, -

Whilst such physiological delay may not be an issue in some environments, or in some
years, it is of much relevance to Australian temperate rice growers. Standard industry
practice is to time the sowing and pre-emergent irrigation of rice to achieve PI between
January 1 and 15 to ensure EPM occurs January 15–30 as this is the period of least risk
of cold (below 17 ◦C) temperatures [49]. The importance of quantifying the delay in rice
development as a result of deficit irrigation and the need to correctly manage the time
of pre-emergence irrigation and irrigation scheduling to maximise yield potential was
evident in Year 1. The 15 kPa treatment reached PI on January 19 with the 40 and 70 kPa
treatments significantly delayed (January 31 and February 4, respectively), resulting in
different climatic conditions experienced during early pollen microspore (EPM). The 40 and
70 kPa treatments were exposed to 8 and 12 extra nighttime minimums below 17 ◦C during
the period of EPM to flowering, and the 15 kPa treatment escaped. Much sterility was
observed in the 70 kPa treatment, and to a lesser extent in the 40 kPa treatment and was
considered the main cause of reduced yield in these treatments with no difference in plants
and panicles/m2 nor 1000 grain weight. The 15 kPa treatment was not exposed to the
severity nor frequency of cold events, and as such achieved a yield only 10% lower than
the industry average for Viand in 2020–2021 (8.8 t/ha) which was below average due to the
widespread cold sterility observed in late sown rice [50].

Quantifying the delay from the pre-emergent irrigation to PI in relation to soil mois-
ture tension allowed for better crop management in Year 2 to ensure PI, and evidently,
EPM occurred during the optimal window in both the 15 and 40 kPa treatments. De-
laying the pre-emergent irrigation of the 15 kPa treatment by 9 days in Year 2 ensured
successful alignment of the reproductive period. Consequently, the two treatments expe-
rienced similar reproductive climatic conditions. The grain yield of the two treatments
was similar (7.5 t/ha), despite the 15 kPa treatment having a significantly greater number
of panicles/m2. Results in Year 2 suggest that the increasing soil moisture deficit from
−15 to −40 kPa during the vegetative period does not reduce yield under the same climatic
conditions, although the treatments were imposed for a short period.
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Results from the current study indicate that aerobic rice irrigated at a relatively minor
irrigation deficit of −15 kPa during the vegetative period appears to require a similar
sowing window/pre-emergence irrigation to DPW rice to reach EPM in the optimal window.
For Viand grown under DPW conditions in the region, NSW DPI [48] recommends a sowing
window of October 25–November 10. Should growers wish to extend the soil water deficit
to −40 kPa during the vegetative period, our results suggest pre-germination irrigation
should be brought forward by 2 weeks and a further 4 days under a −70 kPa irrigation
regime. This may be problematic for more commonly grown long-season varieties (Reiziq,
+15 days [48]) as cold soil temperatures in September can be unfavorable for establishment.
As such, further research is required to determine the performance of other high-yielding
varieties under aerobic deficit irrigation regimes and to determine the optimal time of
sowing to maximise water productivity

4.2. Yield and Water Productivity

Water scarcity and increased competition across multiple irrigation industries in
the Murrumbidgee Irrigation Area are driving rice growers and industries to improve
water productivity. Moving to an aerobic system, which aims to maximise water will
be critical in ensuring the future of the rice industry in a water-constrained environment.
Understanding the management requirements and yield and water productivity potential of
aerobic rice is essential for growers to consider adopting the practice. A comparison with the
Murrumbidgee Irrigation Area regional average water productivity can be seen in Figure 6.
It must be noted that the main commercial variety (Reziq) yielded on average ~2 t/ha
more than Viand (used in this study) across the region; however, only water productivity
values averaged across all varieties were available. With no cold sterility observed in the
15 kPa treatment in Year 1, irrigated water productivity exceeded 1 t/ML with total water
productivity of 0.84 t/ML in this treatment. In comparison, the Murrumbidgee Irrigation
Area regional average irrigated water productivity (all varieties, 19,166 ha) for ponded
rice was 0.89 t/ML [50,51]. As a result of increased rainfall in Year 2, irrigated water
productivity of 1.6 t/ML and total water productivity of 0.93 t/ML was achieved in the
15 and 40 kPa treatments, compared to a regional average (all varieties, 23,632 ha) irrigated
water productivity of 1.21 t/ML [50,52].
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Total water productivity of the 15 kPa treatment in the current study exceeded those
from a concurrent (Year 1) nearby aerobic rice study (0.6 t/ML) using crop evapotran-
spiration to schedule irrigation with yields reportedly reduced to < 7.0 t/ha as a result
of cold and mice damage [47]. The total water use (11.3 ML/ha) reported by Dunn and
Dunn [47] was slightly higher than in the current study (9.7 ML/ha). In the previous two
seasons [47], the reported total water productivity was 0.75 t/ML for aerobic rice with
yields of 8.5–9 t/ha, reportedly absent of cold/heat stress or mice damage, as experienced
in the third year of their study. Nevertheless, it is inferior to 1.15 and 0.9 t/ML in DPW and
drill-sown rice, respectfully [47].

Similar aerobic rice total water productivity results have been reported in Northern
China, with aerobic rice achieving 0.3–0.8 t/ML, compared to 0.37–0.65 t/ML for flooded
rice [53]. Likewise, aerobic total water productivity was reported at 0.08–0.83 t/ML [54];
however, rice yields in both studies were <5.5 t/ha with flooded rice achieving up to
8.8 t/ha [53]. Soil moisture deficit in these trials exceeded −90 kPa on numerous occasions
throughout the season; however, solar radiation reported by [53,54] is in the order of 40%
lower than the present study, with similar maximum temperatures. This suggests that plant
water requirements may have been less than those in the present study.

Kato et al. [35] found initiating irrigation events at −60 kPa (at 20 cm depth) through-
out the vegetative and reproductive period in sprinkler-irrigated rice resulted in equivalent
or higher yields (7.9–9.4 t/ha) than continuously flooded rice (8.2 t/ha) in temperate Japan
with aerobic total water productivity of 0.8–1 t/ML, similar to the maximums achieved
in the current study, despite a 25% reduction in solar radiation compared to this study.
Similarly, reflooding AWD fields exposed to soil moisture deficit of ~35 kPa and ~70 kPa
during the late vegetative to mid-anthesis period was found to have no reduction in yield
compared to continuously flooded rice (11–14 t/ha) in temperate USA [55]. However, it is
possible yields were maintained due to a shallow ground water table or from a capillary
uprise of water in aerobic conditions [55].

Biomass production is closely associated with plant transpiration and is generally
constant for a particular species in a particular climate with higher water use efficiency
often a trade-off with reduced biomass production [56]. However, the harvest index is
variable within genotypes [35,57] and can be improved as a result of greater transloca-
tion of assimilates from stems and leaves to grain and increasing growth rate during
grain filling [57]. Variation is generally associated with different nitrogen and water
management [12,29,35] as well as sowing dates [57]. Whilst harvest index values above
0.6 have been reported in Australia [9,58], generally, they range from 0.35 to 0.48 [9,12,29,59]
with the maximum commercial values of 0.40–0.53 considered realistic in Australia by
Unkovich et al. [60]. A harvest index of 0.48 in the 15 kPa in Year 1 and an average of 0.55 in
Year 2 are on the upper end of reported values, highlighting reproductive efficiency in
this study.

Similar to previous Australian research [28,29,47], the results in the present study did
not find that aerobic rice yields could meet or surpass industry average ponded rice yields
in the same region. However, this study demonstrated for the first time at a commercial
scale, that sound water productivity can be achieved with aerobic rice cultures in temperate
Australia, providing cold temperatures during early pollen microspores are avoided. With
over 20 irrigations in Year 2 and 30 in Year 1, such high-frequency irrigation would not have
been feasible without automated irrigation technology due to the high cost of limited labour
resources. To the best of our knowledge, this is the first time gravity surface automated
irrigation technology has been used to grow water-saving rice at a commercial scale [33].
Much interest and engagement from rice growers and industry stakeholders at field days
highlight the potential adoption of the practice. In both years aerobic rice irrigated at
a threshold of −15 kPa during the reproductive period achieved a yield over 7.5 t/ha
with total water productivity exceeding 0.84 ML/ha. Results from Year 2 suggest that
an irrigation threshold of −40 kPa during the vegetative period can achieve equivalent
yields to a −15 kPa irrigation regime; however, timing of the pre-emergence irrigation
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must be managed to ensure EPM occurs during the appropriate period. It is likely the same
delay in plant phenological development would be seen in DPW under the same deficits;
however, this requires further investigation. This study suggests aerobic rice may assist the
Australian rice industry to increase t/ML, however, at the expense of t/ha.

5. Conclusions

The research presented in this paper stems from the need to understand the effect of
deficit irrigation on non-flooded rice to determine the most appropriate irrigation thresh-
olds to initiate irrigation for water-saving rice in temperate rice-growing regions. Specific
thresholds can provide farmers confidence in irrigation scheduling to maximise water
productivity whilst minimising the chance of unfavourably cold conditions (<17 ◦C) during
early pollen microspore. This temperate Australian research demonstrates that aerobic
rice requires in excess of 20 irrigation events for the season, which is unfeasible with lim-
ited labour availability. As such, parameters that can be cost-effectively and accurately
measured, such as soil moisture tension, lend themselves to incorporation into automated
gravity surface irrigation systems. This study used soil moisture tension to schedule irriga-
tion which was successfully delivered by gravity surface automated irrigation technology
for the first time at a commercial scale to successfully grow aerobic rice with industry and
grower involvement. As hypothesised, extending soil moisture deficit beyond −15 kPa
in the vegetative period delayed panicle initiation by at least 13–14 days. Delaying early
pollen microspores beyond the optimal window resulted in a severe yield penalty due to
cold-induced sterility in Year 1. By staggering the pre-emergent irrigation in Year 2, the
15 and 40 kPa treatments were exposed to similar climatic conditions and no difference in
grain yield was recorded. Maximum irrigated water productivity and total water produc-
tivity achieved in this study ranged from 1.02 to 1.62 t/ML and from 0.84 to 0.93 t/ML,
respectively. As hypothesised, sound grain yield and water productivity were achieved
when rice was subjected to minimal to moderate soil moisture deficit during the vegetative
period. However, increasing the soil moisture deficit beyond −15 kPa was shown to delay
crop development and should be an important management consideration for future adop-
tion. This research can assist irrigators with irrigation scheduling to ensure critical crop
development milestones are achieved when required and demonstrate that commercial
aerobic rice can achieve high water productivity in temperate environments.
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