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EXECUTIVE SUMMARY

Furrow is the dominant irrigation method for agriculture throughout the world.
However, due to water use inefficiencies, only about 50% of the water that reaches the
field is used by the crop, the remainder at times negatively impacting the environment.
This research explored the potential of subsurface drip irrigation (SDI) to raise water
use efficiency (WUE) of cotton produced on a heavy clay soil, and to minimize the
negative environmental impact of irrigation water. SDI cotton irrigated at the rate of 75
% daily crop evapo-transpirational demand (ETc) produced yield equivalent to, or
greater than, that with SDI at 120/105 ETc in both seasons in Emerald, Queensland.
Lint yield of SDI 75% ETc was comparable to the conventional furrow method in
2001/02 season and less by 18% in 2002/03 season, but used only approximately half of
the water input (52%). The SDI crop irrigated at 50% ETc showed enhanced crop
earliness and WUE, but had lower lint yield, whereas higher SDI irrigation levels (>
90% ETc) delayed crop maturity without benefits for yield or WUE. Furrow registered
the highest drainage and runoff over the two seasons (114 mm and 224 mm) compared
with the SDI at 105/120 ETc (65 mm and 32 mm) whereas SDI 90% ETc had no runoff
but leakage of 17 mm and neither drainage nor runoff were observed at SDI at 50 and
75% ETc. It was hypothesized that at higher irrigation rates, SDI crops experience lack
of oxygen in the root zone, which becomes a limiting factor for improving WUE at
higher irrigation rates at and above 90% ETc for cotton in heavy clay soil.

The potential of subsurface oxygation (irrigating oxygen-rich water to plants
through drip tape- the details about oxygation approach, mechanism and terminology
are presented in Bhattarai ef al., 2005¢) using aerated irrigation water (mixing 12% air
by volume of water using Mazzei model venturi for in-line air injection) or hydrogen

peroxide solution (at 0.5 ml HO, L™ of irrigation water throughout the irrigation cycle)
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was therefore investigated at a range of soil moisture levels in the glasshouse,
screenhouse and outside at Rockhampton, Queensland. Following irrigation events soil
O, declined by 45% in non-aerated plots while in aerated plots soil O, decreased by
only 25%. Oxygen measurements in the rhizosphere over a 72-hour period during the
flowering stage revealed greater oxygen concentration with aerated treatments
compared with the control at both field capacity (8.1 vs 7.1 mg L'l) and deficit (9.2 vs
8.1 mg L'l) soil moisture conditions. Yield was increased on average by 86, 20 and 21%
for soybean, cotton and tomato, respectively, due to aeration across soil moisture levels
and types of aeration. Such increase in yield was associated with greater number of pods
for soybean, bolls and their individual weight for cotton and fruit size in tomato.
Aeration treatments also increased water use by plants and were associated with greater
WUE in all experiments. The effect of aeration was significant on the rate of net
photosynthesis per unit leaf area when pots were aerated, but instantaneous leaf
stomatal conductance and unit leaf transpiration rates were not affected. However,
higher stem sap flow rates indicated greater canopy transpiration over longer time
intervals in aerated treatments. Higher root weight and soil respiration were observed in
aerated treatments compared with the control. Hence, aeration-induced root functioning
was arguably responsible for greater fruit set and yield in all three crops, while in
vegetable soybean greater canopy interception of radiation and greater total vegetative
biomass were also responsible for additional yield benefits, and in tomato the effect was
due to higher leaf area, chlorophyll content, and bigger fruit.

Salinity is a major environmental threat in many parts of the world. Salinity in
clay soils is often associated with sodicity, which reduces the porosity in the soil
thereby reducing soil oxygen concentration. The effect of oxygation (with aerated

water) for SDI crops in a range of salinities (tomato: 2.0, 4.0, 8.6,10.0; cotton and
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soybean: 2.0, 8.0, 14.0, 20.0 dS m’ ECe) in heavy clay soils was evaluated. Oxygation
on average increased yield of tomato, vegetable soybean and cotton by 38, 12 and 18
percent respectively, but yields decreased significantly with increasing salinity levels.
Aeration of saline soil increased WUE for fruit and biomass in all three species but not
the instantaneous WUE, measured as pmol CO, fixed per mmol H,O transpired, with
the exception of cotton. Aeration increased, and salinity decreased, cumulative
transpiration as determined by stem sap flow over a two week period during flowering
in vegetable soybean. Plants in aerated treatments showed increased stem diameter,
improved membrane permeability expressed by reduced relative leakage ratio and
possibly enhanced ion regulation as revealed by greater sodium exclusion and intact
root membrane as revealed in the TS of aerated roots in the saline soils. The increase in
yield in tomato and cotton was also accompanied by increased harvest index, greater
fruit size, higher fruit number, shoot: root ratio, and lower water stress index. The rate
of net leaf photosynthesis increased with aeration and decreased with salinity in cotton
and soybean; however, in tomato the aeration effect on photosynthesis was not
significant although salinity did significantly reduce net leaf photosynthesis. Aeration
improved selective membrane permeability as evidenced by reduced electrolyte leakage.

Hence it is suggested that aeration helps exclude the ingress of salts into the
plants and increases uptake of water and nutrients for growth in saline environments.
Evidence from these controlled environment experiments warrants the commercial-scale
testing of the oxygation technology for application to the agricultural and horticultural
industries especially to add value to growers’ investments in SDI and to diminish

potential negative impacts of over-use of irrigation water.
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General Introduction

The contribution of irrigation to agricultural production is very significant to the
world food supply. However, current irrigation practices such as furrow are inefficient
causing environmental hazards such as salinity, run-off and contamination of water
bodies. SDI overcomes most of these shortcomings of the conventional irrigation
methods, but the gain in terms of the yield is not consistent. This chapter provides the
background information on the issues pertinent to SDI and sets the framework for the
research agenda as reported in chapters 3-5. Also included are the aims and objectives,
hypotheses, limitations of the studies and finally overall overview of the thesis is

presented in this chapter.
1.1 SIGNIFICANCE OF IRRIGATED AGRICULTURE

Irrigated agriculture has played a vital role in supporting a dramatic increase in
global food production over recent decades. While only 20% of the world’s agricultural
land is irrigated, it produces 40% of world’s food supply (Howell, 2001). Irrigation also
improves the efficiency of other production inputs such as fertilizers, improved seeds
and agrichemical. Hence, often the low-input irrigated farming is more productive than
high-input rainfed farming (Rosegrant et al., 2002). Therefore, irrigated agriculture will
be a dominating feature of future farming in order to be able to produce sufficient food

for an ever-growing world population.



1.2 IRRIGATION TYPES

Different methods are used for irrigation around the world. Flood, furrow,
sprinkler, central pivot, drip/subsurface drip and other micro-irrigation technologies are
common irrigation types. However, most of the world’s agricultural lands are irrigated
with furrow, which involves surface flow under gravity. The irrigation efficiency
(expressed as the ratio of crop water use to applied irrigation water) of furrow is only
about 50-60% (Jensen et al., 1990). Loss of irrigation water in furrow emanates from
run-off, deep drainage and evaporation of water from the wet soil surface and exposed
furrows. The negative environmental impacts associated with conventional furrow
irrigation are due to run-off and deep drainage causing erosion and contamination of
water bodies by pollutants that have high environmental costs (Milroy and Tennakoon,
2002). High intensity furrow irrigation schemes are also often blamed for waterlogging
and soil salinization, the latter which now affects 30% of irrigated land (Eldeiry ef al.,
2004). Salinization is reducing the existing area under irrigation by up to 2% a year. To
increase irrigation’s contribution to food production, FAO (2002) states that what is
needed is for improved efficiency in the use of irrigation water. As the possibility of
sourcing more water for irrigation is an unlikely scenario, there is an urgent need to
improve irrigation and water use efficiency of conventional irrigation practices of

agriculture in order to sustain agriculture and food production.
1.3 SUBSURFACE DRIP IRRIGATION IN HEAVY CLAY SOIL FOR COTTON

Subsurface Drip Irrigation (SDI) offers maximum irrigation efficiency (IE) and
also allows flexibility for control of run-off and deep drainage. Many earlier studies on
SDI focused on light textured soils (Ayars et al., 1999; Camp, 1998), where loss of
irrigation water through drainage and run-off with furrow irrigation was

overwhelmingly high. However, there are also vast acreages of land under heavy soils,



such as the cracking clays of Central Queensland, Australia, where loss of irrigation
water with furrow is reported as significant (Milroy and Tennakoon, 2002). Therefore,
the potential of SDI for improving WUE needs to be harnessed for such soils in order to
reduce the large losses of irrigation water characteristically associated with conventional
furrow irrigation in heavy clay soils. It is not known exactly how efficient SDI is in the
heavy cracking clay soils, in comparison to furrow, in relation to reducing the loss of
irrigation water. Additionally, it is also not known how plant performance would change
in response to different rates of irrigation with SDI on such cracking clays in
comparison to conventional furrow irrigation. There is a knowledge gap warranting
research focus. Part of the thesis research addresses this issue and attempts to determine
the interrelationships between cotton physiological responses and an optimum irrigation

rate of SDI cotton for heavy clay soils.

1.4 CROPS IRRIGATED WITH SUBSURFACE DRIP EXPERIENCE HYPOXIA

In spite of its greater IE, substantial reduction of run off and drainage, and other
associated benefits, there is negligible crop yield gain with SDI at non-limiting canopy
transpiration rates in comparison to conventional furrow irrigation. Without such yield
advantage, given the large costs involved at the establishment phase, SDI has not been a
favoured irrigation method for the majority of growers. Therefore, the optimization of
SDI to increase yield has become a focus of research.

System capacity of SDI is generally designed to meet 110 to 120% of the highest
expected seven day evapotranspiration (ET) rate (ASAE, 1991; Conrad, 1992). This
allows for unreasonably hot weather, or make-up capacity if irrigators got behind in
meeting crops' irrigation needs. In light textured soils, SDI crops are generally irrigated
at or above the 100% of daily ETc. However, the behaviour of soil water is very

different in heavy clay soil, therefore, the recommendation made for light textured soils



does not hold true for heavy clay soil (Raine and Foley, 2002a). SDI as a point source
delivery directly in the root zone develops a saturated wetting front for the rhizosphere
especially when irrigation rates are close to 100% ETc and even if lower (Machado et
al., 2003). Long hours of irrigation, which is required in the tropics, concentrated root
development around the emitters and relatively low hydraulic conductivity in the heavy
clay lead to sustained saturation of the root zone in heavy clay soil inducing hypoxia,
which is detrimental for root functioning and immediately affects growth. Meek et al.
(1983) reported that daily trickle-irrigated tomato crops at 100-120% ETc in clay soil
decreased O, concentration to 0.03-0.06 L L' at 20 cm, which is less than the minimum
threshold value (Glinski and Stepniewski, 1985) and concluded that continuous severe
interference in the aeration status of the soil at and below 20 cm had significant impact
on performance. Goorahoo et al. (2002) confirmed that SDI crops in the field suffer
from lack of oxygen (O) in the root zone and proposed alternative forced aeration of
rhizosphere in the bell pepper.

Cotton experiments conducted in heavy clay soil in 2001/02 and 2002/03
seasons at Central Queensland, Australia consistently showed depression of plant
performance at SDI > 90% ETc with a plateau at 75% ETc suggesting that rhizosphere
O, becomes limiting for the greater root activity in such soils at higher SDI rates. Thus
it is hypothesized that the oxygen limitation in the rhizosphere of the SDI crop in heavy
clay is a limitation to yield, the evidence of which is presented in chapter 3 and becomes
the basis for aeration research as reported in Chapter 4. Chapters 4 and 5 of the thesis
research are focused to unravel the phenomenon of O, deficiency in the root zone of

different crops and suggest mechanisms to ameliorate such hypoxic rhizosphere.



1.5 AERATED WATER IRRIGATION OVERCOMES HYPOXIA

Respiring plant roots consume large amounts of O, (~5 ml O, h! g'1 of dry
weight at 25°C). Plant performance is severely impeded when O; is limiting in the root
zone. As O, diffuses 10,000 times slower in water than in other gases, a saturated soil
presents limitation for the diffusion of O, to the roots. Theoretical and experimental
approaches (Letey, 1961; Grable, 1966; Herr and Jarrel, 1980; Everard, 1985), and
modelling (Armstrong, 1979; Biernbaum, 1992; Meek et al., 1981) suggested that
forced aeration of the root zone improves plant performance in solution culture as well
as in the soil. However, injection of air alone in the soil for field crops is not practically
feasible as forced injected air escapes from the soil through the chimney effect from the
point of injection. The basic infrastructure of SDI allows for easy coupling of air
injection systems to aerate the irrigation water (air injection with mazzei air injector or
hydrogen peroxide-soil catalases breaks down hydrogen peroxide (HP) into O, and
water) in line and it allows delivery of oxygenated water directly into the root zone. It is
hypothesized that the oxygation of the rhizosphere with aerated irrigation water
improves plant performance mediated through improved root functioning and growth in
heavy clay soil. Recent studies showed that aeration of the rhizosphere of SDI crop
increased growth and yield (Goorhaoo, et al., 2002; Heuberger et al., 2001), exhibiting
a distinct promise for rhizosphere aeration for SDI crops. Unveiling the physiological
process governing the positive effect of forced aeration for SDI crops would help

commercialise application of oxygation in a range of soil and crop types.
1.6 OXYGATION IMPROVES PLANT PERFORMANCE IN SALINIE SOILS

Salinization of agricultural land is progressively increasing throughout the
world. Salinity in clay soil is often associated with sodicity, which reduces porosity in

the soil, thereby, reducing the space for soil O, (Colmer, 2000). Salinity limits the



uptake of nutrients and water by plants and increased the loss of soil water by drainage,
runoff and evaporation, as the relative water uptake by plant is reduced (Munns, 2002).
Therefore, the efficiency of water and nutrients use is reduced. Shoot salt concentration
is largely determined by root exclusion efficiency (Tester a