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Abstract: Modern rice varieties adapted to aerobic (dryland) conditions have expanded to new rice
growing systems thanks to their plasticity in adapting to rainfed and irrigated conditions. This is
important because, as water becomes scarce in paddy rice regions (as it is already in Australia),
there will be a move towards tropical to subtropical dryland rainfed rice with attendant problems
of drought and low temperature. To assess rice adaptability in the wet season of the semi-arid
subtropical conditions of coastal central Queensland, field experiments were established for a late
season (in January) planting in 2014 and early season planting in November 2015 with 13 varieties
developed by Australian Agriculture Technologies (AAT) Ltd were seeded in a vertisol soil. This was
to assess their adaptation to rainfed conditions and their response to strategic irrigation. Water
scarcity and low temperature prior to and at flowering were important factors constraining yield.
Early flowering varieties in the late season planting escaped the otherwise cold and drought stress
during the reproductive stage and had higher yields. In the second year, earlier planting made
possible with strategic irrigation avoided the low temperature constraint on yield, but without
follow-up strategic irrigation, yields were still low. The average yield of varieties increased from
1.5 times (AAT 4) to 16.3 times (AAT 15) with strategic irrigation compared with rainfed yields
averaged across years. The increase in yield with strategic irrigation was associated with a greater
leaf area index, spikelet fertility, and instantaneous water use efficiency during flowering. Strategic
irrigation concentrated roots in the top 15 cm, but differences in yield between varieties under rainfed
conditions were not related to root properties. It is important to consider variations in flowering time,
yield potential, and drought patterns when developing rice varieties for rainfed semi-arid tropical
conditions, as well as when quantifying the benefits of strategic irrigation.
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1. Introduction

Rice (Oryza sativa L.) is predominantly grown in the tropical lowlands as a flood irrigated paddy
crop mainly with indica ecotypes. In water-scarce areas in many countries, rice is also grown as an
upland crop (or aerobic rice) mainly with japonica ecotypes. Aerobic rice is grown in soil often kept
below water saturation.

Improving water productivity for rice production is a global driver for the rice industry.
Non-flooded irrigation for rice production systems has been seen as an effective way of improving
water productivity, particularly when moving rice production to new regions with limited water.
Despite being considered low yielding, some adapted aerobic rice varieties can produce a high yield
with a high harvest index (HI) when grown without nutrient deficiency and/or drought [1]. Aerobic
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rice under such practices has already shown promise with yields of 6–7 t/ha in China [2]. Indeed, some
improved aerobic good-yielding rice varieties have been identified for the Huang-Huai-Hai River
plains of China, with a yield of 7 t/ha on irrigated drylands [3].

Aerobic rice is, nevertheless, generally lower yielding than lowland paddy rice. De Datta et al. [4]
tested the variety IR20 under aerobic conditions with irrigation in the Philippines and achieved 55%
more water savings than in traditional flooded systems, but yield was compromised from 7.9 t/ha
down to 3.4 t/ha. However, upland rice reportedly has a greater fractal abundance of roots than paddy
rice, allowing for greater water extraction by aerobic rice from dry and subsurface soils [5].

The pivotal role of photosynthesis in determining biomass and yield underlies the importance of
photosynthesis as a prime trait for the selection of productive rice varieties under both well-watered and
drought conditions. For all the detractions of using measures of leaf photosynthesis as a determinant
of yield, [6] argued for the close link between increases in leaf photosynthesis and yield. For rice,
higher rates of photosynthesis and stomatal conductance lead to higher yields across genotypes under
water stress environments [7].

Water use efficiency (WUE) is another major physiological trait used for the identification and
improvement of rice varieties under water-limiting conditions. WUE in the physiological sense at the
leaf level can be measured instantaneously as the ratio of net photosynthesis rate (A) to transpiration
(E), also known as transpiration efficiency (TE), and by carbon isotope discrimination (CID) [7,8].
CID is generally used as a measure of the longer-term integrative WUE, particularly in C3 species [9].
However, although much attention has been directed toward breeding for WUE per se, little advance
has been made [10] and alternative recommendations, based upon modelling exercises, to ‘save’
water from the vegetative period to be used for reproductive growth have been made. While partial
stomatal closure, conditioned either (a) when the vapour pressure deficit rises beyond a given cue
or (b) when less than one-third of transpirable water remains in the soil, increases yield with greater
water availability during reproductive growth [10], the possibility that redistributed non-structural
carbohydrates stored during the vegetative period can contribute to some form of drought tolerance
cannot be discarded.

Nevertheless, it is still essential to understand the effect and mechanisms of water deficit on leaf
gas exchange, i.e., photosynthesis (A), transpiration (E), and on plant growth for targeted breeding
and selection of tolerant varieties for dryland field conditions [11]. Various studies have reported
that drought has a significant effect on A, stomatal conductance (gs), and E [12,13]. Besides the
all-important effect of drought at the time of flowering on seed set in rice [14], the grain filling period
is particularly important in terms of carbon storage for grain yield as most of the CO2 assimilation
from the photosynthetically active flag leaf is stored in mature grains [15,16]. Therefore, conditions
that limit the photosynthetic rate of the flag leaf limit grain yield [17]. The penalty of drought during
the grain filling stage is significantly reduced photosynthesis and yield; hence, much varietal screening
for drought tolerance within crops is focused on traits that ameliorate terminal drought stress [18].
Among these, improved rooting and water extraction patterns may be included.

Indeed, trait-based selection for enhanced water extraction and maintenance of positive tissue
turgor through greater water extraction from where soil water is available is widely recognised as
one approach to enhance yield under water-limited conditions for rice [19]. Close links between a
deeper root system, photosynthetic efficiency, and lower drought susceptibility were evident using
a large number of mutagenized rice lines [19], as was found among land races of rice [20] and other
crop species (e.g., chickpea—[21]; maize—[22]). Likewise, use of canopy temperature [23] or high
carbon isotope discrimination [24] as proxies for gains from deep rooting during drought stress has
been reported.

However, in spite of the search to address terminal drought, there are arguments for saving soil
water (as for storing carbohydrate and redistributing it to grain after flowering) for use during grain
filling (i.e., reducing E, meaning that integrated through the crop WUE is inversely proportional to
productivity). This is a conservative approach, ‘the conductance type’ of Impa et al. [25]. There are



Agronomy 2020, 10, 1831 3 of 23

also arguments for using all water, quickly choosing varieties with a greater biomass per unit of water
transpired, which would hasten growth and, proportionally, productivity (i.e., variation in the WUE
is proportional to photosynthetic rate, ‘the capacity type’). Both improve WUE, but with differing
consequences; the latter being better suited for early maturing varieties that cover the soil soon after
sowing and reduce the evaporation component of ET, and the former for later varieties with reduced
exploitation of soil water reserves until after flowering. It is known that genetic diversity exists for
water use efficiency (WUE), which is necessary for selection; hence, the yield penalty with reduced
access to water can vary between varieties [25].

Other factors to contend with for rice production in the semi-arid tropical lowlands are those of
irregular distribution of rainfall and the occurrence of low temperature as crops flower and mature at
the end of summer. With a rainfed crop established at the onset of summer rains, the sowing date may
be so delayed that reproductive stages take place when temperatures are lower than the physiological
limit, leading to infertility and loss of yield potential [26]. The effects of low temperature on pollen
sterility are similar to those of drought [27] and attempts to improve the tolerance to low temperature if
rice cultivation is to extend to the wet season in the semi-arid tropics are also called for. Supplementary,
or strategic, irrigation when rainfall is insufficient may allow for earlier sowings and avoidance of late
season low temperatures as rice is pushed to the limits of its low temperature tolerance.

Australian Agricultural Technologies (AAT) Limited has obtained some improved tropical aerobic
varieties bred in Australia. The yield potential, WUE, water productivity, and physiological basis for
any field tolerance to drought of these AAT varieties under rainfed and strategic irrigation conditions
are not known. Preliminary trials conducted under controlled environments and in pots/tubs on
assessment of coleoptile length, response to leaf blast [28], and response to drought, particularly on
transpiration efficiency and leaf and root traits, suggest a significant difference between these varieties.
To test the hypothesis that strategic irrigation will enable successful rainfed rice production in the
semi-arid tropics, with a view to extending commercial production to such regions, field experiments
were carried out at Alton Downs, Queensland during 2014 and 2015.

2. Materials and Methods

2.1. Site Description and Weather

The experiment was conducted over two years on a farmer’s field at Alton Downs, Queensland
(23◦18′14”S Latitude, 150◦21′24”E longitude, and 22 m above sea level). The site has a subtropical
climate characterised by distinct wet and dry seasons. The warm, wet season is from December to
March, while from June to September, it is cooler and drier. The soil of the experimental site is a heavy
clay (self-mulching black cracking clay or vertisol). In the first trial, sowing was on 22 January in 2014
following a 99 mm rainfall and final harvest was on 22 June (referred to as a late planting). In the
second trial, using strategic irrigation (an initial irrigation of 0.79 ML to establish the crop, for there
was only 6.6 mm rainfall in the two weeks preceding seeding) to advance the sowing date, the sowing
was on 14 November 2015 and final harvest was on 23 March 2015 (referred to as an early planting).
Total rainfall received during the experimental period was 639 mm and 593 mm for the 2014 and
2014/15 seasons, respectively (Figure 1), whereas the long-term average annual rainfall is 800 mm [29].
Data on maximum and minimum air temperatures, evapotranspiration (ETo), and relative humidity
(RH) were obtained from the Australian Bureau of Meteorology, Rockhampton Aerodrome weather
station (15 km aerial distance from the site) and the former are presented in Figure 1.
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flowering for early and late varieties. DAS = days after sowing. 

2.2. Experimental Design and Treatments 

A strip-plot design with two blocks was used [30]. The two irrigation treatments (rainfed and 
strategic irrigation) were assigned as main plots and 13 varieties were assigned as sub plots. Soil 
moisture was measured using a calibrated Micro-Gopher system (Data Flow Systems Ltd, 
Christchurch, New Zealand), the probe of which consists of a capacitance sensor. Strategic irrigation 
(SI) was applied with surface drip irrigation (scheduling based on visual observation of crop water 
stress—mid-day temporary wilting, which coincides with the soil moisture at a depth of 20–30 cm 
reaching the refill value (21 mm/100 mm) [31]), in order to bring the soil moisture to field capacity 
(43 mm/100 mm). Irrigation was supplied by Netafim Streamline TM Model 22060 with emitter flow 
rate of 1.6 l/hour and emitter spacing at 25 cm, four drip lines per plot. Each variety was planted in a 
25 m × 3.75 m plot at 25 cm row spacing. In each plot, one sample plot (2 m × 1 m) was marked for 
experimental data recording and sample plot harvest for yield assessment. Data are presented for the 
sample plot harvest for the Yanmar combine harvester (Okayama, Japan), which lost on average 20% 
of yield from each plot, mainly because immature grains in late varieties were not machine harvested. 

2.3. Crop Management 

The crop was directly seeded in a well-prepared seed bed, at a rate of 40 kg/ha by a tractor-
mounted seed dibbler. The field was fertilised as is common for most rainfed crops in the region with 
a pre-planting basal application at 5 cm depth of 100:29:76 kg NPK/ha using Incitec Pivot Ltd Crop 
King fertiliser (Gibson Island, Murrarie, QLD, Australia). Weeds were controlled using commercial 
herbicides available on the market. A tank mix of Clomazone (Megister®) @ 0.4 L/ha plus 
pendimethalin Stomp® 440 @ 2.5 L/ha plus paraquat 250 g/L (Gramoxone® 250) @ 0.8 L/ha was applied 
after sowing rice seeds. Similarly, Dicamba 500 g/L (Kamba®500) @ 0.4 to 0.56 L/ha was applied 
during the early tillering stage to control broad leaf weed growth. Intensive manual weeding was 
also performed on three occasions each year, in order to remove weeds not controlled by herbicides. 
  

Figure 1. Rainfall, irrigation, and temperature in Alton Downs, Queensland (QLD), during the rice
growing period in 2014 and 2015 (first season: sowing = 22 January 2014, harvest = 28 June 2014; second
season: sowing = 14 November 2014, harvest = 23 March 2015). Arrows indicate date of flowering for
early and late varieties. DAS = days after sowing.

2.2. Experimental Design and Treatments

A strip-plot design with two blocks was used [30]. The two irrigation treatments (rainfed
and strategic irrigation) were assigned as main plots and 13 varieties were assigned as sub plots.
Soil moisture was measured using a calibrated Micro-Gopher system (Data Flow Systems Ltd,
Christchurch, New Zealand), the probe of which consists of a capacitance sensor. Strategic irrigation
(SI) was applied with surface drip irrigation (scheduling based on visual observation of crop water
stress—mid-day temporary wilting, which coincides with the soil moisture at a depth of 20–30 cm
reaching the refill value (21 mm/100 mm) [31]), in order to bring the soil moisture to field capacity
(43 mm/100 mm). Irrigation was supplied by Netafim Streamline TM Model 22060 with emitter flow
rate of 1.6 L/h and emitter spacing at 25 cm, four drip lines per plot. Each variety was planted in a
25 m × 3.75 m plot at 25 cm row spacing. In each plot, one sample plot (2 m × 1 m) was marked for
experimental data recording and sample plot harvest for yield assessment. Data are presented for the
sample plot harvest for the Yanmar combine harvester (Okayama, Japan), which lost on average 20%
of yield from each plot, mainly because immature grains in late varieties were not machine harvested.

2.3. Crop Management

The crop was directly seeded in a well-prepared seed bed, at a rate of 40 kg/ha by a tractor-mounted
seed dibbler. The field was fertilised as is common for most rainfed crops in the region with a
pre-planting basal application at 5 cm depth of 100:29:76 kg NPK/ha using Incitec Pivot Ltd Crop
King fertiliser (Gibson Island, Murrarie, QLD, Australia). Weeds were controlled using commercial
herbicides available on the market. A tank mix of Clomazone (Megister®) @ 0.4 L/ha plus pendimethalin
Stomp® 440 @ 2.5 L/ha plus paraquat 250 g/L (Gramoxone® 250) @ 0.8 L/ha was applied after sowing
rice seeds. Similarly, Dicamba 500 g/L (Kamba®500) @ 0.4 to 0.56 L/ha was applied during the early
tillering stage to control broad leaf weed growth. Intensive manual weeding was also performed on
three occasions each year, in order to remove weeds not controlled by herbicides.
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2.4. Rice Varieties

Seven long grain late maturing (indica) and six medium grain early maturing (japonica) grain
type rice varieties were trialled (Table 1). These varieties were developed in north Queensland and
the Northern Territory by Dr. Isaac Lasik from wild and cultivated germplasm of rice under the old
defunct ‘Humpty Doo Project’. The details of the pedigree of these varieties are maintained by AAT.

Table 1. Sample plot yield (t/ha) of varieties under strategic irrigation and rainfed conditions at Alton
Downs, 2014 and 2015. LSD = least significant difference. AAT = Australian Agricultural Technologies.

Varieties Maturity 2014 2015 Mean Yield (t/ha)
over Two Seasons *Rainfed Strategic

Irrigation
Mean Rainfed Strategic

Irrigation
Mean

AAT 9 Late 0.10 3.03 1.57 0.82 3.81 2.31 1.94 abc
AAT 10 Late 0.84 2.38 1.61 1.14 4.38 2.76 2.19 c
AAT 11 Late 0.49 3.08 1.79 0.61 3.90 2.25 2.02 bc
AAT 12 Late 0.26 2.81 1.53 0.79 3.66 2.23 1.88 abc
AAT 15 Late 0.11 1.34 0.72 0.24 4.36 2.30 1.51 ab
AAT 16 Late 0.12 2.24 1.18 0.59 4.06 2.33 1.75 abc
AAT 18 Late 0.10 1.81 0.96 0.42 3.32 1.87 1.41 a
AAT 3 Early 2.12 4.20 3.16 1.94 3.90 2.92 3.04 d
AAT 4 Early 3.85 3.48 3.67 2.10 5.23 3.67 3.67 e
AAT 6 Early 2.71 4.48 3.60 2.72 4.62 3.67 3.63 e
AAT 13 Early 2.19 4.68 3.44 2.02 4.58 3.30 3.37 de
AAT 17 Early 2.99 4.57 3.78 1.94 4.06 3.00 3.39 de
AAT 19 Early 2.71 3.64 3.18 2.64 4.95 3.80 3.49 de
Average 1.43 3.21 2.32 1.38 4.22 2.80 2.56

p-value and LSD0.05
Year (Y) 0.107

(0.735)
Y×V 0.002

(0.756)
Y×I×V 0.109

(1.147)
Variety (V) <0.001

(0.485)
V×I 0.178

(0.815)
Irrigation (I) 0.006

(0.747)
Y×I 0.093

(0.676)

* Mean values with the same letter do not differ significantly at p = 0.05.

2.5. Crop and Yield Parameters

Two days before the harvest, plant height (from ground level to base of the panicle) and the
occurrence of effective tillers were estimated by counting panicles and tiller numbers per sample hill,
five per plot [32] (Bioversity International et al., 2007). Five panicle samples were selected from the
five hills and the grain from each of those panicles was collected in paper bags. The remaining grains
from the five hills were threshed and collected in a large cotton bag, and the straw (stem plus leaves)
was also collected and oven-dried and weighed. Numbers of filled and unfilled spikelets from the
five sample panicles collected from the sample hills were separated by water (floating = unfilled) to
determine the spikelet fertility percentage. The percentage filled grains and 1000 grain weights were
measured following the method of [33].

The crop was manually harvested using a sickle to ground level when grain moisture was c.
14%. The sample plot harvest was threshed manually and the grain was dried (as was the straw) and
weighed to determine yield and HI. Grain yield was adjusted to 12% moisture content and presented
as t/ha.

2.6. Above-Ground Development, Growth, and Gas Exchange Parameters

Flag leaf area (five leaves per plot) at flowering was calculated in cm2 from the formula proposed
by [34].

Flag lea f area (FLA) = L× B×C (1)

where

L = length of flag leaf in centimetres;
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B = breadth of flag leaf from widest portion in centimetres;
C = constant factor, which is 0.74 for the flag leaf of rice.

The heading (herein considered as ≡ flowering, with anthesis occurring one to five days after
heading) dates were recorded when 50% of plants in a plot showed the panicle base emerged out of
the flag leaf collar. The number of days to grain ripening (maturity) was recorded when 85% of grains
on panicles were mature.

A Ceptometer (model AccuPAR LP-80, Decagon Devices, Pullman, WA, USA) was used to
measure canopy light interception and gave an estimation of the leaf area index (LAI). Measurements
were recorded three times during each crop season, i.e., on 84 days after sowing (DAS), 103 DAS,
and 133 DAS in 2014, and on 82 DAS, 110 DAS, and 123 DAS in 2015.

A chlorophyll meter ((SPAD-502, developed by Soil Plant Analysis Development (SPAD) Section,
Minolta Camera Co., Osaka, Japan)) was used to obtain chlorophyll values measured as SPAD units on
the uppermost fully expanded leaf. SPAD readings were taken from three locations on each of five
leaves per plot on three occasions on 85 DAS, 102 DAS, and 133 DAS in 2014, and on two occasions on
79 DAS and 111 DAS in 2015.

Leaf gas exchange parameters were measured using a portable infrared gas analyser (IRGA) (ADC
Bioscience, Hoddesdon, UK) on sunny days between 09:00 and 15:00. Measurements were made on
three occasions at 83 DAS, 103 DAS, and 133 DAS in 2014, and four occasions at 51 DAS, 82 DAS,
95 DAS, and 110 DAS in 2015. Photosynthetic measurement was taken on the third or fourth fully
expanded topmost leaves (from apex) (Kumar et al., 2013) [35], from one randomly selected plant in
each plot. Photosynthetically active radiation (PAR), relative humidity (RH), air temperature, air CO2

concentration, and flow rate were recorded. Instantaneous WUE was calculated as the ratio between A
and E. Measurements of A, gs, E, and WUE taken around the flowering stage were used for correlation
analysis with other parameters.

2.7. Root Parameters

Root samples were collected only in 2015, on the second day of harvesting rice from the centre of a
random hill in the middle row of each sample plot, using a 4 cm diameter and 120 cm length sampling
core. The core samples, one per plot, were separated into depths of 0–15 cm, 15–30 cm, 30–60 cm,
and 60–100 cm. Soil samples were soaked in a sodium lignosulfonate solution (20 mL/L water) for
6 h and placed over a 1 mm sieve to wash and remove soil from root samples with running water.
All samples were stored in separate containers with water until scanning. The scanner (HP ScanJet
8200 (Milton, Queensland, Australia) was set at 300 dpi for root imaging. Scanned root images were
analysed for total root length and root diameter using Delta T software (Cambridge, UK). After scanning,
the roots were dried at 65 ◦C to estimate dry weight.

The root morphological parameters root diameter (RD), root weight density (RWD) (mg cm−3),
and root length density (RLD) (mm cm−3) were calculated using the formulae as described by Yang et al.
(2004) [36].

2.8. Water Productivity

Water applications to the plots were measured with water meters. Total water received as irrigation
water and rainfall was added to calculate the total water input. Water productivity was then calculated
using grain yield recorded from sample plots at 12% moisture divided by the total water input.

2.9. Data Analysis

A two-way analysis of variance (ANOVA) was undertaken according to [30]. The experiment
was repeated in the second year, so the error was divided in four levels, i.e., year, year × irrigation,
year × variety, and year × irrigation × variety. All analyses were performed using GenStat 16th
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edition. The interaction effects are presented and, where there was no interaction, the main effects only
are presented.

The means were compared by Fisher’s protected ‘least significant difference’ (LSD) test, or with
Duncan’s multiple range tests. The significance level was set at 5% in all comparisons. Correlation
analysis was carried out to determine the relationships between yield and yield parameters and
physiological parameters.

3. Results

3.1. Weather Parameters, Irrigation Inputs, and Soil Moisture Dynamics

Most rainfall in the 2014 season occurred during the first 85 DAS, and in 2015, it rained until
99 DAS. Severe Tropical Cyclone Marcia was a Category 3 cyclone when it hit Alton Downs, resulting
in a peak rainfall of 109.4 mm at 98 DAS (20 February 2015) and 96 mm at 99 DAS. Strategic irrigation
comprised 1.5 ML/ha, i.e., 150 mm in 2014, and 1.89 ML/ha, i.e., 189 mm in 2015, applied as 14 and
5 events in 2014 and 2015, respectively (Figure 1). In 2015, pre-planting of 0.79 ML/ha was applied,
permitted early planting, and following the cyclone, no strategic irrigation was necessary.

The mean air temperatures in the late planted 2014 and in the early planted 2015 crop were
23.5 ◦C and 27.5 ◦C, respectively. Temperature ranged from a maximum of 36.0 ◦C to a minimum of
5.1 ◦C in 2014, while in 2015, it ranged from 39.3 ◦C to 19.4 ◦C. The temperature gradually decreased
from April to the end of June in 2014 (c. 70 to 150 DAS—Figure 1), while through the 2015 season,
it did not markedly decline. Relative humidity averaged 70% and 68% in 2014 and 2015, respectively.
Evapotranspiration (ETo) averaged 4.2 mm/d in 2014 and 5.9 mm/d in 2015 and ranged from 1 to
8.4 mm/d and 1.7 to 8.3 mm/d in 2014 and 2015, respectively, declining during the growing period,
more so during the late planted season (data not presnted).

Representative soil moisture measurements taken on 2 January (49 DAS) and 18 February (96 DAS)
of 2015 showed greater soil moisture with strategic irrigation and an increasing trend of soil moisture
with depth from 10 cm to 50 cm in both rainfed and strategic irrigation treatments, in both an early
variety (AAT 4) and a late variety (AAT 12—Figure 2). There was also a tendency in the rainfed
treatment for the early variety to draw down soil water more effectively than the late variety.Agronomy 2020, 10, x FOR PEER REVIEW 9 of 26 
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rice variety AAT 4 and late rice variety AAT 12 under rainfed and strategic irrigation conditions at
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3.2. Above-Ground Growth and Development and Gas Exchange Parameters

3.2.1. Days to Flowering

Late flowering varieties were on average later in the late planted 2014 (102 DAS) crop as compared
with the earlier planted 2015 (96 DAS) crop, whereas earlier flowering varieties were later in 2015
(87 DAS) as compared with 2014 (77 DAS). Mean days to flowering was significantly earlier in 2014
(90 DAS) than in 2015 (92 DAS) (p = 0.002). On average, over both years, early varieties flowered at 82
DAS and late varieties at 99 DAS. Flowering of the late varieties in the late planted 2014 coincided with
a period when the minimum temperature fell below 10 ◦C (Figure 1).

3.2.2. Leaf Area Index

The LAI (presented as at flowering) was significantly higher with strategic irrigation as compared
with the rainfed treatment (Table 2). The effect of strategic irrigation on LAI was greater in 2015 than
in 2014. Variety LAI depended on the year of experiment. Early flowering varieties (AAT 3, AAT 4,
AAT 6, and AAT 19) had significantly higher LAI in the earlier planted 2015 crop compared with the
later planted 2014 crop, while all the late varieties had significantly higher LAI in 2014 as compared
with 2015 (Table 2).

Table 2. Leaf area index (m2/m2) at flowering of rice varieties under strategic irrigation and rainfed
conditions at Alton Downs, in 2014 and 2015. AAT = Australian Agricultural Technologies.

Varieties Maturity Year 2014 Year 2015

Rainfed Strategic
Irrigation

Mean Rainfed Strategic
Irrigation

Mean

AAT 9 Late 2.88 3.24 3.06 1.37 2.60 1.98
AAT 10 Late 3.79 3.57 3.68 1.24 3.05 2.14
AAT 11 Late 3.07 3.89 3.48 1.30 2.82 2.06
AAT 12 Late 3.34 4.45 3.89 1.85 3.07 2.46
AAT 15 Late 2.58 2.67 2.63 1.37 2.51 1.94
AAT 16 Late 2.84 3.64 3.24 1.08 2.22 1.65
AAT 18 Late 2.68 3.30 2.99 1.23 2.71 1.97
AAT 3 Early 1.63 2.43 2.03 1.73 3.99 2.86
AAT 4 Early 1.97 1.79 1.88 1.84 3.94 2.89
AAT 6 Early 1.86 2.74 2.30 1.47 4.89 3.18
AAT 13 Early 2.35 3.15 2.75 1.90 4.30 3.10
AAT 17 Early 2.89 3.23 3.06 1.91 4.19 3.05
AAT 19 Early 2.62 2.45 2.54 1.79 4.69 3.24
Average 2.65 3.12 2.89 1.54 3.46 2.50

p-value (LSD0.05)

Year (Y) 0.269
(1.089) Y × V <0.001 (0.942) Y × I × V 0.201 (1.196)

Variety (V) 0.036
(0.542) V × I 0.302 (0.801)

Irrigation (I) 0.020
(0.731) Y × I 0.051 (0.897)

3.2.3. Leaf Chlorophyll Concentration

Leaf chlorophyll concentration expressed as SPAD readings was not affected by either variety or
irrigation in either year (data not presented). The leaf chlorophyll concentration declined significantly
over time from flowering to grain filling to maturity (e.g., 47.4 ± 0.62 at 85 DAS, 46 ± 0.56 at 102 DAS,
and 34.6 ± 0.83 at 133 DAS in 2014).

3.2.4. Leaf Gas Exchange Parameters and Instantaneous Water Use Efficiency (WUE)

There was no effect of variety nor irrigation on leaf transpiration at any stage in either year (data not
presented), except for irrigation at 103 DAS in 2014, i.e., during the flowering period (LSD0.05 = 0.0684),
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where, surprisingly, transpiration was lower (2.0 mmol/m2/s) in the strategic irrigation treatment
compared with 2.4 mmol/m2/s for the control.

Neither variety nor the irrigation treatment had significant effects on stomatal conductance at any
stage (data not presented), although there was a tendency (p = 0.051) for gs to be higher in the strategic
irrigation treatment at 95 DAS in 2015 (0.12 mol/m2/s vs. 0.05 mol/m2/s for the rainfed treatment).

Photosynthetic rate (A) of the varieties and irrigation treatments did not vary significantly except
between irrigation treatments during flowering at 95 DAS in 2015 (p = 0.004), and at the later maturity
stage at 133 DAS in 2014 (p = 0.017) (Table 3), when the rate was greater in both instances for the
strategic irrigation treatment.

Table 3. Average leaf photosynthetic rate (A) (µmol/m2/ s) of rice varieties under strategic irrigation
and rainfed conditions at Alton Downs in 2014 and 2015. DAS = days after sowing.

Year DAS Rainfed Strategic Irrigation LSD (p = 0.05)

2014 83 13.2 13.2 ns
103 7.7 8.2 ns
133 3.3 6.0 0.94

2015 51 7.9 7.9 ns
82 14.7 14.2 ns
95 3.8 11.7 0.55

110 6.7 6.1 ns

WUE was affected by variety and by year, but no interaction was significant (data not presented).
Late varieties AAT 16 (2.73 µmol CO2/mmol H2O) and AAT 12 (2.74 µmol CO2/mmol H2O) had
significantly lower WUE (p = 0.017) during the flowering stage compared with other varieties (ranging
from 2.96 to 4.13 µmol CO2/mmol H2O), while significantly higher WUE (p = 0.004) was recorded in
year 2014 as compared with 2015 (4.24 vs. 2.58 µmol CO2/mmol H2O, respectively). WUE was sizeably
greater for strategic irrigation compared with the rainfed treatment (4.17 vs. 2.69 µmol CO2/mmol
H2O), but the difference did not quite reach significance (p = 0.064).

3.3. Root Parameters

Root parameters were only measured in 2015 and differed among irrigation treatments and
varieties; no interactions were significant (Table 4). At the shallowest depth (0–15 cm), RLD was greater
for strategic irrigation than if rainfed (108.9 ± 11.03 vs. 76.7 ± 7.10 mm/cm3, p = 0.042) Treatments
did not influence other root parameters at that depth. However, under the rainfed treatment, plants
invested more heavily in root biomass at a depth of 15–60 cm (Figure 3).

Table 4. Analysis of variance p-values indicating differences or not between irrigation and variety
for root length density, root diameter, and root weight density at different soil depths in 2015 at
Alton Downs.

Soil Depth (cm)

Root Parameters Source of Variation Total 0–15 15–30 30–60 60–100

Root Length Density
(RLD) (mm/cm3)

Irrigation (I) 0.341 0.042 0.713 0.419 0.720
Variety (V) 0.190 0.109 0.598 <0.001 0.497

Root Diameter
(RD) (mm)

Irrigation (I) 0.872 0.200 0.750 0.698 0.394
Variety (V) 0.847 0.301 0.245 0.036 0.483

Root Weight Density
(RWD) (mg/cm3)

Irrigation (I) 0.210 0.176 0.740 0.825 0.401
Variety (V) 0.195 0.270 0.173 0.002 0.840

Varieties differed in their RLD, RD, and RWD at a depth of 30–60 cm (Table 4), but these were not
significant at other depths. Varieties AAT 12 (15.0 mm/cm3) and AAT 17 (14.2 mm/cm3) had the highest
RLD, while variety AAT 6 (4.4 mm/cm3) had the lowest RLD at a depth of 30–60 cm (LSD 0.05 = 3.097).
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Variety AAT 6 (0.35 mm) had largest root diameter, while AAT 18 (0.19 mm) and AAT 19 (0.19 mm)
had the smallest root diameter (LSD 0.05 = 0.1001). Variety AAT 6 (0.08 mg/cm3) had the lowest RWD,
while AAT 17 (0.29 mg/cm3) had the highest RWD at a depth of 30–60 cm (LSD 0.05 = 0.0806).Agronomy 2020, 10, x FOR PEER REVIEW 12 of 26 
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Figure 3. Root dry weight distribution (%) at different depths under strategically irrigated and rainfed
treatments, Alton Downs 2015. Least significant difference (LSD) within a depth at p = 0.05.

3.4. Yield and Its Components

3.4.1. Straw and Aboveground Biomass Yields

There was no difference between the late planted 2014 or early planted 2015 crop in mean straw or
aboveground biomass (straw—5.29 vs. 5.14 in 2014 and 2015, respectively; aboveground biomass—7.61
vs. 7.70 t/ha in 2014 and 2015, respectively). Varieties differed significantly for straw yield (range
4.15 to 6.05; LSD = 0.795 t/ha), but not for aboveground biomass (range 7.17 to 8.21 t/ha; p = 0.56)
and strategic irrigation had no significant effect for straw yield, but raised aboveground biomass
significantly (8.91 vs. 6.05 t/ha; LSD 0.05 = 1.50), with the effect being largely due to increased grain
weight with irrigation. There were no significant interactions between varieties and irrigation for
either variable.

3.4.2. Sample Plot Grain Yields

For grain yields each of irrigation and variety, the interaction year by variety and year by irrigation
were significant (Table 1). The earlier sowing, i.e., that in 2015, led to a non-significant (p = 0.10)
increase in yield and to a greater absolute response to strategic irrigation, and the late varieties yielded
relatively more in 2015 than in 2014. Later flowering showed a yield penalty in both irrigated and
rainfed treatments, although under rainfed conditions, later flowering had a more prominent negative
effect on yield (Table 1).
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3.4.3. Harvest Index

Harvest index was on average greater in 2015 (0.38) than in 2014 (0.29) (LSD 0.05 = 0.041), greater
with strategic irrigation (0.41) than rainfed (0.26) (LSD 0.05 = 0.063), and differed between varieties
(Figure 4). Late varieties had a lower HI than early varieties (Figure 4), particularly under rainfed
conditions (data not presented).
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3.4.4. Yield Attributing Parameters

There were significantly more spikelets per panicle in 2014 than in 2015, and with strategic
irrigation, and the number differed significantly between varieties. The difference between varieties in
spikelets per panicles depended on the year of experiment (p = 0.004); in general, late varieties had
many more spikelets per panicle in 2014 than in 2015, whereas early varieties differed less between
years (Table 5).

Spikelet fertility differed in absolute terms between irrigation treatments, with across year means
of 42% and 58% under rainfed and irrigated conditions, respectively, but the difference did not reach
significance. The only significant interaction was between varieties and year (p = 0.006); the fertility
percentage of most late varieties was higher in the earlier planted 2015 season than in the later planted
2014 season, whereas that of early varieties was greater in the earlier planted 2014 season (Figure 5).
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Table 5. Total spikelets per panicle of rice varieties under strategic irrigation and rainfed conditions in
Alton Downs, 2014 and 2015.

Varieties Maturity
Year 2014 Year 2015

Two-Season
Mean *Rainfed Strategic

Irrigation Mean Rainfed Strategic
Irrigation Mean

AAT 9 Late 220 150 185 101 187 144 165 a
AAT 10 Late 145 179 162 88 172 130 146 a
AAT 11 Late 169 189 179 118 193 156 168 a
AAT 12 Late 142 189 165 102 170 136 151 a
AAT 15 Late 153 169 161 108 154 131 146 a
AAT 16 Late 170 175 172 115 137 126 149 a
AAT 18 Late 204 222 213 74 153 114 164 a
AAT 3 Early 100 129 114 106 123 115 115 b
AAT 4 Early 100 128 114 101 115 108 111 b
AAT 6 Early 91 109 100 103 117 110 105 b

AAT 13 Early 107 125 116 106 109 107 112 b
AAT 17 Early 90 110 100 102 123 113 107 b
AAT 19 Early 81 116 98 105 124 114 106 b
Average 136 153 145 102 144 123 134

p-value (LSD 0.05)

Year (Y) 0.045
(20.03) Y × V 0.004

(33.85) Y × I × V 0.368
(55.61)

Variety (V) <0.001
(23.99) V × I 0.796

(39.11)

Irrigation (I) 0.033
(23.48) Y × I 0.145

(20.11)

* Mean values with the same letter do not differ significantly at p = 0.05.
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Figure 5. Spikelet fertility percentage of rice varieties, by maturity class, in years 2014 and 2015. LSD
for comparisons of the variety by year interaction.

The 1000 grain weight differed significantly between varieties and was significantly greater with
the irrigation treatment (p = 0.009—Table 6), but did not differ between years. Irrigation resulted in a
greater increase in 1000 grain weight for late than early varieties, and in 2015 compared with 2014.
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Table 6. Varietal 1000 grain weight (g) under strategic irrigation and rainfed conditions in Alton Downs,
2014 and 2015.

Varieties Maturity
Year 2014 Year 2015

Rainfed Strategic
Irrigation Mean Rainfed Strategic

Irrigation Mean

AAT 9 Late 18.7 18.1 18.4 19.5 21.4 20.4
AAT 10 Late 21.3 23.2 22.3 18.8 21.7 20.3
AAT 11 Late 18.2 22.5 20.3 18.8 22.3 20.6
AAT 12 Late 20.4 21.3 20.8 21.2 21.7 21.5
AAT 15 Late 26.2 26.3 26.3 24.9 29.0 27.0
AAT 16 Late 15.8 19.9 17.8 18.3 20.2 19.2
AAT 18 Late 19.4 20.7 20.0 17.7 21.0 19.3
AAT 3 Early 26.7 26.5 26.6 26.3 29.5 27.9
AAT 4 Early 29.4 27.0 28.2 25.9 28.1 27.0
AAT 6 Early 24.7 27.9 26.3 26.0 28.7 27.3

AAT 13 Early 26.2 26.3 26.3 24.9 29.0 27.0
AAT 17 Early 27.3 24.6 25.9 25.4 28.2 26.8
AAT 19 Early 29.0 26.0 27.5 25.7 29.0 27.4
Average 22.6 23.5 23.1 22.1 24.6 23.4

p-value (LSD0.05)

Year (Y) 0.428
(1.426) Y × V 7.66 (2.803) Y × I × V 0.006 (3.232)

Variety (V) <0.001
(2.009) V × I 0.033 (2.294)

Irrigation (I) 0.009
(0.723) Y × I 0.04 (1.191)

The numbers of effective tillers per plant differed between years, varieties, and irrigation (data
not presented). Significantly more effective tillers per plant were recorded in 2014 (6.3/plant) as
compared with 2015 (4.8/plant) (LSD0.05 = 0.862), and with irrigation than without (6.5 vs. 4.6/plant,
LSD0.05 = 1.812). Early varieties AAT 3 and AAT 4 produced significantly more effective tillers per plant
(7.4 and 7.7) compared with other varieties (which ranged from 3.9 to 6.5), and in general, the numbers
of effective tillers per plant were greater for the earlier than later varieties (data not presented).

3.5. Water Productivity

Water productivity varied significantly by variety, year x variety, irrigation, and year x irrigation
(data not presented). Water productivity did not differ between years (0.37 t/ML in 2015 as compared
with 0.35 t/ML in 2014, LSD0.05 = 0.11). Strategic irrigation significantly increased the water productivity,
with mean water productivity across the years being higher in strategic irrigation (0.49 t/ML) as
compared with rainfed conditions (0.23 t/ML) (LSD0.05 = 0.104). All varieties recorded increased
water productivity with strategic irrigation, except for AAT 4 (data not presented). The varietal water
productivity depended significantly on the irrigation treatment (p = 0.017), and a greater response to
strategic irrigation was evident in later varieties (data not presented).

4. Discussion

In summary, all three variables—planting time, maturity class, and strategic irrigation—
significantly influenced rice grain yield in the subtropical summer of central Queensland, Australia.
Late planting exposed especially the late maturity varieties (i.e., japonica) to unfavourable low
temperatures around flowering, and in general, early (i.e., indica) varieties performed better in early
and late plantings. Strategic irrigation favoured late varieties if planted early or early varieties
whether planted early or late. Final yields were influenced by specific effects of each of the three
variables—planting time, maturity class, and strategic irrigation—on phenology, light capture and
use in photosynthesis, rooting patterns, spikelet fertility, and other yield determining attributes, all of
which also affected water productivity. These effects are discussed in detail below.
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4.1. Influence of Planting Time, Maturity Class, and Strategic Irrigation and Phenology on Yields

Firstly, the late planting (i.e., after mid-January) in 2014 resulted in late varieties being subjected
to low temperature at flowering and, under the rainfed treatment, to low water availability and
to the ensuing exposure to terminal drought, which was more evident in late than early varieties.
The similarity between drought- and cold-induced pollen sterility in rice has been reported earlier [27],
both stresses disturbing sugar metabolism and tapetum function in anthers. The lower soil moisture
during flowering and grain filling of rainfed later varieties also hampers panicle exertion, spikelet
fertility, and grain filling [37]. However, yields for the later varieties were low even with strategic
irrigation, which minimised the effect of terminal drought, but had no effect on the low-temperature
induced sterility. In contrast, early varieties avoided the debilitating effects of low temperature around
flowering and, to a lesser extent, low soil moisture during grain filling, hence yields exceeded those of
late cultivars, and more so with strategic irrigation.

Others, such as [26], have reported a similar yield penalty with exposure to low temperatures with
late planting of sprinkler irrigated rice under south-eastern Queensland conditions (latitude 27.5 ◦S).
Indeed, when rice is exposed to low temperatures prior to and at flowering, the fertility of panicles is
reduced, as is grain set per panicle [38]. Microspore and pollen grain formation, which are negatively
affected by temperatures below 18 ◦C [39], take place between 10 and 12 days before anthesis [40] or
5 and 9 days before heading, and even short periods of low temperature (i.e., 15–18 ◦C for 8–10 d,
or 12–13 ◦C for 3–5 d) at that time can negatively affect fertility because of reduced total pollen
production. In our study, the late planting of 2014 exposed late varieties to low night temperatures not
before, but around, heading (Figure 1) (below 15 ◦C for 7 days from 101 DAS to 107 DAS and below
10 ◦C for 4 days and below 5 ◦C for 1 day within the same period). This resulted in less grain set with
lower fertility percentage (18-35%, Figure 5) and subsequent loss of yield potential compared with 2015
when temperatures around heading did not drop below 20 ◦C (Figure 1) and percentage fertility was
c. 50%. This loss of yield potential in 2014 accords well with the data presented by [41] for irrigated
dryland rice in NW Uzbekistan and with [40], who reported that brief low temperature exposure at
anthesis was almost as damaging as the same low temperature during microsporogenesis. An analysis
of the likelihood of a two-day period of temperatures less than 13 ◦C in central Queensland, as occurred
in April of 2014, with negative effects on spikelet fertility, shows that, over the past 35 years, such an
occurrence in April is likely in 20% of the years, whereas in May, almost all years recorded such a low
temperature for two consecutive days. Temperatures of 17 ◦C or less for five consecutive days occurred
in c. 30% of years in April, and in all 35 years in May, illustrating the risks of low temperate impacts
on fertility in late plantings. Hence the imperative of planting before the solstice to avoid the risks
of low temperature around flowering. However, assuming 50 mm rainfall is necessary to allow for
germination and 10 days’ growth [42], successful sowing and crop establishment without strategic
irrigation would only be possible in October in 22% of years over the period 1985–2019, in 26% in
November, and in 45% in December (and 25% in January). However, only for sowings in December
in 1990, November and December in 2010, and January in 2013 (i.e., four sowing in 35 years) were
follow-up rains of 750 mm achieved (approximately that received with rainfall plus irrigation in both
years of experiments and herein considered necessary for a rainfed crop), thus emphasising the need
for strategic irrigation.

Secondly, and in contrast to the late-planted 2014 crop, rice varieties during the earlier-planted 2015
crop were not exposed to low temperature before, during, or beyond heading (Figure 1). Nevertheless,
in the rainfed treatment, all varieties were exposed to lesser water availability and yields of rainfed
varieties were on average only 33% of those with strategic irrigation (Table 1). When comparing
late and early flowering varieties, in the absence of a late cold stress and with strategic irrigation,
their yields were more similar (4.56 t/ha for early and 3.93 t/ha for late varieties). However, grain yields
of rainfed late varieties were considerably less than those with strategic irrigation (83% less), indicative
of the drought effect on their yields (Table 1). The effect was more likely related to drought effects
on grain set, for at least two reasons. First, there was no significant effect of strategic irrigation on
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straw yield (although, in 2015, the absolute effect was a 24% increase with strategic irrigation, and a
concomitant strong influence on LAI at flowering, Table 2), and second, grain filling should not have
been influenced by strategic irrigation, for there was no irrigation applied after the 98 and 99 DAS
cyclone (although 1000 grain weight was 11% greater with strategic irrigation, possibly because of the
greater reallocation of pre-flowering stem carbohydrate reserves to growing grains). Similar yields of
late flowering varieties to early flowering varieties under strategic irrigation in the semiarid tropics of
central Queensland were possible, provided that cold stress is avoided.

Thirdly, differences in flowering time between varieties in both years within each of the two
maturity classes were negligible and were not responsible for differences in yield between varieties
within a maturity class.

Fourthly, the irrigation treatment did not influence days to flowering (data not presented), in line
with the data of [43], who found flowering to be delayed by only 3 days by drought. This is in contrast
to the findings of [44], who reported that drought stress has a strong (by up to 10 days) delaying effect
on flowering time.

As a facultative short-day plant [45], the rice crops would be expected to differ in their time to
flower between years with different sowing dates, with fewer days to flower as daylengths shorten
when sown after the solstice. Indeed, in the hot tropics, where temperature is relatively constant
throughout the year, days to flower is entirely dependent upon daylength [46]. However, in the
semi-arid tropics, with a marked cool season, days to flower is not only dependent upon daylength,
but also on temperature; cooler temperatures slow development according to the universal temperature
effect [37]. As a consequence, the late planting in 2014 would have subjected plants to shorter and
shortening daylengths before and at the time of panicle initiation (c. 12 h, at 6–8 weeks after sowing)
compared with a relative stable c. 13.5 h at the summer solstice, 6–8 weeks after sowing in 2015,
and indeed, for early varieties, flowering was earlier by 11 days in 2014 (Table 7). However, for late
varieties, those generally considered as more photoperiod sensitive [47], the reverse was evident
(i.e., 8 d later in 2014). This may have been because of the greater low temperature sensitivity of the
later indica varieties, for it is well known that japonica can develop at temperatures 2–3 ◦C lower than
indica varieties [48], although [47] report little difference in temperature sensitivity between late and
early varieties. Later flowering indica varieties have a longer basal vegetative period (BVP), that is,
the duration from sowing to the start of photosensitivity [49], in part responsible for their ‘lateness’,
and lower temperature during this period might have delayed development even further, even though
indica varieties in general are more photosensitive and would have had a shortened photosensitive
phase. Likewise, the period after the photosensitive period [49] might have been lengthened as a result
of low temperatures, resulting in a longer duration to flower than in the pre-solstice sowing. Thus,
the low temperature delay was greater than the short-day hastening to flowering. The number of days
to flower was less for early varieties in 2014 (the planting with shorter daylength overall), and the
growing degree days to flowering were also less and much less for the early varieties. Earlier sowing
(before the summer solstice in 2014/15) would be expected to delay flowering, leading to a greater
number of growing degree days (GDDs) for a flowering event than if sown after the solstice. This was
supported by data from our study for both sets of varieties (Table 7). The greater difference of GDDs in
2014 between early varieties and late varieties can be attributed to the interaction between the greater
sensitivity of late varieties to the low temperature conditions caused by late planting as compared with
the response to temperature in the 2015 sowing. Further studies on the physiological responses of this
germplasm to photoperiod and temperature may reveal the mechanisms for control of flowering date
and interaction between them for Queensland. As [39] reported in their study in the Riverina region of
Australia, the growth duration of the crop was shortened and intercepted radiation was lessened when
rice sowing was late (i.e., around or after the summer solstice), and they suggest choosing and sowing
new varieties with a greater daylength sensitivity, leading to a greater likelihood that reproductive
development take place before any later debilitating effect of low temperature, and thus availing of a
wider planting window. A similar response to this was observed in early varieties in Alton Downs,
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Queensland and the early varieties are thus more suitable for a wider planting window, reducing year
to year variation in flowering date and the demand for water during crop growth.

Table 7. Average growing degree days (GDDs), photoperiod (pp), and number of days from sowing
to flowering of rice varieties under strategic irrigation and rainfed conditions at Alton Downs, 2014
and 2015.

Flowering

2014 (January–May 2014) 2015 (November 2014–March 2015)

Sowing to
Flowering

GDD
Ave pp

No. of days
for

Flowering

Sowing to
Flowering

GDD
Ave pp

No. of Days
for

Flowering

Early (japonica) 1225 12.55 76 1554 13.40 87
Late (indica) 1565 12.26 102 1695 13.35 96

Note: 10 ◦C temperature is used as base temperature for calculating GDDs [47].

4.2. Effects of Planting Time, Maturity Class, and Strategic Irrigation on Light Capture and Use and the
Influence on Yields

Even though strategic irrigation had next to no effect on time to heading, it did have a strong
positive effect on leaf area expansion and LAI at flowering and on yield, more so in 2015 than in 2014
(Tables 1 and 2). The later (6 d) flowering and thus longer growth duration of late varieties with the
later 2014 planting (Table 7) led to greater LAI than in 2015 (Table 2), but because of the overriding
effect of fertility on yield in 2014, subject to low temperature and in the rainfed treatment to low water
availability, there was no relationship across years between LAI and yield. In 2015, when fertility of the
late varieties was not suppressed by low temperature, yield was related to LAI (r = 0.79 **). This is in
agreement with [50,51], who reported that LAI measured during flowering was directly related to rice
grain yield. Differences between varieties in LAI within the early or late flowering group were not due
to maturity within a class, but due most likely to genetic differences, and differences between varieties
in LAI between years were not related to yield. For example, varieties AAT 3, 4, 6, 19 had greater LAI
in 2015 (Table 2), but yields were the same in 2015 and 2014 (Table 1), and others, e.g., AAT 17, had
similar LAI at flowering in each year, but differed in yield between years.

Certainly, strategic irrigation raised soil moisture compared with rainfed conditions prior to
flowering (e.g., Figure 2); therefore, the positive effect of strategic irrigation on LAI measured at
flowering (and presumably on pre-flowering biomass) was significant (Table 2). Irrigation likewise
significantly raised the number of effective tillers, which ultimately contributed to the higher LAI,
but irrigation did not influence the total number of tillers (6.6 tillers per plant for rainfed and 6.8 tillers
per plant with strategic irrigation).

Flag leaf area is considered important for yield as it is an important factor determining the
photosynthetic output by influencing the photosynthetic area; indeed, [52] reported a significant
correlation between yield and flag leaf area, but such a relationship was not noted in our experiments.
Smaller leaves had higher A during the flowering stage (r = −0.38 ***). Across years, however, flag leaf
area was positively correlated with quantity of strategic irrigation (r = 0.52 ***) and negatively with
instantaneous WUE (r = −0.50 ***) during the flowering stage.

Across years, varieties, and irrigation treatments, there was significant positive correlation between
yield and gas exchange parameters measured at flowering, e.g., for A (r = 0.60 ***), gs (r = 0.50 ***),
and E (r = 0.40 ***). Similar correlations were evident when analysing the within-year data, more so for
2015. For example, the correlation between yield and A was r = 0.64 *** for 2014 and r = 0.74 *** for 2015,
although the effect was mainly due to differences between with or without strategic irrigation. We did
not find intrinsic differences between the late flowering japonica and early flowering indica varieties in
rates of photosynthesis, in agreement with [53], but in contrast with the results of [54]. Centritto et al. [7]
reported that drought stress is significantly correlated with the effects on A, as varieties with higher
photosynthesis and conductance, presumably because they could access more soil water reserves, were
more productive under all moisture conditions. Indeed, being able to maintain mesophyll, and not
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stomatal, conductance under water deficits largely determined tolerance to drought [55]. One of
our promising high yielding varieties, AAT 3, had a higher A during the flowering and grain filling
period in both strategic irrigation and rainfed treatments in both years. Enhanced instantaneous water
use efficiencies in our study across years, irrigation treatments, and varieties were associated with
a high A (r = 0.79 ***) rather than a low E (r = 0.02 ns). The higher WUE was thus due to higher A
than a reduced E, akin to the ‘capacity’ types of [25]. The higher WUE at the cooler time of the year
in 2014 when WUE was measured (at flowering time, Figure 1) was presumably due to the lower
vapour pressure deficit (VPD), but in contrast, later varieties that would have flowered in a slightly
lower temperature and VPD regime than earlier varieties had similar or lower WUE. QTLs have
been identified for rice photosynthesis rates using an indica/japonica double haploid cross [56], a good
starting point for selecting for high rates of photosynthesis. In a study using lines from an introgression
line population [57], virtual ideotypes improved A and transpiration efficiency (TE, i.e., instantaneous
water use efficiency) by 17 and 25%, respectively, over the best investigated, and their analysis showed
the possibility of simultaneously improving A and TE.

4.3. Effects of Planting Time, Maturity Class, and Strategic Irrigation on Root Growth and the Influence
on Yields

Root properties represented by greater root length density and deeper root systems are considered
as target traits for drought tolerance [58]. Chang and Vergara [59] reported that a long and deep root
system correlated with drought tolerance in upland or aerobic rice varieties. In our study, in 2015,
rooting traits were quantified, and all varieties were deep rooted and had root systems reaching deeper
than 60 cm.

Root characteristics such as root dry weight (RDW) at 0–15 cm were more closely correlated with
yield (RDW and yield, r = 0.48 ***), HI (RDW and HI, r = 0.60 ***), and water productivity (RDW and
water productivity, r = 0.80 ***) when we analysed the combined data for strategic irrigation and
rainfed, but not when analysing the responses under rainfed conditions only. The strong correlation
between irrigation applied and RDW at 0–15 cm (r = 0.80 ***) is directly due to the effect of water supply
to that region. At 0–15 cm, roots of the irrigated crop could access more moisture supplied through
surface drip irrigation, receiving 1.89 ML/ha more than from rainfed conditions in 2015 (Figure 1).
This favoured yield for the irrigated crop by confining and expanding more of its roots for better
water extraction in the topsoil (at 0–15 cm, Figure 3), resulting in a significant contribution to yield.
This agrees with data of [60], who showed that, when watered or re-watered from the surface, rice
plants in pots took up very little water from the subsoil. They suggested that water uptake for the
subsoil occurred only when water in the topsoil was less than −190 kPa. Such development plasticity
triggered by mild drought stress is important in enhancing the efficiency of water uptake and biomass
production in rice [61].

Under rainfed conditions, there was no significant correlation between root characteristics and
any of varietal grain yield, harvest index, or biomass, in contrast to the data of [62], even though plants
invested more overall in more extensive deep roots when rainfed (Figure 3).

4.4. Effects of Planting Time, Maturity Class, and Strategic Irrigation on Spikelet Fertility, and Other Yield
Determining Attributes and the Influence on Yields

The number of spikelets per panicle and the number of panicles per plant are determined well
before flowering, but the fertility of spikelets, in particular functional pollen, is determined during the
10 days before and around flowering. Strategic irrigation did improve the number of spikelets per
panicle (Table 5), in accordance with the data of [63], and averaged over both years increased spikelet
fertility of all varieties, on average by 36%.

With the later, cooler, planting in 2014, on average, the total number of effective tillers per plant
and number of spikelets per panicle were greater than in 2015, the latter by three times. Large numbers
of spikelets per panicle have been reported to reduce the amount of pollen per anther [64], which
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might also reduce the fertility of spikelets. Moreover, late flowering varieties, across both years and
irrigation treatments, although having more spikelets per panicle than early varieties, had greater
numbers of unfilled grains per panicle (data not presented) and a lower harvest index (Figure 4). Early
varieties had slightly higher spikelet fertility in 2014 than in 2015 (Figure 5). Early varieties in 2014
flowered at 76 DAS and received rainfall up until 85 DAS (during flowering), whereas in 2015, early
varieties flowered in 87 DAS and received rainfall only until 83 DAS. The next rainfall in 2015 was
at 97 DAS, hence flowering and post-flowering drought stress may have reduced fertility somewhat
in 2015. For late varieties in 2014, a shortage of rainfall during the flowering stage (Figure 1) created
drought, as evidenced by the rainfall record of only 11.6 mm from 100 to 130 DAS. In contrast, in 2015,
174.4 mm of rainfall was recorded for the same growth stage.

The onset of drought during the flowering stage of late varieties had an effect on spikelet sterility
and grain filling. The correlation across varieties years and treatments between spikelet fertility and
grain yield was highly significant in both years (r = 0.73 *** in 2014 and r = 0.53 *** in 2015), as was
the correlation between yield and harvest index (r = 0.93 *** in 2014 and r = 0.81 *** in 2015). Spikelet
sterility of up to 73% has been reported by [65], while [66] reported up to 98% sterility due to terminal
drought. Our values for early varieties were not so affected. Early varieties such as AAT 4 recorded
up to 90% and 85% fertility under rainfed condition in 2014 and 2015, respectively, compared with
late varieties such as AAT 15, which recorded 1.4% fertility under rainfed conditions in 2014 and 39%
in 2015. The harvest index was, therefore, highly influenced by spikelet fertility (compare data in
Figures 4 and 5). In addition to the effects on pollen fertility, the lower spikelet fertility under rainfed
conditions could also be due to a reduced assimilate availability and slower panicle exertion due to
water stress, leading to fewer grains setting and a high proportion of abortion, as reported by [67,68].

The effect of planting time on 1000 grain weight was not significant (Table 6), in contrast to the
effect of planting time on number of numbers of effective tillers per plant (4.8 vs. 6.3 /plant, up by
31% in late planted 2014) and yield (2.32 vs. 2.80 t/ha, up by 21% in early planted 2015). Likewise,
the effect of irrigation treatment on 1000 grain weight was conservative (strategic irrigation raised it,
albeit significantly by 7%, from 22.4 to 24.0 g/1000 grains), compared with its effects on numbers of
effective tillers per plant (4.6 vs. 6.5 /plant, up by 41%) and yield (1.405 vs. 3.715 t/ha, up by 164%).
Late indica varieties in general had lower 1000 grain weight (c. 21 vs. c. 27 g), as reported earlier in
the literature (e.g., [69]). The values were consistent across years and irrigation treatments and may
reflect the contribution of remobilised non-structural carbohydrates from stems to developing grains,
capitalising upon conditions that favour pre-heading growth [70].

When there is the occurrence of late season drought during flowering and grain filling under
rainfed conditions, as in 2014, early flowering varieties have an advantage over late varieties and
escape the drought. The varieties with delayed flowering (i.e., with a long BVP and more sensitive to
the cold) were more susceptible to drought stress and recorded greater decreases in grain yield and HI
compared with early varieties (Table 1 and Figure 4). Prolonged drought under rainfed conditions
resulted in lower yield and a decreased HI in late varieties as compared with early varieties. A similar
relationship of reduction in HI with the onset of terminal drought in late flowering varieties was
reported, showing a subsequent reduction in yield. As expected, based on the differential responses of
straw yield (raised by 22%) and aboveground biomass (raised by 55%) to strategic irrigation, strategic
irrigation raised HI consistently in both years (from 0.22 to 0.36 in 2014 and from 0.29 to 0.46 in 2015),
with late varieties benefitting more from strategic irrigation than early varieties, especially in the late
planted 2014 (data not presented).

Yields with strategic irrigation in the current study of the semi-arid tropics of central Queensland
were similar to those of [71], who recorded grain yield of 4.0–5.7 t/ha under irrigated aerobic conditions
in the dry season in the Philippines. During wet seasons with supplemental sprinkler irrigation [72],
centre pivot [73], flooded irrigation [74], piped irrigation [75], or under rainfed condition [76], yields
of more than 8 t/ha have been recorded, albeit with soil moisture content maintained at close to field
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capacity, whereas our strategic irrigation treatments were allowed to dry out to temporary wilting
before strategic irrigation was supplied.

5. Conclusions

We thus conclude that acceptable rice grain yields up to 5 t/ha can be achieved with strategic
irrigation when enabling early season sowing and avoidance of late season detrimental cool
temperatures. Yields were related to the rates of leaf photosynthesis, but this was due to higher yields
and rates of photosynthesis in the strategic irrigation treatment. Under rainfed conditions, differences
in root properties between varieties were not related to grain yield. Late low temperatures are the
biggest constraint to the successful production of rice in the semi-arid tropics of central Queensland
and most likely elsewhere with similar climates, and to avoid these early planting is essential. Thus,
in 33 of the past 35 years, strategic irrigation would be necessary to establish an early crop and to
supply sufficient water through crop growth. Rainfed early maturing varieties would be able to avoid
harmful cool temperatures just prior to and during flowering, and to avoid later season drought,
but yields would rarely exceed 3 t/ha. Those of late maturing varieties would barely reach 1 t/ha
without, yet exceed 4 t/ha with strategic irrigation.
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