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Abstract. Australian cotton (Gossypium hirsutum L.) is predominantly grown on heavy clay soils (Vertosols). Cotton
grown on Vertosols often experiences episodes of low oxygen concentration in the root-zone, particularly after irrigation
events. In subsurface drip-irrigation (SDI), cotton receives frequent irrigation and sustained wetting fronts are developed in
the rhizosphere. This can lead to poor soil diffusion of oxygen, causing temporal and spatial hypoxia. As cotton is sensitive to
waterlogging, exposure to this condition can result in a significant yield penalty. Use of aerated water for drip irrigation
(‘oxygation’) can ameliorate hypoxia in the wetting front and, therefore, overcome the negative effects of poor soil aeration.
The efficacy of oxygation, delivered via SDI to broadacre cotton, was evaluated over seven seasons (2005–06 to 2012–13).
Oxygation of irrigation water by Mazzei air-injector produced significantly (P< 0.001) higher yields (200.3 v. 182.7 gm–2)
and water-use efficiencies. Averaged over seven years, the yield and gross production water-use index of oxygated cotton
exceeded that of the control by10%and7%, respectively. The improvements in yields andwater-use efficiency in response to
oxygation could be ascribed to greater root development and increased light interception by the crop canopies, contributing to
enhanced crop physiological performance by ameliorating exposure to hypoxia. Oxygation of SDI contributed to
improvements in both yields and water-use efficiency, which may contribute to greater economic feasibility of SDI for
broadacre cotton production in Vertosols.
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Introduction

The total value of the Australian cotton (Gossypium hirsutum L.)
crop for 2010–11 was estimated at AU$2.87 billion (Cotton
Australia 2013). The crop is predominately grown on heavy
clay soils (Vertosols) (Thongbai et al. 2001) and irrigated via
furrow irrigation, which often has inherent issues of poor water-
use efficiencies including irrigation-induced runoff. Cotton is
poorly adapted to waterlogging (Hodgson and Chan 1982;
Hodgson et al. 1990), particularly if exposed to this condition
during early squaring (Bange et al. 2004), leading to the
possibility that cotton production performance in heavy clay
soils suffers from exposure to hypoxia. Crop exposure to
oxygen deficiency in the rhizosphere during and after an
irrigation event in flood-irrigated cotton has been well
documented (Milroy et al. 2009). Improving water-use
efficiency in cotton production is a priority for research and
development for sustainable cotton production in Australia.

Various alternative irrigation methodologies have been
explored recently in the quest for improved water-use
efficiencies by the cotton industry. Whereas subsurface drip
irrigation (SDI) has been accepted in several other irrigated
crop industries, this option has had limited uptake by

Australian cotton irrigators, partly because the performance of
SDI often failed to justify the capital investment required for
installation of the SDI infrastructure (Raine and Foley 2002).

Subsurface drip irrigation is reportedly nearly 100% efficient
(i.e. 100% of the water delivered is accounted for by crop
evapotranspiration, ETc), compared with furrow irrigation,
which typically averages 50% efficiency (Smith et al. 2005).
However, Bhattarai et al. (2005) andMcHugh et al. (2008) noted
that yields of SDI cotton on a heavy clay soil did not respond to
an irrigation rate exceeding 75% of the daily ETc. It was
concluded that constrained performance of cotton irrigated at
rates >75% ETc was most likely due to the temporal and spatial
waterlogging in the rhizosphere, leading to hypoxic conditions
characteristic of SDI in heavy clay soils. A similar phenomenon
was noted by Payero et al. (2008) on corn in a Cozad silt loam
(fine-silty, mixed, mesic Fluventic Haplustoll; Soil Survey Staff
2010) soil in North Platte, Nebraska. They attributed the lack of
response at higher irrigation rate (>200mmof seasonal irrigation)
to low soil oxygen and possible leaching of nitrate.

The adverse effects of low soil oxygen availability on root
performance have been extensively documented (Armstrong
1979; Vartapetian and Jackson 1997; Barrett-Lennard 2003;
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Shi et al. 2007) and are associated with a penalty on crop
performance and yield. Various options, including the use of
pressurised air for aerating the rhizosphere of the irrigated crops,
have been evaluated in the past. However, injecting air alone
produced dis-uniformities of distribution and was therefore not
suitable for broadacre, irrigated production. A new approach for
injecting aerated water containing bubbles utilising air-injection
venturis (‘oxygation’) was tested to overcome the inherent
problem associated with injecting air alone. Several studies
including pot trials and small-scale plot trials (Goorahoo et al.
2002; Huber 2000; Bhattarai 2005; Bhattarai and Midmore
2009) attributed enhanced root performance and water-use
efficiencies across a range of crop species in SDI systems to
oxygation of irrigation water.

In Australia, most cotton is grown during summer, when
most of the annual rainfall is received (Milroy et al. 2009).
This, coupled with higher water temperature, contributes to
low oxygen saturation in the irrigation water, and limits the
availability of soil oxygen.

Improved root performance and increased yields and
water-use efficiency of cotton grown with oxygated SDI in
controlled-environment trials have been reported by Bhattarai
and Midmore (2004). Although these results were encouraging,
it is a significant leap from pot/small-scale plot trials to a
broadacre context where the efficacy of oxygation for cotton
had not been evaluated. In the present study, field trials of
cotton were carried out over seven seasons to investigate
whether the earlier promising results of oxygation in pot and
small-plot experiments would translate to a commercial-scale,
broadacre crop.

Materials and methods
Site and crop description

The experiment was conducted using an existing SDI system on
a cotton farm, ‘Nyang’, Emerald, central Queensland, Australia

(23828022.400S, 148819049.800E; elevation 190m a.s.l.), on a
Vertosol (Isbell 2002). Cotton variety Sicot 71BR was planted
in the first year (2005–06) and Bollgard II Roundup Ready® in
subsequent years (2007–2013). All were planted within the
window of September–October to establish 10 plantsm�2,
using a tractor-driven seed dibber directly above the dripper
lines. The field was managed uniformly across treatments and
the farmer controlled all fertiliser, insecticide, growth regulators
and defoliant applications as per standard industry practices
across both treatments.

Experimental design and treatments

Annually the experiment was laid out in a randomised complete
block design with 12 plots assigned to six replications of two
irrigation treatments, both irrigated at 85% ETc: (i) aeration of
irrigation water by mixing (Fig. 1) 12% air by volume of water
(referred to as ‘oxygation’) using air-injectors (Model MI1583;
Mazzei Corporation, Bakersfield, CA, USA; Fig. 2); and (ii) no
aeration (the control). Oxygated water was thus delivered to the
soil through the SDI tape. The SDI tape (Python 22135; Netafim
Ltd, Tel Aviv, Israel), installed in 2001 and consisting of emitters
spaced at 40 cm, each with a delivery capacity of 0.7 L h–1 (at
117 kPa), was buried at 40 cm depth and had a system capacity of
12mmday–1. Irrigation was individually controlled to each of
twelve 0.43-ha plots (i.e. 5.2 ha overall) by solenoid-operated in-
line valves. An in-line water meter (Model HFS Flow Sensor;
Hunter Industries, SanMarcos, CA,USA)measured total applied
water, and the computerised controller monitored volumes
applied to individual plots (each 16 rows of 250m in length),
as outlined in Fig. 1.

Irrigation scheduling

All irrigations were automated and rates adjusted daily on a
rolling average of the ETc over the three previous days. Visual
observation of leaf area and crop phenological development was

One example of
non-oxygated
plot

One example of
oxygated
plot

Controller

Venturi air injector

12 solenoid valves

One for each plot

Meter

Filters Pump
Storage

Guard
rows

Fig. 1. Diagramof the subsurface drip irrigation (SDI) systemshowingwater source, pump, control, and layout
of the drip irrigation in the field including placement of air-injector for oxygated plot (drawing not to scale), and
non-oxygated (control) plot.
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used to determine the appropriate crop coefficients (Kc) (Allen
et al. 1998), which were then applied to the computed reference
crop ET (ETo) supplied by the on-site weather station (WM2000;
Environdata Weather Stations Pty Ltd, Toowoomba, Qld), in
order to calculate the daily ETc. The same station recorded
rainfall, temperature, wind speed and direction, and humidity
at 10min-intervals and computed ETo using the modified
Penman-Monteith equation described by Meyer et al. (1999).
The relationship between cotton growth stages and heat units
after planting (HUAP), documented by previous trials at the
same site, provided a valuable guide to anticipated timing of
the different stages of phenological development:

HUAP ¼ ½ðmax: temp:�C� 12�CÞ
þ ðmin: temp:�C� 12�CÞ�=2Þ

Soil moisture and oxygen monitoring

Soil moisture was monitored using capacitance probes calibrated
on-site (Table 1) (EnviroSCAN; Sentek Technologies, Stepney,
S.Aust.). A single probewith sensors recording data at 20, 40, 60,
80 and 110 cm depth was placed in each plot, positioned at 0.1m
from the tape and 0.1m from an emitter.

The O2 concentration in the soil was measured over a single
crop (2005–06) using PSt3 O2-sensitive fibre-optic mini-sensors
(optodes) with Fibox-3 oxygen meters (PreSens GmbH,
Regensburg, Germany) as described by Klimant et al. (1995).
The optodes were placed at a uniform position with respect to an
emitter (20mm distant at right angles to the tape-line and 35 cm
below the soil surface). Readings were conducted at a variety of
locations to compare the various treatments, but were typically
paired to compare the oxygationwith the control at both proximal
and distal locations within a drip-line, with respect to the location

of the air-injector. Figure 3 shows the spike in soil O2 associated
with a 2-h irrigation event, followed by a gradual decrease over
26 h.

Root sampling and measurement of root length
density (RLD)

Manual hollow core (3.2-cm-diameter) root sampling was
conducted to a depth of 100 cm to examine variation in spatial
root length density. Soil cores were collected 35m downfield
from the irrigation mainline at the top end of the block, on a line
perpendicular to the row and emitter at 1.5, 20 and 40 cm. A
further core at the same distance was taken at 47 cm (the last a
triangulation value, 40 cm perpendicular and 25 cm laterally).
Sample cores were then subsampled to 2–4-cm sections to
estimate RLD for 10, 30, 70 and 90 cm soil depths.

Roots were separated from the heavy black clay soil by
soaking cores in a 1% solution of Groundbreaker (active
constituent 10 g L–1 of buffered polylignosulfonate; Multicrop
Pty Ltd, Scoresby, Vic.) for 2–3 h, before separation from the soil
using a 45-mm sieve, following the floatation technique reported
by Bhattarai (2005). Living roots were separated manually by
discarding the dead ones based on visual observation of tissue
colour as described byCaldwell andVirginia (1991). Root length
and diameter were determined using a scanner (Hewlett Packard
Australia Pty Ltd, Melbourne) and Delta-T software (Delta-T
Devices Ltd, Cambridge, UK). Washed root samples were then
oven-dried for 48 h at 708C for determination of dry root mass.
Total root mass and shoot : root ratio per plant reported on a
treatment basis were derived from the root analysis.

Root sampling data were collected in the 2005–06 season,
during the early stage of oxygation field trials, where oxygation
treatments were evaluated at two different levels of irrigation
regime (85 and 105% ETc). These data were pooled to compare

Fig. 2. Air-injector (Mazzei Model MI-1583) retro-fitted to existing subsurface drip irrigation
system, into individual plot delivery lines before the first lateral take-off point in the irrigation setup.
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oxygation and control treatment only. Coring undertaken at
91 days after planting (DAP) in 2005–06 allowed a
comparative analysis of fibrous root characteristics and thus
determination of treatment effect on RLD at various depths
and distances from the plant and drip-tape row. These data, in
association with taproot measurements collected from the whole
plant sampling, permitted calculation of total root mass per plant
and the shoot : root ratio.

Aboveground biomass and yield measurement

Cotton plants were sampled each year from trial plots before
machine harvest was undertaken by the grower. Plot sampling
consisted of two 2-m lengths at the top, middle and bottom of the
rows (i.e. six samples per plot). Bollswere then separated into lint,
husk and seed. In the 2005–06 season, plants harvested (at 118
DAP) were separated into bolls, stems and leaves to determine
the partitioning of biomass. Data presented refer to lint yield and
they are presented as gm–2. A cotton-ginning factor of 38% was
applied across the treatments and years. The machine-harvested

yield (bales ha–1, 1 bale = 227 kg) was also recorded in
several years and the consistency between the machine harvest
and sample plot harvest was evaluated.

Water-use efficiency parameters

Gross production water use index (GPWUI), based on total water
inputs to the crop including rainfall, was calculated using
measured lint weight and is reported as g dry weight (DW)
m–3 water.

Canopy light interception

Canopy capture of photosynthetically active radiation (PAR)was
measured at 118 DAP in 2005–06. Two averaged readings per
plot were made, each consisting of one reading above and four
readings at right angles to the row beneath the canopy (ground
level), using aPARceptometer (DecagonDevices, Pullman,WA,
USA). Per cent light interception was calculated as the difference
between PAR above and below the canopy (% intercepted
PAR= [(above – below)/above]� 100).
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Fig. 3. Oxygen concentration (ppm) in oxygation and control subsurface drip irrigation treatments over a
period of 4 days—2 days before, during (upon completion of 2-h irrigation cycle), and 2 days after irrigation—
measured at the wetting front in the oxygation and the no oxygation (control) treatment.

Table 1. Capacitance soil moisture probe calibration values used for the black cracking clay (Vertosol)

Calibration name Soil texture Coefficient
A

Exponent
B

Constant C R2 Error

Heavy Cracking Clay,
Emerald (EnviroSCAN)

Uniformly textured,
dark cracking clay,
65 cm to
C horizon

0.0254 1 0.085 (10 cm)
0.190 (20 cm)
0.136 (30 cm)
0.180 (40 cm)
0.206 (50 cm)
0.241 (60 cm)
0.221 (70 cm)
0.239 (80 cm)
0.251 (100 cm)

0.58 5.1
(s.e.)
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Statistical analyses

Twelve plots were assigned to six replications of two irrigation
treatments (oxygation and control) in a randomised complete
block design. The trial was repeated for seven years using the
same plots and design. As such, repeated-measuresweremade on
the plots. The effect of time (different years) and oxygation
treatment on yield and predicted yield was analysed using
residual maximum likelihood (REML) and modelling the
variance–covariance component with an ante-dependence
structure of order 1 using GENSTAT 16th Edition for Windows
statistical software (VSN International Ltd, Hemel Hempstead,
UK). Separation of means was conducted using least significant
difference (l.s.d.) at P� 0.05.

Pendergast (2011) evaluated effect of oxygation at two
irrigation regimes (85 and 105% ETc), and there was no
interaction effect between irrigation rate and oxygation
treatment for lint yield of cotton. As the irrigation rate and
oxygation treatment did not produce interaction effects, the
data from 2005–06 were pooled into oxygation and control
treatments.

Root data collected in the 2005–06 season were analysed
separately. Since core samplingwas done atfixed locations, itwas
analysed as a replicated split-split-plotwith oxygation as themain
plot, distance as subplot and depth as sub-subplot, since the
variance–covariance structure could be adequately modelled
using a uniform variance–covariance structure. All RLD data
were also transformed (y=H(x+ 1) following the methodology
employed by Machado et al. (2003) to ensure that analysis of
variance (ANOVA) was not distorted by zero values included in
the original dataset.

Results

Weather and rainfall during crop period

Rainfall, daily evapotranspiration and accumulated heat units for
all 7 years (2005–06 to 2012–13) at the trial site are presented in
Fig. 4. Heat units for crop maturity ranged from 1500 to 2400
degree-days, and the reference crop evapotranspiration (ETo)
reached as high as 10mmday–1. Of 7 years, 2 years (2007–08
and 2010–11) were wetter (>500mm), 2 years (2008–09 and
2009–10) were moderately wet (300–400mm) and the other
3 years (2005–06, 2011–12, 2012–13) were reasonably low in
rainfall (100–200mm) (Fig. 4).

Water input and soil water balance

Irrigation input to the crop was matched for oxygation and
control treatments. Irrigation inputs ranged across years from
2.48 to 7.14MLha–1 for the crop period, and the large volumes
were applied particularly when the in-season rainfall was low.
Average SDI input across years was 4.13MLha–1, whereas total
crop water use was 7.77MLha–1 (Table 2), the difference
representing rainfall and carry-over residual soil moisture.

Change in soil moisture in the profile

The season-long soil-moisture status reflected the difference
in soil moisture supply and extraction patterns between the
two treatments (oxygation and control). Comparison of soil-
moisture profile over the full crop-growing season, measured

at four sensor depths (20, 40, 80 and 100 cm) for the 2004–05
season cotton crop (Fig. 5), shows that the soil-moisture
profile of the control treatment remained wetter at all depths
throughout the crop season compared with the oxygated
treatment at similar volumes of irrigation and rainfall input.
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That is, with oxygation the soil was less likely to be saturated
even at shallower depths. Soil-moisture extraction from
depth of 80 and 100 cm was very low irrespective of the
treatment. Measured yield and predicted yield following
REML procedures were consistent for treatment effects over
years.

Differences in soil-moisture profiles over the season between
the two treatments were noticeable, and there was a distinct
difference during the initial stage of crop development, i.e.
from emergence to initial flowering (1 November–18

December), when the soil moisture depletion was more
pronounced than in the later part of the crop growth season.

Yield and yield components

There was no interaction (P > 0.01) between time and treatment.
Oxygation increased yield by 10% (P < 0.001; 182.7 v. 200.3).
Yieldwas greatest in 2009–10 and 2011–12, least in 2008–09 and
2012–13, and intermediate in 2005–06, 2007–08 and 2010–11
(Table 2).

Table2. Lintyieldof cotton, crop irrigation, rainfall input, total cropwater inputs, andestimationofgrossproductionwateruse index (GPWUI)during
the crop season over seven years of trials

Within year, means followed by the same letter are not significantly different at P= 0.05

Year Treatments Measured yield
(gm–2)

Predicted yield
(gm–2)

Total irrigationA

(ML ha–1)
In-crop rain
(MLha–1)

Total water inputB

(MLha–1)
GPWUI
(gm–3)

2005–06 Oxygation 209a 205 1.49 8.63 10.12 197
Control 183b 187 1.49 8.63 10.12 176

2007–08 Oxygation 201a 199 2.67 7.51 10.18 197
Control 179a 181 2.67 7.51 10.18 176

2008–09 Oxygation 136a 140 2.56 3.45 6.01 226
Control 125a 122 2.56 3.45 6.01 208

2009–10 Oxygation 243a 247 4.60 3.17 7.77 313
Control 232a 229 4.60 3.17 7.77 299

2010–11 Oxygation 185a 206 2.48 5.39 7.87 247
Control 199a 188 2.48 5.39 7.87 253

2011–12 Oxygation 255a 257 4.29 2.07 6.36 400
Control 241a 240 4.29 2.07 6.36 379

2012–13 Oxygation 146a 149 5.20 2.39 7.59 192
Control 136a 132 5.20 2.39 7.59 179

P-value Treatment (d.f. = 1)
Year (d.f. = 6)
T�Y (d.f. = 6)

0.035
<0.001
0.722

<0.001
<0.001
0.891

4.13 3.64 7.77 0.130
<0.001
0.676

s.e.d. Treatment (65)
Year (65)
T�Y (65)

9.44
17.35
24.53

4.48
16.39
21.27

8.72
16.03
22.67

AIncludes wet-up and residual. B(Irrigation + rainfall +wet-up) – residual soil moisture (ML ha–1).
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Fig. 5. Variation in soil moisture in the soil profile at different depths in oxygation and control
treatments, over a period of 4 months during the 2005–06 crop season. Both treatments irrigated at 85%
crop evapotranspiration (ETc).
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The total plant biomass sampled in the 2005–06 season at 118
DAP for the oxygation treatment was significantly greater (by
12%) than the control.Oxygatedplants produced15%morebolls,
resulting in 13% higher boll weights per plant than those in the
control (Table 3). The greater yield with oxygation can be
attributed to the contribution made by the combined effect of
number of bolls and the resultant total boll weight per plant
(Table 3).

Root properties

Data collected in the2005–06season showedsignificantlygreater
(by 17%) total root mass per plant (Table 4) with oxygation than
with the control. Oxygation also resulted in higher (53%) RLD,
greater (2%) fibrous root mass, and significantly larger (26%)
taproots per plant than the control (Table 4).

Spatial analysis of root length density

No significant interaction between irrigation treatment and
distance from the row was identified for RLD in 2005–06. The
RLD was greater closer to the row; RLD at 1.5 cm from the row
was at least twice that at�20 cm distance from the row. Overall,
RLD diminished with depth (Fig. 6) and distance from the row,
although the major decline was between the row and 20 cm
distance. However, there was a significant interaction between
distance from the row and depth for RLD (Fig. 6). With the
exception of the shallowest sample interval at both 1.5 and 20 cm
from the drip line, RLD of the 2005–06 cotton at 36–40 cm at
each distance was significantly higher (P� 0.05; s.e.d. (d.f.
14.71) = 0.146) than at all other points (Fig. 6).

Canopy characteristics and light interception

Oxygated plants, as measured at 118 DAP in 2005–06, produced
more extensive canopies, characterised by greater light

interception, than their control counterparts (Table 3). Oxygated
plants produced marginally larger leaves and greater leaf area
than the control.Canopy light interception of oxygated plantswas
significantly greater than that of plants in the control treatment (by
3%). The greater light interception of the oxygation treatment
was consistent with the effect of treatment on the leaf area.

Irrigation and water use efficiencies

Averaged over the 7 years, the GPWUI of oxygated cotton
exceeded that of the control by 7% (Table 2). The effects of
oxygation treatment onGPWUIwere onlymarginally significant
(P< 0.13), whereas the effects due to year for this parameter
were significant (P < 0.001).

Discussion

Higher soil moisture extraction rates (i.e. drier soil at similar
irrigation rate) in the wetting fronts in the oxygated treatments
suggests greater root activity (i.e. drier soil at similar irrigation
rate) due to oxygation, which is likely to contribute to increased
crop growth. This observation is corroborated by the fact that
the plants in the oxygated treatment recorded greater light
interception (75% v. 72% for oxygation v. control) (Table 3).
Results of root sampling conducted in 2005–06 show that
oxygation favoured development of higher root density and
heavier root mass per plant. The enhanced root development
of oxygated cotton, as expressed by total weights (~17%) or
RLD (52%) (Table 4), suggests that the hypoxic rhizosphere
conditions associated with SDI cotton grown in heavy clay soils
could have been alleviated by oxygation (Bhattarai et.al. 2004).
The development of greater RLD, and consequently a root
system capable of supporting more vigorous crop growth,
resulted in significantly greater biomass and lint yields of
oxygated compared with control cotton.

Table 4. Root characteristics (expressed per plant, weight as dry weight) of cotton as affected by oxygation treatment in a heavy clay soil at
Emerald, 2005–06

Within columns, means followed by the same letter are not significantly different (at P� 0.05, except where indicated). n.s., not significant

Main effects Total root (g) RLDA

(cm cm–3)
Fibrous root

(g)
Taproot

length (cm)
Taproot
weight (g)

Shoot : root
ratio

Control 21.33b 0.40a (1.18a) 8.9a 23.6a 12.46a 6.18a
Oxygation 25.03a 0.61a (1.26a) 9.11a 22.9a 15.69b 5.95a
s.e.d. within a treatment (d.f. = 3) 1.06 0.108 (P= 0.032) 0.611 n.s. 1.08 n.s.

ARLD data in parentheses are transformed data (y=H(x+ 1)).

Table 3. Dry weight (g plant–1) of plant components and yield attributes, number of bolls per plant, and canopy light interception (all presented as
means of 16 values per replicate) at 118 days after planting (DAP) in response to oxygation and subsurface drip irrigation (SDI) treatments (% crop

evapotranspiration, ETc) for cotton on a heavy clay soil at Emerald, 2005–06
Within columns and treatment comparisons, means followed by the same letter are not significantly different at P= 0.05

Treatment Root
(g)

Stem
(g)

Leaf
(g)

Boll
(g)

No.
of bolls

Av. fruit wt
(g boll–1)

Aboveground
biomass (g)

Total
biomass (g)

Shoot : root
ratio

Canopy light
interception (%)

Control 21.33b 39.5b 25.51a 82.7b 13.95b 5.99a 147.71b 169.04b 6.18a 72.8b
Oxygation 25.03a 44.2a 26.62a 93.3a 16.04a 5.95a 164.62a 189.65a 5.95a 74.7a
SDI, 85% ETc 21.85b 39.2b 26.14a 85.5a 14.60b 5.96a 150.84a 172.69a 6.09a 73.6b
SDI, 105% ETc 24.52a 44.5a 25.99a 90.6a 15.40a 5.98a 160.79a 185.31a 6.02a 74.0a
s.e.d. within a

treatment (d.f. = 6)
1.06 1.80 1.197 4.17 0.169 0.191 6.52 8.73 0.302 0.06
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These results are consistent with earlier results by Goorahoo
et al. (2002), who reported enhanced root performance as the
primary mediator of oxygation response in terms of improved
yield and water-use efficiencies in several crops including cotton
(Bhattarai et al. 2004). The development of more extensive root
systems by oxygated plants, and maintenance of soil moisture
levels at below field capacity, reduced the tendency for water to
move down the profile, and thus reduced the potential for deep
drainage, which impacts negatively on water-use efficiencies.
This was evident in the increased GPWUI with oxygation
(Table 2).

Increased root activities in the oxygated treatment are
implied, with greater access to oxygen driving a higher rate
of root respiration in the oxygated treatment (Bhattarai et al.
2005). We present some basic calculations to demonstrate the

volume of oxygen available in the wetting front. For example,
in an irrigation event delivering 8mm water, a venturi
introducing 12% air by volume of water into the irrigation
stream would, compared with control irrigation, deliver an
additional 1150 L O2 ha

–1 to the rhizosphere as air bubbles:

Delivery of O2 in gaseous form with H2O

¼ 80 000L ha�1 irrigation event�1

If 12% v=v; oxygation ¼ 9600 L air ha�1

If 20% of air is O2; then ¼ 1150L O2 ha�1

delivered in gaseous form:
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Fig. 6. Soil water (mm 100mm–1 soil) and root length density (cm cm–3) at depths for cores taken at
different distances from the row for the treatment combinations 85% crop evapotranspiration (ETc) control,
85% ETc oxygated, 105% ETc control, and 105% ETc oxygated (4 h after irrigation at 91 days after planting,
2005–06).
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Oxygen is also delivered in solution, and:

If O2 dissolved in irrigation water is 7mgL�1 then

¼ 80 000L ha�1 � 7mg O2 L�1

¼ 560 000mg O2 ha�1 ð560 g O2 ha�1Þ
¼ 17:5 moles O2 ha�1 ¼ 437:5L O2 ha�1

Total O2 introduced ¼ 1150 L O2 ha�1 þ 437:5 L O2 ha�1

¼ 1587:5 L O2 ha�1

At a consumption rate of 3500 L O2 ha
–1 h–1 (Pendergast

2011), this additional 1587.5 L O2 ha
–1 is sufficient to support

root respiration for the whole soil mass to 1m depth for 20min.
However, the O2 delivered in irrigation water is not available
to the whole soil mass. Therefore, we should consider only the
saturated zone around the emitter in this calculation. An
irrigation event of 8mm involves delivery of 3.2 L of water
per dripper, and 199mL O2 (in both gaseous and dissolved
forms). If the difference in water content of the soil before
irrigation and saturation is 30% v/v, then 3.2 L of water will
saturate a volume of ~10L (0.01m3). Assuming a respiration
rate of 0.35 L O2m

–2 h–1, the O2 delivered in the irrigation water
is sufficient to support root respiration within the saturated
zone for 5.7 h.

As the irrigation water input to the crop during the season
is directly influenced by the amount of rainfall received, it is
expected that seasonal variation will have a strong influence on
GPWUI. Despite the significant variation in climatic conditions
across the 7 years, it was notable that oxygated plants returned
a 7% improvement in GPWUI (Table 2). Increased oxygen
availability in the rhizosphere enables development of a more
extensive and effective root system, which increases the
capability of the plant to extract water from the soil profile,
particularly from the zone of wetting fronts. The comparison
of extraction rates (Fig. 5) indicated that oxygated plants were
more capable of extracting soil moisture than their control
counterparts. In addition to more vigorous plant growth and
the capacity for increased yields, enhanced root function
contributes to a reduction in potential loss of water through
deep drainage and, conversely, to utilising the water in
transpiration, which contributed to higher GPWUI.

The addition of oxygen to the soil is considered not only to
satisfy demand by roots, but also to influence the soil microbial
community, also evidenced by greater soil respiration rate. This
aspect has been evaluated for recent crops in several oxygation
trials over time (Dhungel et al. 2012). An effect on soil microbial
populations may also influence nutrient cycling. Plant nutrient-
use efficiencies and various soil characteristics, including
hydraulic parameters, should also be considered in relation to
long-term SDI, and oxygation of SDI.

In general, the positive effect of the oxygation treatment on
lint yield was significant (10%), with no interaction between
years and oxygated treatments. The year with moderate rain and
reasonable irrigation inputs (2011–12) recorded the highest
yields. However, in 3 years (2007–08, 2009–10 and 2011–12),
yields exceeded the district average; in 2 years (2005–06 and
2010–11) the yields were similar; and in two years (2008–09 and
2012–13) the yields were appreciably lower. In the 2008–09

season the crop received totalwater of only 6MLha–1, suggesting
that crop growth was related to the low water input, whereas the
low yield in the 2012–13 season is attributed to poor performance
of the SDI system and its controllers.

In 2005–06when amore extensive physiological examination
was undertaken, cotton grown on the oxygated treatment
produced significantly higher lint yields (Table 2). Higher lint
yield was strongly correlated with both total biomass (r2 = 0.93)
and aboveground biomass (r2 = 0.95) (Pendergast 2011). This
result is consistent with the pot trials of Bhattarai et al. (2004)
and Bhattarai and Midmore (2009). The main contributor to the
increased yield with oxygation was the number of bolls per
plant (correlation with yield r2 = 0.91) and the resultant total
boll weight per plant (Table 3). Total boll weight per plant for
the oxygation treatment was heavier than in the control
counterparts (12.8%). There was no response of individual
weight per boll to the treatments. These outcomes are in
agreement with the conclusions of Bange et al. (2004), who
reported reduction in final boll number as the principal driver
of waterlogging-induced yield depression, with boll size and
percentage lint unaffected. However, the results are at variance
with those of Bhattarai et al. (2004) and Bhattarai and Midmore
(2009) who, in each case, attributed yield enhancement of
oxygation not only to increased number (~20% and 17%,
respectively) but also to individual weight per boll (7% and
7%, respectively).

Results of oxygation trials conducted in pots under a
controlled environment (Bhattarai et al. 2004) reported yield
increases of ~27%; however, the long-term yield gain with
oxygation from the field trials was only 10%. This shows a
clear yield gap of 17% for the increase with oxygated
treatment between controlled conditions and in the field. In pot
trials, the root system is confined to the area that is irrigated
(and therefore liable to suffer hypoxia) and is not subject to the
soil heterogeneity associated with black cracking clays
(Améglio et al. 1999); in the field, roots can forage beyond the
irrigation zone and, especially under rainfed conditions, this
can affect root supply of oxygen, diluting the benefit of
oxygation. Further investigation, with a focus on uniformity of
air distribution and optimised application rates, may prove
beneficial.

Cost of aerating the SDI water and payback period
for system installation

Cost of material for retro-fitting the injectors to the existing SDI
system was AU$475 per 0.4-ha plot (Table 5), which equates to

Table 5. Details of cost (AU$) to retro-fit air injection to 0.4-ha plots at
the current site

Item Unit Price Cost

Venturi injectorA 1 265 265
40-mm PVC elbows 4 10 40
40-mm PVC t-pieces 2 10 20
40-mm valves 2 45 90
Pressure gauges 2 30 60

Total 475
Cost to oxygate 1 ha ($475� 2.5) 1187

AMazzei Model MI-1585.
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$1187 ha–1. This cost would be reduced if installing larger
injector units capable of supplying oxygated water to a larger
area than the 0.4-ha individual replicate plots. The long-term
average yield for control and oxygation was 8.09 and 8.70 bales
ha–1. The difference of 0.61 bales ha–1 at the price of $500 bale–1

will bring anadditional returnof $305 ha–1 season–1. Thepayback
period for the system installation that cost $1187will be 3.9 years.
The current system of oxygation at the site has been running
for 9 years and shows no signs of deterioration. Hence, with a
continuation of attention to its annual maintenance program,
the expected life of the system is considered to be 20 years
(Zoldoske 2013).

Conclusions

This study involved a scale-up from previous pot trials to a field-
scale trial. The results clearly demonstrate the potential to
increase yield and water-use efficiencies of cotton on a
Vertosol soil through oxygation of irrigation water. Oxygation
of SDI broadacre cotton over seven crop seasons resulted in
significantly greater yields and enhanced water-use efficiencies,
associated with more extensive root systems and increased light
interception by the canopy. Averaged over the 7 years, SDI
oxygation significantly increased cotton lint yields by 10%,
while the GPWUI increased by 7%. The yield gap between
results from controlled environment trials and the field trials
reported here can potentially be narrowed and gains made to
further increase the yield of SDI field cotton.

The installation of SDI requires a high level of confidence
by potential investors that anticipated benefits would justify the
capital investment. An increase in yield and water-use efficiency
with oxygation of SDI will be a factor of interest to those
considering the installation of drip irrigation.
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