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Abstract 
The Australian rice industry aims to increase water productivity by 75% and aerobic rice production (non-
flooded) has been proposed to deliver this transformation.  However, sound nitrogen management practices 
need to be developed to make aerobic rice feasible. Three sets of experiments were conducted under aerobic, 
delayed permanent water (DPW) and conventional permanent water (PW) drill sown practices.  Two sets 
evaluated multiple varieties (10-13) at low and high nitrogen (N). Aerobic experiments produced lower yield 
than DPW and PW experiments as a result of lower N uptake and fewer grains per panicle.  Nitrogen rate 
experiments with variety Viand provided evidence that increasing the number of splits can improve N uptake 
and close the yield gap between aerobic and conventional systems.  Nitrogen rate trials are currently 
underway which explore increasing the rate and number of splits to improve nitrogen uptake, and thereby 
optimise nitrogen management under aerobic rice production for improved water productivity. 
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Introduction 
Traditionally, rice has been grown under PW, where flooded conditions are maintained for majority of the 
season. More recently, DPW has been adopted by some in which PW is not applied until just prior to panicle 
initiation as a water saving strategy (Dunn and Gaydon 2011).  However, year to year rice production in 
Australia varies greatly as a result of variable water availability and other water market factors. As a result, 
there is a need to improve water productivity to improve competitiveness with other summer crops in the 
southern New South Wales’ production environment.  The industry has set the ambitious goal of increasing 
water productivity by 75%. Aerobic rice production has been one method proposed to help deliver 
significant gains in water productivity with global research suggesting increases of 50-150% (Peng 2006, 
Kato 2009).  Aerobic production is direct-seeded with a high-level of inputs under non-flooded, well-watered 
conditions and with that comes unique agronomic and physiological considerations. There is limited 
research, particularly in Australia, when it comes to the sound nitrogen (N) management practices to 
optimise yield and water productivity in a high yielding aerobic system. In this paper, 3 sets of experiments 
under aerobic, DPW and PW systems were conducted to explore the difference in N uptake and grain yield 
across different management practices.  

Methods 
Three sets of experiments were conducted in 2018/19 and 2019/20 seasons, two in the first season and one in 
the second. All sets comprised a conventional PW, a DPW and an aerobic experiment. Briefly, flush irrigation 
was scheduled based on cumulative evapotranspiration using crop coefficients 0.6, 0.8 and 1 up until the 3-4 
leaf stage, mid- tillering and maturity, respectively.  Thresholds of up to 80 mm were used for PW and DPW 
before permanent water occurred at 30 days after first flush and a week prior to panicle initiation (PI), 
respectively.  In the aerobic a threshold of 40 mm was used until mid-tillering after which 30 mm was used, 
and water was generally ponded overnight after mid-tillering.  The DPW and aerobic experiments were planted 
one to two weeks prior to the PW to synchronise flowering dates. All N were applied in the form of urea to the 
dry soil prior to flushing or PW. In the second year, 120 kg/ha of Granulock Z (11-22-0-4) was applied with the 
seed at sowing which is recommended practice. All other management practices were as per industry standard.  
In the first year the experiments were conducted at the Yanco Agricultural Institute, Yanco, NSW, Australia on 
a red-brown earth soil (Afisols, Soil Survey Staff 1975) using a 25 cm row spacing and in the second year the 
experiment was completed at Leeton Farm Station, Leeton, NSW, Australia on a self-mulching clay soil 
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(Vertisol, Soil Survey Staff 1975) with a 20cm row spacing.  The soils were typical for those used for current 
permanent water rice production in the region. 

Year 1: Variety evaluation 
The experiments utilised 15 varieties relevant to the industry and two N treatments (60 and 120 N kg/ha). 
Two varieties were removed from the analysis as a result of excessive bird damage. Each experiment was 
arranged in a split-plot design with variety as the main plot and N as the sub-plot, arranged in randomised 
complete block design.  Applications of N reflected the best industry practice for PW and DPW with 
application occurring at the 4 leaf stage and mid-tillering, respectively.  In the aerobic experiment, N was 
applied at 4 leaf stage, while the 120N had 60:60 split at the 4 leaf stage and mid-tillering.  

Year 2: Variety evaluation 
The experimental design was as per the variety evaluation of the previous year with 10 varieties in common.  A 
higher nitrogen rate of 120 and 180 kg/ha was used to reflect the different soil type. PW nitrogen applications 
was as per 2018/19, while DPW and aerobic had an application of 60 at early-tillering stage with an additional 
application at late tillering stage of 60 kg/ha for low N treatment and 120 kg/ha for the high.  

Year 1: Nitrogen rate evaluation 
The experiments were conducted using the Australian rice variety, Viand, arranged in a randomised 
complete block design. All three experiments had 10 N treatments with variations of 0, 60, 120 and 180kg/ha 
of N applied.  Different splits were used with each experiment to reflect best industry practice for PW and 
DPW.  DPW had split combinations at mid-tillering (prior to permanent water) and PI, PW had combinations 
applied at the 4th leaf stage (prior to permanent water) and PI, and aerobic had combinations of splits applied 
at the 4 leaf stage, mid-tillering and PI. Urea application for aerobic was followed by overnight ponding, 
except on 17 December when ponding was only for 4 hours, thus some N in applied urea may have been lost 
through volatilisation. Urea application at 4 leaf stage in PW and at mid tiller in DPW was followed by 
permanent water, while at PI urea was applied into water in DPW and PW.     

Measurements and Analysis 
Above ground plant samples were collected from each plot at PI from an area of five plant rows by 1 m. A grab 
sample (100 g) was collected from each sample which was dried in a microwave oven before being dried 
overnight in a conventional oven at 60°C. This subsample was ground and analysed for N by Bruker FT-NIR 
analysis and multiplied by the measured dry matter to calculate PI N uptake. After physiological maturity, 2 
rows by 3 m samples were collected from each plot to assess dry matter, harvest index, grain yield (14% 
moisture), panicle number, spikelets per panicle, spikelet sterility, 1000 grain weight and total plant N uptake. 

Data was analysed using multiplicative linear mixed model implemented in ‘As-Reml v 4.1.0.98’.  Variety, N 
and its interaction was regarded as fixed effects.   

Results and discussion 
Grain yield 
On average, grain yield in the aerobic experiment was significantly lower than the PW and DPW 
experiments in the variety evaluation trial (Table 1) in both years. In year 1, the aerobic yield was 7.16 
compared 10.75 and 11.99 t/ha for PW and DPW, respectively. While the reduction in year 2 was even 
greater with 7.49 t/ha achieved in aerobic compared to 11.48-12.30 t/ha.  In year 1, the effect of N was 
significant only in aerobic in which N was applied as split and not in DPW and PW where N was applied 
only once at the time of permanent water imposition. Variety had significant effect in all experiments, while 
variety x N interaction was observed only in the aerobic. The yield increased with higher N application rate 
by 0.8-1.4 t/ha (Table 1) in all experiments in year 2. Effect of N and variety main effect and variety x N 
interaction effect were significant in all the three water experiments.  
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Table 1: Grain yield and N uptake under low and high N rates across aerobic, DPW and PW experiments 
consisting of 13 varieties in 2018/19 (Low=60; high=120 N kg/ha) and 10 varieties in 2019/20 (Low=120; 
high=180 N kg/ha). WM: water management 

2018/19 (n=13) 2019/20 (n=10) 

Treatment Nitrogen rate 
Grain yield 

(t/ha)
N uptake 
(kg/ha)

Grain yield 
(t/ha)

N uptake 
(kg/ha) 

Aerobic Low 6.07 76 7.08 103 

High 8.24 116 7.89 120 

DPW Low 10.61 180 11.93 138 

High 10.9 214 12.69 166 

PW Low 11.89 187 10.8 147 

High 12.09 212 12.16 180 

p-value N <0.0001 <0.0001 <0.0001 <0.0001 

WM <0.0001 <0.0001 <0.0001 <0.0001 

N x WM 0.0002 <0.0001 0.0002 0.0001 

In all the water management conditions in the N rate experiment, 0N and 60N was not sufficient for high 
yield (Table 2). For aerobic, a total of 180N was required to achieve the highest yield (10.39 t/ha) with a 
large number of panicles/ha as well as a large number of spikelets/panicle. However, the yield was 
significantly lower than highest yielding groups of DPW and PW with even the low N treatments (60N) in 
DPW and PW approaching or exceeding the yield of 180N under aerobic conditions. For DPW and PW, 
120N was sufficient to achieve high yields with an average of 11.46 and 12.57 t/ha, respectively. 

Table 2: Mean grain yield, N uptake and N recovery for total N application of aerobic, delayed permanent water 
and PW crops with the variety Viand. 

Nitrogen Rate 
(kg/ha) Grain Yield (t/ha) N Uptake (kg/ha) N recovery 

Aerobic Mean (n=10) 9.41 128 0.51 

0 (n=1) 6.25 60 Na 

60 (n=1) 7.44 87 0.44 

120 (n=3) 9.49 127 0.55 

180 (n=5) 10.39 150 0.50 

DPW Mean (n=10) 10.55 194 0.60 

0 (n=1) 7.34 126 Na 

60 (n=2) 10.12 170 0.74 

120 (n=3) 11.46 205 0.66 

180 (n=4) 10.89 214 0.49 

PW Mean (n=10) 11.70 192 0.50 

0 (n=1) 9.38 134 Na 

60 (n=2) 11.23 169 0.58 

120 (n=3) 12.57 194 0.50 

180 (n=4) 11.86 216 0.46 

Grain yield and nitrogen uptake 
In the variety trial in year 1, mean N uptake at maturity indicated lower uptake in aerobic (96 kg/ha) 
compared to DPW and PW (197 and 200kg/ha) while there was little difference between the latter two water 
conditions (Table 1). In all three water conditions, N uptake was 25-40 kg/ha higher in 120N than in 60N.  
Correlation coefficient between N uptake and grain yield ranged from 0.49 in aerobic 60N to 0.72 in aerobic 
120N, and was significant (p<0.05 with n=13) in all cases except in the aerobic 60N. When environments 
and varieties were combined, correlation coefficient was 0.89. Similar to year 1, N uptake was lower in 
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aerobic conditions compared to DPW and PW in year 2 with a greater response seen with higher N 
application particularly in the case of PW.  When all environments are combined, the correlation coefficient 
between N uptake and grain yield was 0.81. 

Similar to the variety evaluations, in the N rate evaluation the N uptake in aerobic was lower than DPW and 
PW (Table 2), and there was a strong correlation (r=0.86**) between N uptake at maturity and grain yield. 
The N recovery efficiency of the aerobic and PW were comparable with a mean of 51 and 50%, respectively, 
while DPW had a considerably higher recovery of 60%. The lower N uptake in aerobic was the result of its 
inability to utilise inherent N available in the soil with N uptake in the 0N treatment being 60 compared to 
126 and 134 kg/ha in the DPW and PW experiments, respectively. Under no applied N input, N uptake at PI 
was 33, 50 and 46 kg/ha for aerobic, DPW and PW. However, the main issue of aerobic rice appeared for 
the period of PI to maturity when DPW and PW were under flooded conditions; uptake during this period 
was 27, 76 and 88 kg/ha respectively. This result is comparable to the findings of Beecher (2006) who found 
saturated soil culture and drip irrigation (replacing evapotranspiration each day) had significantly reduced N 
uptake compared to permanent water. The reduced N uptake may be related to the way aerobic was irrigated 
in the experiment; the field was irrigated every 3-6 days and was ponded overnight after each irrigation 
which would presumably lead to increased N losses as a result of denitrification. Therefore, increased grain 
yield under aerobic conditions may be achieved through modification of the irrigation method (i.e. reduced 
ponding). However, consideration needs to be made as to whether a non-traditional rice growing soil that 
has a lower clay content and greater air filled pore space (more aerobic) would allow for the better utilisation 
of available soil N, and narrow the apparent yield gap between aerobic and flooded rice.    

Conclusions 
The results of 2 years of experiments indicate that the lower grain yield in aerobic was related to its lower N 
uptake compared to fully flooded PW and DPW. Methods to increase N uptake in aerobic conditions are 
required, and consideration may be given to irrigation method and soil type that would reduce irrigation 
frequency without affecting growth and increase N uptake.  Nitrogen rate trials are underway which explore 
increasing the rate and number of splits to improve N uptake, and thereby optimise N management under 
aerobic rice production for improved water productivity.   
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