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Abstract. Objective guidelines about plant population are essential to ensure that yield potential of rice grain is not
compromised. Drill-sowing of rice is increasing in popularity in many rice-growing regions of the world in response to a
requirement for increased water productivity, but little information is available on row-spacing widths required to
maximise grain yield potential. This research investigated the impacts of plant population on grain yield and yield
components for aerial- and drill-sown rice, and the effects of row-spacing width for drill-sown rice grown in a temperate
environment. Ten aerial-sown and five drill-sown experiments were conducted in south-eastern Australia over three
seasons using four semi-dwarf rice varieties. Plant populations ranged from 7 to 396 plants m–2.

Plant populations as low as 30 plants m–2 were able to achieve grain yields >12 t ha–1 but only when the plants were
uniformly distributed. At a population of ~100 plants m–2, the impact of plant-stand distribution was negligible. Grain
yield was maintained across a large range of plant populations, mainly through compensatory effects of more tillers per
plant and more grains per panicle at lower plant populations.

For aerial-sown rice, maximum grain yield (up to 14.9 t ha–1) was always achieved with a minimum plant population
of 100 plants m–2, and likewise for drill-sown rice provided the row spacing was �27 cm. At equivalent plant
populations, 36-cm row spacing produced lower grain yield than narrower row spacings. When large gaps existed
between plants within the rows, neighbouring plants could not compensate for the gap at the wider 36-cm row spacing,
and grain yield was reduced. A practical optimal plant population of 100–200 plants m–2 was found to be suitable for the
semi-dwarf varieties used in this study for both aerial- and drill-sowing methods.
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Introduction

Successful establishment is the first step to achieving a high-
yielding and profitable crop of rice (Oryza sativa L.). Across all
sowing and irrigation practices, the initial aim is to achieve a
uniform plant stand that has sufficient plants to ensure that grain
yield potential is not limited by plant number. The dominant
method used for sowing rice in south-eastern Australia in the
1990s was aerial sowing of pre-germinated seed into flooded
fields (McDonald 1994). In response to a requirement for
increased water productivity, drill sowing of seed into dry
soil, followed by intermittent irrigation to establish plants
(Dunn and Ford 2018), is increasing in popularity, accounting
for >40% of rice grown in the 2017–18 season and 70% in
2018–19 (C. Quirk, SunRice, pers. comm., 2018).

As Australian growers adopted sowing methods suitable for
their soil types, irrigation layout, crop rotations and water
availability, they continued to follow the plant-population
recommendation of 200–300 plants m–2 developed from
farmer surveys of mainly aerial-sown crops (NSW DPI 2012);
however, the reliability of the recommendation has been
questioned (Chaudhary et al. 2002).

In other countries where the production of rice is highly
mechanised, research has been conducted to determine the
optimal plant population requirements to achieve maximum
grain yield. The seed-rate recommendation for drill-seeded
conventional rice varieties in Arkansas is 323 seeds m–2 to
obtain an optimum plant population of 93–185 plants m–2

(Hardke et al. 2016). In Louisiana, the recommendation was
215–323 seeds m–2 to obtain a plant population of 108–161
seedlings m–2 (Harrell and Blanche 2010). In tropical rice-
growing areas where crop yield may be impacted by disease,
reducing seed rates canbeuseful in diseasemanagement (Hardke
et al. 2016). Diseases are not a significant problem in the
temperate rice-growing areas of south-eastern Australian;
therefore, plant-population recommendations can be based
primarily on an agronomic and physiological basis to
maximise grain yield.

Recent years have seen an increase in drill-sown rice,
particularly in highly mechanised, broadacre rice-growing
environments. The uptake of drill sowing has been driven by
several factors including the opportunity to reduce input costs
without reducing productivity and reduced risk of poor
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establishment due to birds, wind and slime (Dunn and Ford
2018), as well as the most critical factor of reducing water use
(Dunn and Gaydon 2011). At the same time, row spacing has
increased up to widths of 30 cm owing to the expansion of
reduced-tillage and stubble-retention systems in winter
cropping, with the same equipment often used for drill
sowing of rice. Wide row spacing also increases the
opportunity for inter-row cultivation and spraying.
Recommendations on row-spacing width for drill-seeded
rice in Arkansas are 15–20 cm to produce maximum yields,
and as row spacing increases, the importance of uniform stand
density also increases (Hardke et al. 2016). No information on
the influence of row spacing on grain yield of rice grown in
south-eastern Australia is currently available.

The objectives of this paper were to: (i) determine the
optimum plant population to maximise grain yield for
Australian semi-dwarf rice varieties when aerial- and drill-
sowing methods are used in a temperate environment;
(ii) determine the appropriate row spacing to maximise grain
yield of drill-sown rice in the same environment.

Methods

Field experiments were established in aerial- and drill-sown
commercial rice fields over three seasons (2013–14, 2014–15
and 2015–16). The experiments were performed in the
Murrumbidgee and Murray Valleys (~34–368S, 143–1478E).
These are the major rice-growing regions of south-eastern
Australia and cover the range of soil types commonly used for
rice growing. Initial soil properties of the experimental fields are
presented in Table 1. The region has a temperate climate
characterised by hot dry summers with low humidity. One-
third of a month (i.e. ~10-day) mean (57 years) temperatures
and reference evapotranspiration (ETo) for Griffith (40 and
45 km, respectively, from the Leeton Field Station and Yanco
Agricultural Institute experimental sites) are presented in

Fig. 1, together with the values recorded during the three
experimental seasons.

Ten experiments were established in commercial rice fields
being prepared for aerial sowing (Table 2) and using the same
variety as grown in the remainder of the field. The growers
prepared the experimental sites with the same fertiliser rates
(nitrogen (N) and phosphorus) and herbicide and pesticide
treatments as used on their field (Troldahl and Stevens 2019).
In the first season (2013–14), all seed-rate treatments (25, 75,
150 and 300 kg ha–1) were established by spreading dry seed
onto the dry soil surface within 2 days before permanent water
being applied (Table 2). Once permanent water is applied, the
field remains continuously flooded until drained for harvest. A
1.8-m-wide drop spreader (Gandy, Owatonna, MN, USA) was
used to establish plots 2 m wide by 10 m long. This sowing
method was used to simulate aerial sowing, while ensuring an
even distribution of seed across the plots. All aerial-sown
experiments included four replications of the seed-rate
treatments, which were fully randomised within replicates.

In the second season (2014–15), a pre-germinated seed
treatment (seed rate 150 kg ha–1) was included in two
experiments, and in the third season (2015–16), the pre-
germinated seed treatment (150 kg ha–1) was included in all
aerial-sown experiments (Table 2). The seed for the pre-
germinated treatments was soaked in water for 24 h,
drained for 24 h, and then hand-spread onto the flooded
plots. The aim of the pre-germinated seed treatment was to
achieve higher plant populations than had been achieved in the
previous seasons when dry seed was spread onto the soil
surface before permanent water.

Over the three seasons of the study, five drill-sown
experiments examining plant population and row spacing
were also established. These experiments were at Yanco
Agricultural Institute (Yanco, 3483605600S, 14682500600E) and
Leeton Field Station (Leeton, 3483602500S, 14682104400E) in the
Murrumbidgee Valley, and at ‘Old Coree’ (Jerilderie,

Table 1. Initial soil properties (0–10 cm depth) for the experiment sites

Site pH(CaCl2)
(1 : 5)

Colwell P
(mg kg–1)

EDTA Zn
(mg kg–1)

Cation exchange capacity
(cmolc kg

–1)
Exchangeable

sodium percentage
Organic matter

(%)

2013–14
Mayrung 4.7 30 0.9 9.3 6.5 1.7
Morago 5.2 50 0.4 18.1 9.9 1.9
Bunnaloo 6.2 76 1.9 17.4 3.7 2.4
Jerilderie 5.0 36 0.7 21.9 3.0 1.9
Yanco drill 5.2 127 3.2 9.2 1.4 1.4

2014–15
Mayrung 5.1 47 1.3 7.4 5.7 1.6
Morago 5.4 41 0.5 17 6.4 2.6
Bunnaloo 4.8 110 1.6 12 3.7 2.8
Jerilderie 4.6 69 0.3 16 7.0 1.7
Leeton drill 6.3 60 1.4 27.6 1.2 1.2
Jerilderie drill 4.1 62 0.7 8.3 4.7 1.2

2015–16
Mayrung 4.5 51 1.6 9.5 5.0 2.1
Murrami 5.4 13 1.3 25.8 1.3 1.9
Leeton drill 6.4 15 0.9 28.2 1.4 1.6
Jerilderie drill 4.6 57 1.0 14.2 2.8 1.9
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3582000200S, 14583104000E) in the Murray Valley. Details
including the treatments and varieties used in the drill-sown
experiments are presented in Table 3. The row-spacing and seed-
rate treatments were sown with a double-disc seeder to create
plots 1.8 m wide by 10 m long with the seed placed at a depth
of ~3 cm. The drill-sown experiments all involved a split-split
plot design with variety and row spacing as the main plots, and
seeding rate as the subplots. Each treatment had three
replications. The drill-sown experiments were flush-irrigated
three times, and when the rice seedlings reached the
4-leaf stage, a commercial rate of N (92–240 kg N ha–1 as
200–520 kg ha–1 of urea) was applied to the dry soil surface
immediately before application of permanent water. Weed
control was undertaken as per standard commercial practice
for drill-sown rice in southern Australia (Troldahl and Stevens
2019).

The plant population in the aerial-sown experiments was
measured when the plants reached the 2–3-leaf stage. The
number of seedlings within a 1-m–2 area was counted at three

locations in each plot, with the centre of each location marked
with an identifier peg. In the drill-sown experiments, plant
numbers were counted before application of permanent water
with a 1-m length of six, four or three rows counted, respectively,
for the 18-, 27-, and 36-cm row-spacing treatments. The counts
were taken at three locations in each plot, each marked with an
identifier peg so that future plant samples could be collected at
sites of known plant population. There was no reduction in
plant population due to pests in any of the experiments.

At both panicle initiation (PI) and maturity, aboveground
biomass samples were hand-harvested from the marked
location of the plant-establishment counts so that a direct
comparison with actual plant population was possible. At
PI, a 1-m–2 sample was collected from each plot at one of
the marked locations for determination of dry matter, number
of tillers, plant N percentage, and N uptake. At physiological
maturity, two 1-m–2 samples were collected from
the remaining two marked locations in each plot for
determination of dry matter, harvest index, grain yield
(14% moisture), number of panicles, number of grains per
panicle, floret sterility, 1000-grain weight, and total plant N
uptake.

Statistical analyses

Data from each experiment were individually statistically
analysed by analysis of variance (ANOVA), using GENSTAT

50

40

30

20

Te
m

pe
ra

tu
re

 (
°C

)

E
va

po
tr

an
sp

ira
tio

n 
(m

m
 d

ay
−

1 )

10

0

40

Max. temp. mean
ETo exp.
ETo mean

Min. temp. mean
Min. temp. exp.
Max. temp. exp.

30

20

10

0

10
 O

ct 
13

10
 O

ct 
14

10
 N

ov
 1

3

10
 D

ec
 1

3

10
 Ja

n 
14

10
 F

eb
 1

4

10
 M

ar
 1

4

10
 N

ov
 1

4

10
 D

ec
 1

4

10
 Ja

n 
15

10
 F

eb
 1

5

10
 M

ar
 1

5

10
 O

ct 
15

10
 N

ov
 1

5

10
 D

ec
 1

5

10
 Ja

n 
16

10
 F

eb
 1

6

10
 M

ar
 1

6

Fig. 1. Long-term mean (57 years) minimum and maximum temperatures and evapotranspiration
(ETo), as well as values recorded during the three seasons of experiments for Griffith NSW Australia
(3481901100S, 14680400100E). Means for one-third of a month.

Table 2. Aerial-sown experimental details including season, location,
variety and seed rate

Site Variety Seed rates (kg ha–1)

2013–14
Mayrung Reiziq 25, 75, 150, 300
Morago Reiziq 25, 75, 150, 300
Bunnaloo Sherpa 25, 75, 150, 300
Jerilderie Opus 25, 75, 150, 300

2014–15
Mayrung Reiziq 25, 50, 150, 300; 150 pre-germinated
Morago Reiziq 25, 50, 150, 300; 150 pre-germinated
Bunnaloo Sherpa 25, 50, 150, 300
Jerilderie Opus 25, 50, 150, 300

2015–16
Mayrung Sherpa 25, 50, 150 dry; 150 pre-germinated
Murrami Langi 25, 50, 150 dry; 150 pre-germinated

Table 3. Drill-sown experimental details including season, location,
variety, row spacing and seed rate

Season Site Varieties Row spacings
(cm)

Seed rates
(kg ha–1)

2013–14 Yanco Reiziq, Sherpa 18, 27, 36 25, 75, 150
2014–15 Leeton Reiziq, Langi 18, 27, 36 25, 50, 150

Jerilderie Reiziq, Opus 18, 27, 36 25, 50, 150
2015–16 Leeton Reiziq, Langi 18, 27, 36 25, 50, 150

Jerilderie Reiziq, Opus 18, 27, 36 25, 50, 150
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Release 18.1 (VSN International, Hemel Hempstead, UK).
Comparisons of treatment means were performed using the
least significant difference test (l.s.d.) at P = 0.05. Correlation
analysis was conducted on the means. The relationships were
explored between dependent variables (grain yield, number of
tillers per plant, number of panicles per m2, number of grains
per panicle) and the independent variable (plant population
counts). In all cases, a log–log relationship between plant
population and the dependent variables was found to fit
the data well. Therefore, the final form of the relationships
was y = ebxa, where y is the dependent variable and x is the
independent variable. The relationships were determined by
using ordinary least-squares linear regression on the linearised
form of the above equation, ln(y) = a.ln(x) + b. The degree to
which plant population explained the variation in the
dependent variables was determined by using the coefficient
of determination (R2), and the significance of the relationship
was determined by examining the P-value. In addition,
analysis of covariance (ANCOVA) was performed to
assess whether the relationships with different sowing
categories (aerial vs drill, and different row spacings) were
significantly different.

Results

Establishment

Increased rate of dry seed spread on the soil surface before
application of permanent water significantly increased the
number of plants established in seven of the 10 aerial-sown
experiments; in the other three aerial-sown experiments,
150 kg ha–1 of pre-germinated seed was the only treatment
significantly different from the others (Table 4). This treatment
always resulted in significantly more established plants
(average 228 plants m–2) than 150 kg ha–1 of dry seed
pre-flood (average 63 plants m–2) (Table 4).

Establishment was more consistent in the drill-sown
experiments than in the aerial-sown experiments. There was a
significant difference between varieties for plant establishment
in the 2014–15 Yanco experiment but not in the other drill-sown
experiments (Table 5). In three of the five drill-sown
experiments, narrower row spacings resulted in significantly
more established plants than wider row spacings, whereas
higher seed rates resulted in significantly more plants
established in all experiments (Table 5). There was no
significant interaction between variety, row spacing or seed
rate for establishment in any of the five drill-sown
experiments (data not presented).

When results for the variety Reiziq were analysed across
the four drill-sown, row spacing � seeding rate experiments
that tested the same seed rates at two locations (Leeton and
Jerilderie) in both the 2014–15 and 2015–16 seasons, there
was no significant difference in establishment between row-
spacing treatments (Table 6). There were, however, significant
differences in establishment between seed rates (Table 6), with
a higher seed rate resulting in more plants established.

When averaged across experiments, the method of
spreading dry seed onto the dry soil surface and then
applying permanent water resulted in only 21% of the seeds
applied becoming established plants. On the other hand, when

pre-germinated seed was sown into water, 45% of seeds on
average became established plants, and in the drill-sown
experiments 48% of seeds became established plants.

Assessments at the panicle initiation stage

As seed rate increased, the number of tillers per plant
significantly decreased in five of the 10 aerial-sown
experiments and in all five of the drill-sown experiments
(Tables 4 and 5). The number of tillers per plant at PI was
significantly higher for seed rate treatments that resulted in low
plant numbers than seed rates that resulted in high plant
numbers in eight of the 10 aerial-sown experiments and all
five of the drill-sown experiments (Tables 4 and 5).

There were no significant differences in number of tillers
per plant at PI among varieties or row spacings in any of the
drill-sown experiments (Table 5). When the data for number of
tillers per plant at PI for the variety Reiziq were analysed
across the four drill-sown experiments that had the same seed-
rate treatments, there were also no significant differences due
to row spacing, but as seed rate decreased, the number of
tillers per plant significantly increased (Table 6). A significant
negative relationship existed between plant population and
number of tillers per plant at PI for both aerial- and drill-sown
Reiziq crops. As plant population decreased, the number of
tillers per plant increased, especially below ~50 plants m–2

(Fig. 2a).

Grain yield

Grain yield was significantly different among seed rates in four
of the 10 aerial-sown experiments. In each of these four
experiments, grain yield was significantly lower in seed-rate
treatments that resulted in plant populations of �35 plants m–2

(Table 4). In two of the drill-sown experiments, there was a
significant difference among seed rates when averaged across
variety and row spacing (Table 5). Grain yield was relatively
independent of plant population >~100 plants m–2 for both
aerial- and drill-sowing methods (Fig. 3a). Drill sowing
produced a lower grain yield than aerial sowing when all
row spacings were considered (Fig. 3a). However, when the
drill-sown data were separated into row spacings, the 36-cm
row-spacing treatment was largely responsible for the lower
grain yields (Fig. 3b).

The 36-cm row-spacing treatment produced significantly
lower grain yield than both the 18- and 27-cm row-spacing
treatments, which produced similar yields in four of the five
drill-sown experiments (Table 5). There was a significant
variety difference in only one of the five drill-sown
experiments, with Reiziq producing higher yield
(12.88 t ha–1) than Langi (12.14 t ha–1) in the 2015–16
Leeton experiment (Table 5). There were no significant
interactions between treatments for grain yield in any of the
five drill-sown experiments.

When data for the individual variety Reiziq were analysed
across the four drill-sown experiments that had the same seed-
rate treatments, the 36-cm row spacing had a significantly
lower grain yield (11.36 t ha–1) than the 18- and 27-cm
spacings, which were similar at 12.25 and 12.10 t ha–1,
respectively (Table 6). Among seed-rate treatments,
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Table 4. Meanplant establishment, tillernumberat panicle initiation, grainyield (14%moisture), panicle numberandnumber
of grains per panicle across four dry-seed rates in 10 aerial-sown experiments over three seasons using four varieties

In five experiments, a pre-germinated sowing at 150 kg ha–1 was also utilised. n.s., Not significant (P > 0.05)

Site and variety Seed rates
(kg ha–1)

No. of plants
established per m2

No. of tillers
per plant

Grain yield
(t ha–1)

No. of
panicles per m2

No. of grains
per panicle

2013–14
Mayrung, Reiziq 25 57 10 13.58 576 83

75 101 6 13.37 623 72
150 157 5 13.16 741 56
300 255 4 12.42 779 52
l.s.d. (P = 0.05) 26.1 1.3 n.s. 119 8.1

Bunnaloo, Sherpa 25 32 13 11.04 540 89
75 73 13 13.54 710 79
150 100 11 13.65 711 82
300 162 10 13.73 830 71
l.s.d. (P = 0.05) 16.9 n.s. 1.154 110 12.6

Morago, Reiziq 25 40 26 13.20 649 74
75 53 20 12.91 677 67
150 99 13 13.26 712 63
300 123 11 13.48 807 59
l.s.d. (P = 0.05) 22.4 4.2 n.s. 100 8.1

Jerilderie, Opus 25 58 15 12.14 673 82
75 67 14 11.44 656 81
150 98 14 12.13 713 71
300 156 7 11.93 752 67
l.s.d. (P = 0.05) 57.5 4.7 n.s. n.s. n.s.

2014–15
Mayrung, Reiziq 25 11 32 8.34 360 88

50 12 26 8.95 358 90
150 15 25 9.20 392 87
300 14 30 9.55 387 92
150 pre-germ. 283 4 14.34 905 55
l.s.d. (P = 0.05) 9.2 9.6 1.94 136 14.8

Morago, Reiziq 25 13 18 9.90 341 100
50 16 17 10.48 412 87
150 19 17 11.62 399 97
300 21 16 11.75 416 99
150 pre-germ. 146 8 13.50 798 61
l.s.d. (P = 0.05) 8.5 8.8 1.25 101 12.4

Bunnaloo, Sherpa 25 66 20 11.23 806 71
50 95 16 11.69 777 76
150 116 14 11.84 824 72
300 170 10 12.33 963 63
150 pre-germ. 195 9 12.33 1006 59
l.s.d. (P = 0.05) 53.6 6.7 n.s. n.s. n.s.

Jerilderie, Opus 25 48 14 10.44 639 85
50 52 18 11.54 763 80
150 90 12 12.29 958 71
300 136 9 12.09 943 63
l.s.d. (P = 0.05) 30.5 n.s. n.s. n.s. 10.7

2015–16
Mayrung, Sherpa 25 47 23 14.14 801 80

50 75 14 13.59 722 78
150 134 10 13.96 766 77
150 pre-germ. 217 7 14.23 1003 61
l.s.d. (P = 0.05) 24.7 5.5 n.s. 110 11.1

Murrami, Langi 25 30 15 9.62 362 116
50 35 22 9.12 379 111
150 32 18 9.99 401 108
150 pre-germ. 298 5 12.76 786 66
l.s.d. (P = 0.05) 65.1 8.2 1.94 168 21.2
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Table 5. Mean plant establishment, tiller number at panicle initiation, grain yield (14%moisture), panicle number andnumber of grains per panicle
across two varieties, three row spacings and three seeding rates from five drill-sown experiments conducted over three seasons

Variable Treatment No. of plants
established per m2

No. of tillers
per plant

Grain yield
(t ha–1)

No. of
panicles per m2

No. of grains
per panicle

2013–14 Yanco
Variety Reiziq 176 7 11.96 583 74

Sherpa 189 7 12.02 622 84
l.s.d. (P = 0.05) 9.3 n.s. n.s. 29.6 7.5

Row spacing 18 cm 197 7 12.30 605 79
27 cm 175 7 12.33 607 81
36 cm 176 7 11.33 595 76
l.s.d. (P = 0.05) 17.1 n.s. 0.641 n.s. n.s.

Seed rate 25 kg ha–1 58 13 11.36 528 86
75 kg ha–1 178 5 12.29 609 79
150 kg ha–1 311 3 12.31 670 71
l.s.d. (P = 0.05) 17.0 1.1 0.749 45.0 5.9

Row spacing � seed rate l.s.d. (P = 0.05) 28.2 n.s. n.s. n.s. n.s.

2014–15 Leeton
Variety Reiziq 121 5 11.36 404 83

Langi 134 5 11.03 502 118
l.s.d. (P = 0.05) n.s. n.s. n.s. 44.5 14.3

Row spacing 18 cm 136 5 11.69 466 101
27 cm 123 5 11.36 461 99
36 cm 123 5 10.63 432 101
l.s.d. (P = 0.05) n.s. n.s. 0.645 22.2 n.s.

Seed rate 25 kg ha–1 55 8 11.03 410 111
50 kg ha–1 95 5 11.18 446 102
150 kg ha–1 232 2 11.38 504 89
l.s.d. (P = 0.05) 18.8 1.1 n.s. 30.4 6.5

Row spacing � seed rate l.s.d. (P = 0.05) n.s. n.s. n.s. n.s. n.s.

2014–15 Jerilderie
Variety Reiziq 79 9 11.17 656 81

Opus 105 9 11.96 497 89
l.s.d. (P = 0.05) n.s. n.s. n.s. n.s. n.s.

Row spacing 18 cm 102 8 11.98 588 81
27 cm 84 9 11.60 616 87
36 cm 90 9 11.11 525 87
l.s.d. (P = 0.05) 9.9 n.s. n.s. n.s. 3.3

Seed rate 25 kg ha–1 40 13 11.08 472 96
50 kg ha–1 71 9 11.75 561 85
150 kg ha–1 164 5 11.87 696 74
l.s.d. (P < 0.05) 10.9 3 n.s. 127.5 4.6

Row spacing � seed rate l.s.d. (P = 0.05) n.s. 2.0 n.s. n.s. n.s.

2015–16 Leeton
Variety Reiziq 147 5 12.88 417 83

Langi 123 6 12.14 499 118
l.s.d. (P = 0.05) n.s. n.s. 0.41 36.8 5.8

Row spacing 18 cm 144 5 12.96 476 100
27 cm 143 5 12.80 464 99
36 cm 117 6 11.76 432 102
l.s.d. (P = 0.05) 23.9 n.s. 0.52 19.0 n.s.

Seed rate 25 kg ha–1 60 7 12.00 403 109
50 kg ha–1 106 5 12.43 435 104
150 kg ha–1 238 3 13.10 534 88
l.s.d. (P = 0.05) 16.2 1.0 0.48 37.9 7.1

Row spacing � seed rate l.s.d. (P = 0.05) n.s. n.s. n.s. n.s. 11.3

2015–16 Jerilderie
Variety Reiziq 112 10 12.23 731 74

Opus 130 10 12.02 525 66
l.s.d. (P = 0.05) n.s. n.s. n.s. 32.8 n.s.

(continued next page)
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25 kg ha–1 had a significantly lower grain yield (11.54 t ha–1)
than both the 50 and 150 kg ha–1, which were similar at 12.08
and 12.09 t ha–1, respectively (Table 6).

Yield components

The number of panicles per m2 was significantly higher for
seed rates that produced more established plants in seven of the
10 aerial-sown experiments and all of the drill-sown
experiments (Tables 4 and 5). There was a significant
difference between varieties for panicle number in four of
the five drill-sown experiments, and panicle number was
significantly lower for the 36-cm row spacing than the
18- and 27-cm row spacings in three of the five drill-sown
experiments (Table 5). When data for the variety Reiziq
were analysed across the four drill-sown experiments that
had the same seed-rate treatments, each increase in seed
rate significantly increased panicle number, whereas each
increase in row-spacing width did the opposite, significantly
reducing panicle number (Table 6). When the aerial- and drill-
sown treatments were compared using the same variety,
Reiziq, the aerial-sown treatments produced more panicles
per m2 than the drill-sown treatments at the same plant
population, except at very low plant populations where they
were similar (Fig. 2b).

The number of grains per panicle was significantly different
among seed rates in eight of the 10 aerial-sown experiments,

with lower plant populations having more grains per panicle
(Table 4). In the drill-sown experiments, the number of grains
per panicle was significantly different among varieties in three
experiments, among row spacings in two experiments, and
among seed rates in all five experiments (Table 5). When data
for the variety Reiziq were analysed across the four drill-sown
experiments that had the same seed-rate treatments, there was
no significant difference in number of grains per panicle across
row spacings; however, each decrease in seed rate significantly
increased the number of grains per panicle (Table 6). There
was no significant interaction between row spacing and seed
rate for number of grains per panicle in any of the drill-sown
experiments (Table 5). When the aerial and drill sown
treatments were compared using only data for Reiziq, the
drill-sown treatments produced more grains per panicle than
the aerial-sown treatments at the same plant population.
However, at very low plant populations, the numbers of
grains per panicle were similar (Fig. 2c).

In three aerial-sown and four drill-sown experiments, there
was a significant difference in grain weight across seed-rate
treatments. The seed-rate treatments that produced low plant
populations had a significantly lower grainweight than those that
produced higher plant populations (data not presented). There
were significant differences among varieties in all five drill-
sown experiments, but no significant row spacing � seed rate
interactions. When data for the variety Reiziq were analysed
across the four drill-sownexperiments that had the same seed rate

Table 5. (continued )

Variable Treatment No. of plants
established per m2

No. of tillers
per plant

Grain yield
(t ha–1)

No. of
panicles per m2

No. of grains
per panicle

Row spacing 18 cm 125 10 12.52 657 69
27 cm 121 9 12.27 649 68
36 cm 115 10 11.57 579 73
l.s.d. (P = 0.05) n.s. n.s. 0.468 42.6 n.s.

Seed rate 25 kg ha–1 46 16 11.96 538 78
50 kg ha–1 84 9 12.16 598 72
150 kg ha–1 232 4 12.25 748 59
l.s.d. (P = 0.05) 13.4 3 n.s. 35.2 4.8

Row spacing � seed rate l.s.d. (P = 0.05) n.s. n.s. n.s. 62.1 n.s.

Table 6. Plant establishment, tiller number at panicle initiation, grain yield (14%moisture), panicle number, number of grains per panicle and grain
weight for the variety Reiziq from four drill-sown variety � row spacing � seed rate experiments that used the same seed rates

Data are from the experiments at Leeton and Jerilderie in both 2014–15 and 2015–16. n.s., Not significant (P > 0.05)

Variable Treatment No. of plants
established
per m2

No. of
tillers

per plant

Grain
yield
(t ha–1)

No. of
panicles
per m2

No. of
grains per
panicle

1000-grain
weight
(g)

Seed rate 25 kg ha–1 47 11 11.54 447 88 26.88
50 kg ha–1 86 7 12.08 500 82 27.13
150 kg ha–1 206 4 12.09 571 70 27.77
l.s.d. (P = 0.05) 14.2 1.6 0.424 28.9 3.2 0.330

Row spacing 18 cm 118 7 12.25 534 78 27.21
27 cm 113 8 12.10 504 81 27.44
36 cm 108 7 11.36 479 81 27.14
l.s.d. (P = 0.05) n.s. n.s. 0.329 22.6 n.s. n.s.

Row spacing � seed rate l.s.d. (P = 0.05) n.s. n.s. n.s. n.s. n.s. n.s.
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treatments, there was no significant difference in grain weight
across row spacings; however, each decrease in seed rate
significantly decreased grain weight (Table 6).

Discussion

Spreading dry seed onto the soil surface and then applying
permanent water to the field resulted in an average of only
21% of seeds becoming established plants. At the Mayrung
and Morago sites in the 2014–15 season, where establishment
was particularly poor, surface-soil samples (0–10 cm) collected
before flooding confirmed that soil sodicity levels were high
(exchangeable sodium percentage of 5.7 at Mayrung and 6.4 at
Morago). High surface-soil sodicity increases soil dispersion on
flooding (Rengasamy et al. 1984), potentially limiting oxygen
supply to the seed, which is required for germination and
seedling growth (Ella et al. 2010); this may have contributed to
the low plant establishment. When establishing rice by
spreading dry seed onto the soil surface, especially on soils
with a sodic surface layer, the field must be flooded and then
drained for up to a week to allow partial drying of the soil so
the seed can access oxygen before the field is permanently
flooded (Troldahl 2018). At the Murrami site in 2015–16
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season, where establishment of the dry-seed treatment was also
poor, the soil surface was very cloddy; this would have led to
increased seed coverage by soil even though soil sodicity
levels were not high at this site (Table 1).

The most reliable method for establishing an aerial-sown
rice crop is to pre-germinate the seed before spreading it into
an already flooded field. This method produced consistent
results across five experiments and two seasons, with an
average of 45% of seeds becoming established plants.
Aerial sowing with pre-germinated seed and drill sowing
had a similar level of establishment, with an average of
48% of seeds becoming established plants in the drill-sown
experiments.

Plant population had a similar impact on grain yield for
both aerial- and drill-sown rice provided the row spacing for
the drill-sown rice was not excessively wide (i.e. >27 cm).
Both aerial- and drill-sown rice plants were able to increase the
number of tillers per plant and the number of grains per panicle
to maintain grain yield at relatively low plant populations. A
combination of increased tillering and number of grains per
panicle was also reported by Counce and Wells (1990) as
responsible for rice maintaining grain yield at low plant
populations. When plant population was reduced, each plant
produced more tillers, which resulted in a more consistent
number of panicles per m2 at maturity across the range of plant
populations.

Although aerial- and drill-sown rice crops both used panicle
number and grains per panicle to maintain yield at low plant
populations, aerial sowing generally produced more panicles
than drill sowing. This may be a result of increased
competition between plants along the drill-sowing line,
particularly at wide row spacings, compared with aerial
sowing in which the plants are more evenly distributed
across the whole area. Drill-sown rice was able to
compensate for its lower panicle number and maintain grain
yield by producing more grains per panicle than aerial-sown
rice. The different establishment methods are contributing to
the maintenance of grain yield via different yield components.
The relationship between lower plant population and increased
number of grains per panicle in drill-sown rice has been
reported in other studies (Bond et al. 2005; Ottis and
Talbert 2005; Harrell and Blanche 2010), but differences
between aerial- and drill-sowing methods were not reported.

The third grain yield component, grain weight, was found to
decrease as plant population decreased in several of the
experiments in this study. Bond et al. (2009) also reported a
decrease in grain weight at lower plant populations for semi-
dwarf varieties. Grain weight has been reported as a relatively
stable varietal character (Jones and Snyder 1987; Sheehy et al.
2001) mainly determined by genetics, along with temperature
and moisture during grain filling, and does not have a significant
impact on variation in grain yield for a specific variety. The
reduction in grainweight at lowplant populationswas associated
with an increase in grain number per panicle; thus, assimilate
availability per grain was reduced.

Rice growers are unsure of the most suitable row spacing
for drill-sown rice in temperate rice-growing environments.
Grain yield was significantly lower from the 36-cm row-
spacing plots than the 18- and 27-cm row-spacings plots in

several experiments. Whenever large gaps existed between
plants at 36-cm row spacing, grain yields were lower than for
the same plant population at the narrower 18- and 27-cm row
spacings. As the width between plant rows increases, there
comes a point at which any significant gap between plants in
the plant row can no longer be compensated for by
neighbouring plants or plants in adjacent rows, and the
importance of a uniform plant distribution increases
(Hardke et al. 2016). The results obtained in our study
suggest that row spacing widths of 18–27 cm should be
recommended.

These results are in contrast to research conducted in the
subtropical climate of southern Florida by Jones and Snyder
(1987), who investigated row spacings of 15, 20 and 25 cm and
reported a higher grain yield from the 15-cm row spacing.
Their study had an average plant population of 251 plants m–2

and grain yield of 5.06 t ha–1, and considerable climatic
differences exist between their growing region and the
temperate environment. No research results have been
found on the impact of row spacing on rice grown in a
temperate environment.

Plant populations as low as 30 plants m–2 were able to
achieve grain yields >12 t ha–1 (Fig. 3) but the consistency of
achieving high grain yield was variable because plant
distribution was less uniform at low plant populations
(Hardke et al. 2016). Once a plant population of ~100
plants m–2 was reached, the impact of uniformity of plant
distribution appeared negligible, and in only one experiment
did a plant population >100 plants m–2 (i.e. 106 plants m–2,
2015–16 Leeton; Table 5) have a significantly lower grain
yield than the higher plant populations in the same experiment.
The results provide evidence that, for both aerial- and drill-
sown rice, maximum grain yield can be achieved with a
minimum plant population of 100 plants m–2, provided row
spacings are not wider than 27 cm when drill-sown. The plant
population of 100 plants m–2 above which maximum grain
yield is achieved is considerably lower than the Ricecheck
recommendation of 200–300 plants m–2 (NSW DPI 2012).

In some seasons, plant establishment is lower than expected
owing to unsuitable soil conditions or adverse weather
(temperature, wind, etc.). In such seasons, a rice producer
needs guidance based on plant counts to decide whether the
most economical option is to re-plant or to abandon the crop.
Results from this study show that yields of >10 t ha–1 can be
achieved from a plant population of only 10 plants m–2

provided the plants are uniformly spaced, have no weed
competition, and have adequate nutrition to promote
tillering. However, to minimise the risk of yields
<10 t ha–1, we suggest that crops be re-sown if there are
fewer than 30 plants m–2 and plant distribution is not uniform.
This plant population is lower than recommended by Bond
et al. (2005), who suggest that in Midsouth USA, it may be
more beneficial to manage a stand of rice that averages as few
as 60 plants m–2 rather than terminating the stand and
replanting. This pertains to a different climate, shorter
growing season, varieties that may have different tillering
potentials and possibly different N-management practices.

High plant populations (up to 396 plants m–2) did not lead
to decreased grain yield for either aerial- or drill-sowing
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method in the experiments reported here. In some rice-growing
areas across the world, plant densities above the optimum
density have been shown to increase disease susceptibility,
plant height and lodging (Hardke et al. 2016). Disease is not a
significant problem in the temperate rice-growing region of
south-eastern Australia, and lodging was not associated with
higher plant populations for the semi-dwarf varieties in our
study. Sheehy et al. (2001) reported that increased tillering
increased lodging susceptibility in high-yielding irrigated
crops, but this was not evident in our study. The main
value in applying an upper plant population limit would
therefore be based on the practical and economic aspects of
not sowing greater amounts of seed than required to ensure an
adequate plant population to maximise yield.

A practical optimal plant-population recommendation for
the semi-dwarf varieties used in this study, when either aerial-
or drill-sown in south-eastern Australia, would be 100–200
plants m–2. This provides a margin of safety on the low side
where grain yield can still be maintained if establishment
percentage of the seed is lower than expected. The new
plant-population recommendation is considerably lower than
the previous recommendation of 200–300 plants m–2 (NSW
DPI 2012).

The experiments in this study investigated both aerial- and
drill-sowing methods but did not investigate the effect of plant
population on grain yield of drill-sown crops that had a
delayed application of permanent water. Delaying
permanent water is a management practice used to reduce
rice water use, with permanent water applied much later than
for conventional drill sowing and close to PI (Dunn and
Gaydon 2011; Dunn 2018). As the practice of delayed
permanent water is becoming more popular because of it
water-saving benefits, the importance of plant population
should be investigated for this new water-management
practice. The delay in application of permanent water may
reduce plant tillering, making plant-population requirements
different from those with conventional water-management
practices under aerial and drill sowing.
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