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A field experiment on cotton comparing irrigation treatments was conducted at Wanen in the
1999/2000 and 2000/2001seasons. The controlwasirrigated at 100% of predicted crop

water use (ET, to, ), and three treatments that applied 50%, 75% and 125% ET"ri, .

Cotton yield was greatest in the 100% treatment followed by the 75% and 125% treatments
with lowest yield conmng from the 50% treatment for 1999/2000 season. In contrast the
100% and 125% were similar followed by the 75% and 50% for the 2000/2001season. This

yield trend, combined with similar soil moisture contents in both the 100% and 125%
treatments, suggests that the 100% treatment was supplying adequate water to satisfy crop
demand for the 1999/2000 season. Some waterstress was observed in the inid season in

2000/2001season because of smallamounts of underirrigation (0.5 mm Iday).

Abstract

We found that the irrigation efficiency was limited in both seasons by the large amount of
water required to germinate the crop (27% of water applied to the 100% treatment). It is
clear that it would be better to use this extra irrigation water to obtain the greater production

recorded between the 50% and 100% treatments than to use it only for crop establishment.

We found that gradual development of waterstress (by under-irrigating daily) allowed cotton

plants to make osmotic adjustmentsthat allowed the 50% treatment to yield only 17% less
than the 100% treatment despite only receiving 31% less water.

Neutron probe readings showed that treatments receiving insufficient water to satisfy crop
demand were able to extract water from part of the soilprofile that was not wet by irrigation.

Use of this water allowed the 50% and 75% treatments to grow at similar rates to the 100%

and 125% treatments for one month in peak growing conditions after the soilwas saturated by

rain in late December(1999/2000 season) while rain in November of the 2000/2001season

had a similar effect.

Neutron probe readings proved to be sensitive to smallchangesin applied water and hence
are a useful scheduling tool for drip irrigated cotton.
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Introduction

I Introduction

Drip irrigation has been advocated as one way of improving both yield and water use
efficiency for jingated cotton. It has even been claimed that drip jingation can be used to
'crop areas previously considered unsuitable for conventional irrigation methods ....
because. ... 'the root zone is maintained at both optimal water and nutrient levels' (Anon,

1988). In this context drip irrigation may be considered a 'ronindependent' irrigation

system where the uniformity of application of water and nuttients by the irrigation system
overcomes vinability in soil properties. lingators have been led to believe that the precision

of application of water to the crop from drip irrigation will enable soil and climatic limitations
to be to be adequately managed.

Performance of drip irrigation systems in Australian cotton has been variable. In a four year

field experiment, Constable and Hodgson (1990) recorded a 4% increase in lint yield of
cotton jingated by subsurface drip compared to furrow irrigation. In contrast O Connell
(1998) reported a 33% yield improvement from conversion furrow irrigation of sodic clay to
subsurface drip allake Tandou (Menindee), However, HUIme (1998) stated that halfthe area
under drip irrigation in the Macquarie Valley in the 1997/98 season yielded less than the
valley average. The relatively poor performance of these systems was attributed to
suboptimal irrigation management based on observed cotton water deficit stress.

With regards 10 water Australian cotton growers have claimed that drip jingation led to
significantsavings when compared to furrow irrigation. Watersavings of 47% have been
reported at Emerald in Central Queensland (Anon 1998). Raine at a!. (2000) reported that
48% of growers achieved 25-50% watersavings over furrow irrigation, 33% achieved
between 50 and 75% savings and the remaining 19% achieved less than 25% watersavings.

Large watersavings have also been reported overseas with savings of 50% have been reported
in Anzoria (USA)(Wueriz and Tollefson 1992) and 45% in California (Datar eta1. , 1994).
These claims have been viewed with scepticism because different methods are used to

measure water volumes on and off furrow and drip irrigated fields. However, researchers

have found that drip irrigated cotton can have high water use efficiency by making good use
of water stored in the soil (Hutchmaker era!., 1994).

A portion of subsurface drip irrigation (SDl) systems installed in Australia have been on hard
setting red soiltypes to overcome early season deep percolation and poor infiltration latter in
the season.
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Hardsetting soils are those that tend to fonn a crust after the first irrigation event, reducing the

infiltration of water into the profile on subsequentirrigations. Infiltration on the first

irrigation is generally exceptionally good because tillage conducted prior has loosened the soil

and usually results in deep drainage losses. Subsequent irrlgations decline in infiltration to a

point where it becomes difficult to supply sufficient water to the crop using surface irrigation.
These hardsetting red soils are common in most of the cotton growing areas of Australia, but

are riot regarded as suitable for irrigation because of management difficulties. However

cotton farmers are using these soils because that is the soiltype present on their farm. The

lack of water logging re-entry access to these fields afterraintirrigation are some of the

potential advantages of these soils over heavier clay based soiltypes commonly used in cotton

production.

Due to the relatively poor performance ofSDlin Australia (Raine at a!., 2000), particularly

on hardsetting red soils, appropriate irrigation management guidelines are needed. It is the

purpose of this thesis to investigate cotton grown under SDlto better match the crop water

use with the application of irrigation water.

A field experiment was established on a subsurface drip irrigated cotton field near Wanen to:

I. Determine the effect of a range of irrigation application rates on cotton growth and

production.

2. Estimate potential daily crop evapotranspiration (ET, ro, ) of cotton.
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Introduction2.1

Subsurface drip irrigation (SDl) has been used for cotton production in Australia for more

than 25 years (Raine at a!., 2000). During the 1980s, trials were conducted comparing drip

and furrow irrigated cotton on cracking grey clays at Nanabri. Researchers found little or no

yield response with small watersavings(Constable and Hodgson 1990). With none of the
systems installed for cotton during that time being operational today. Despite this gloomy
start, cotton growers are stillinstalling drip irrigation systems for a variety of reasons;

Literature Review

. to overcome soil problems (such as hardsetting surface and sodic subsoils)

. reduce effects of water logging

. enhance accessibility for ground spraying and linage equipment

. save water

. yiddincreases

A portion of these recent SDlinsiallations are on hard selling red soils to overcome early
season deep percolation and poorinfiliration latter in the season (HUIme and Obrien 2000a).
However drip irrigated cotton has failed to deliver the increase in yields needed to make the
installations economicalIy viable. A possible reason for this has been identified as poor

irrigation management, with crops being either under-irrigated or over-irrigated, or both.

To understand the basis of an appropriate drip irrigation system forthis environment, and its

best management, the literature review will look at the nature of hard setting red soils as well
as the movement and measurement of water in the soil. The influence of watersupplies on

cotton plant shoot and root development and the effects of deficitirrlgaiion on cotton will als
be reviewed.
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2.2

2.2. I. Hardsetting Red Soils.

In Australia, approximately 13% of the total land area is covered by soils that are prone to

hardsetting (Mullins at @!., 1990). With the exception of the Lake Tandou area, all cotton

growing areas in Australia contain soils that are prone to set hard (Northcote at at. , 1975) with

hardsetting soils being the second most commonly used soil for cotton irrigation after

cracking clays. . In the Macquarie Valley irrigation areaofNSW, some 35% of cotton

production was located on soils that are prone to be hardsetting (Elliott 1995).

Water and soilrelations under Subsurface Drip Irrigation

Hardsetting typically occurs in soils with low amounts of organic matter, high proportions of

fine sand and silt and little swelling clay (Mullins at a!., 1990; HUIme and Elliot, 1995).

Mullins era!. (1990) claimed that a soils potential to set hard was partly determined by its

texture and mineralogy. He also gave a graphical image of the range of soiltypes that are

potentially hardsetting (Figure 2.1). The combination of these properties causes hardsetting

soils to have an unstable structure on wetting (Hall at a!., 1994a) and subsequently, to set to a

hard, structureless mass during drying.

clay

sandy
clay

sandy
clay

loam

sandy
loam

structured soil

loamy
sand

potentially hardsetting

sand

Figure 2.1.

SIrear and tensile strength too low
10 classify as hadsetting

Increasing shrink/swell potential
of the clay fraction

kaolini, es sinectites

hydrous micas

The range of soiltextures in which hardsetting is likely to be
encountered in relation to clay mineralogy. ( silty soils can also be
hardsetting and would be placed somewhere in the middle of this
range. ) Source: Mullins at a1. (1990)

I
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Mullins at a!. (1990) describe hardsetting as a two or possibly three stage process (Figure

2.2): slumping, shrinkage and development of soilstrength.
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Hypothetical diagram to show the sequence of possible compaction
processes that operating during hardsetting of an initially aggregated
layer of soil at 0.1 in depth. Source: Mullins at o1. (1990)

Slumping is defined by Mullins at a!. (1990) as the process that predisposes the soilso that it
sets hard upon drying. During the process, soil aggregates will both soften and swell
simultaneously during wetting. The energy released can cause slaking, resulting in the
suspension of silt and clay microaggregrates. Slaking is defined by Anderson at o1. (1999) as
the. .."collapse of aggregates in water to form microaggregrates, due to the breakage of bonds
formed, for example, by organic matter. " The aggregates disintegrate because they have

insufficient strength to withstand the stresses associated with rapid water uptake, such as
those caused by rapid release of heat of wetting, compression of trapped air, mechanical
action of rapidly moving water or by differential swelling (Mullins era!., 1990).
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Shrinkage is the second stage of hardsetting and is described by Mullins era!. (1990) as the
realignment of the remnants of the disrupted aggregates within the fabric of the soil.
Shrinkage is of importance because the close proximity of soilparticles may contribute to an

increase in soil strength.

--- ^.
o

10

The finalsiage of hardsetting is the development of soilstrength occurs as the soildries. A
large component of the strength occurs as smallsoilparticles suspended in solution are
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deposited on the surface of larger particles. The annular bonds formed during this process

are large contributors to soil strength, with a lessor conttibutor being the effect of mainc

potential as the soil particles can remain in suspension even to a relatively low water

potentials (Mullins at a!., 1990).

Hardsetting of the soilcan result in poor seedling emergence, root growth and slow water

penetration (Cockcroft and Martin, 1981; Mullins era!., 1990). These properties often Iiimt

the yield potential of these soils for irrigated agriculture.

22.2. Amelioration of Hardsetting Red Soil

There have been numerous attempts to ameliorate hard setting soils to reduce hardsetting

characteristics such as crusting, slaking, and slumping. Hall era1. (1994 a, b, c) malled deep

mouldboard ploughing, gypsum application and double cropping in a range of combinations.

The results showed that the treatments were only effective in the short term, but ifrepeated

could give longer-term benefits. Willis at o1. (1999), in a similar trial, observed the effects of

till age and irrigation method. It was found that water entry into hardsetting soils could be

improved by double cropping and stubble retention, mainly as a result of reducing soil

strength. Deep linage combined with permanent beds, however, did notimprove yield

possibly because of the compaction effects of mouldboard ploughing. The results of these

experiments are consistent to those of Sinclair at a1. (1992) who looked at the effects of

cultivations and mulch on water infiltration and found that, initially, infiltration improved but

declined over time.
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Table 2.1.

Hall erai.

(1994abc)

Summary of amelioration experiments and inals on hardsetting soil
types.

Amenoration method

Willis at o1. (1999)

Sinelair at a!.

(1992)

Ploughing
Gypsum
Doublecro in

Tillage
Irrigation layout
Cro rotation
Cultivation

Tisdalle, @!. (1978) Microbialactivii
Drip irrigationHUIugalle at a!.

(2000)

Increased

water

infiltration

yes

yes
es

nO

nO

es

yes

Calcium addition
Added mulch

Sown oat mulch

Improved soil
properties

Tisdall at a!. (1978) examined the effect of microbial activity on soil stability, finding that
microbial activity can compensate for some of the bonds broken by physical disruption. In
these studied it was also found that the addition of organic material to the soilreduced the

prevalence of slaking in the soil. However these benefits were only shortlived (less than 32
weeks) and were reduced further by cultivation.

7

nO

yes

Length of effect

I season

~2 seasons

~2 seasons

yes

Ithas been suggested that drip irrigation can be used to overcome the problems associated
with hardsetting red soils (Bannister 1988; Anon 1988). Raine at o1. (2000) reported that
24% of cotton growers using drip irrigation in Australia, installed their systems to overcome

hardsetting problems. HUIme and OBrien (2000b) found that water can be successfully
introduced to the soil with drip irrigation, thus overcoming the limitations of reduced

infiltration through the season.

Declined through
season

Improved soil
physical but riot

chemical
ro erries

Declined through
season

Declined through
season

< I seasones

HUIugalle at o1. (2000) reported on the differences between furrow and drip irrigated soil
properties over a growing season. They found that under both systems, soil physical qualit
improved over the season due to decreases in the dispersion and hardsetting indices.
However they also found that soilchemicalquality declined under both systems due to a
decrease in soil fertility indices. Soil pH declined with furrow but not drip jingation, while

organic carbon declined under drip but not furrow. They found that the replacement of
furrow irrigation with drip irrigation on heavier textured loamy soils can result in shorttenn
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soilimprovements, however these improvements were not evident on lighter textured soil

types (HUIugalle era1. , 2001). Hall1994b also found improvements in infiltration rate and

moisture holding capacities as a result of using drip, but the improvements proved not to be

permanent and only lasted for short periods (less than two years). Hall(1994b) concluded;

"despite substantial improvements after 2 years in some Ireamients, soil hydraulic properties

were inadequate for optimal irrigated cropping. " Subsurface drip irrigation overcame poor

infiltration but did riot necessarily improve soil structure.

2.2.3. Water Movement

Soil water behaves in a similar way to allfluids, it will move from an area of low energy

potential to an area of high energy potential and equalize its energy status in its surroundings.

It is the difference in the energy state of the water at each pointthatis the basis of the soil's

water potential(Hanks and Ashcroft 1980; Hille1, 1971). Water in the soil moves according

to gravitational and capillary forces (Craze and Hamilton, 1991). Water movement by

capillary flow is the result of differences in soil mainc potential. All soil water is under the

influence of gravity (Hille1, 1971) which will affect soil water movement, especially when the
soilis close to saturated.

The infiltration and water holding characteristics of soils are dependent on the size, number of

soil pores and distribution of soil pores, which is closely linked to texture, and to a lesser

extent soil structure and structural stability (Craze and Hamilton, 1991).

The infiltration rate of a soilis a measure of the rate at the maximum rate of water

penetration through the soilsurface. Therefore, when the application rate of water via

irrigation is less than the soilinfiltration rate, water will penetrate through the soil surface

equal to the application rate. However, when the water supply exceeds infiltration rate, the
the infiltration rate determines the flux of water into the soil and water in excess is either

ponded on the surface orbecomes runoff.

Infiltration normally declines from the initial wetting to the point where the soil approaches

saturation (Hille1, 197 I). Infiltration rate also depends on the initial wetness as well as

texture, structure and unifonniiy of the soil. Localised surface conditions can also affect

infiltration with a thin surface crust reducing the rate of water entry into the soil.

Closely linked to the infiltration rate of the soilis the hydraulic conductivity, which is a

measure of the rate of water transport through the soil under the influence of gravity.
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The hydraulic conductivity of irrigated hardsetiing soils is highly variable. In research done in
the Macquarie Valley Bird etc!,(1996)reported values in the range of 20- 100 min per day
while Willis and HUIme (1996) reported that red brown earths have a saturated hydraulic

conductivity ranging from 0.6 10 296 mm nerday (mean of 32 mm per day). MCKenzie
(1992) also reported a similar large range in estimates of annual drainage of0-300 nun in the

Macquarie Valley.

As with hydraulic conductivity, there is a wide scatter of textures of red brown earths that
results in a large variation of available water holding capacities in the range of 120 to 240 mm
in" (Greacen, 1981). This wide range of values is reflected by MCKenzie's (1992) studies of
the soiltypes in the Macquarie Valley (where hard setting soiltypes are common), with a
range of available water capacities (AWC), for non-cracking clays ranging from less than 0.1
to greater than 0.3 mm min" (Figure 2.3). This variation occurred within as well as between
soiltypes. For example the Byron soiltype (Figure 2.3) had AWC from 0.08 to 0.25 mm
min". This variation is commonly observed in commercial cotton fields.
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Water content of hardsetting soils can be limited by its hardsetting nature. Cockroft and
Marlin (1981) state that total water intake of hardsetting red soils during (flood) irrigation

rarely exceeds 50 mm due to the poor physical properties of the topsoil. Hence the available
water content in the root zone is likely to be lower than the maximum values of 150-200mm

calculated by Greacen (1981) and MCKenzie (1992). Poorinfiltration combined with
impeded root development(Cockcroft and Marlin, 1981; Mullins at a!., 1990; Hall era!.,
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1994a) has the potential to reduce the irrigation interval(time between irrigation events) to

less than 10 days (Hall at a!., 1994b). Local experience in the Macquarie Valley (John

O'Brien, personal communication) is that irrigation intervals are reduced to 6-7 day cycles

during peak crop water requirement on hardsetting red soils.

Due to the hardsetting nature and poor infiltration, cultivation is carried out in order to loosen

the ground to establish crops (Mullins at a1. , 1990). The resultis often that, due to the

degradation of soil structure (due to cultivation), a subsequentirrigation or rainfall event can

cause slumping (see section 2.2. I). In the extreme, Cockroft and Martin (1981) slate that

continuing cultivation will deteriorate soil structure to an extent whereby hardsetting becomes

chronic and that after three years ".. worthwhile crops are impossible to grow. "

After cultivation or soil disturbance, hardsetting red soils have a high permeability on the first

wetting event and subsequent water events decrease in infiltration (HUIme and OBrien, 2000a:

Sinclair at a1. , 1992). Similarly, Willis at at (1997) reported on two soiltypes (red-brown

earth and cracking grey clay), both had the highest deep percolation on the firstirrigation.

This can be attributed to the cultivation having a loosening effect on the soil, allowing

increased infiltration. However the red soiltype showed less irrigation water entered the soil

in subsequent irrigations as a result of soil structure degradation following an irrigation event

(slumping, slaking and shrinkage).

As the hardsetting properties are usually limited to the topsoil, particularly if it has been

disturbed, then the undisturbed subsoil can retain good structure hence promoting drainage

while riot deterring root growth (Mullins era!., 1990). This is of consequence for sub surface

drip irrigation as water is delivered to the soil at a point on a vertical transect between
disturbed surface soil and undisturbed subsurface soils.

As well as differing with regards to point of water application, drip irrigation can also

introduce water to the soilunder pressure. Ifthe soilcannottransfer the water away from the

drip emitter at least as fast as it is being applied then there will be an increase in the water

pressure immediately surrounding the emitter. Baluniand Sunon (2000) found that this can

cause water surfacing and can affect the output from the emitters due to the reduction in the

potential gradient across the emitter (between the inside and the outside of the drip tape).

Applying water too rapidly to the soil with SDlcan increase the variation of application rate

across the field (Shani at a!., 1996). Ballam and Sutton (2000) estimated the intake rate of a

hardsetting soiltype to be around 0.3-0.6 litres per hour per emitter at shallower depths (less

than 30 cm).
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Creighton at a!. (1999) stated that"... a drip jingation system should be designed so that the
rate at which you apply water does riot exceed the soils infiltration rate' as faster application
will lead to a greater degree of saturation and hence predominantly downward flow, possibly

generating water losses beneath the root zone.

2.2.4. Plant Available Water Capacity of Hardsetting Red Soil with Drip
Irrigation.

In order to determine the total plant available water capacity (PAWC) of a field under drip

irrigation the following must be known:

. Rootzonelocation

. Soiltexiure (field capacity and wilting point) hence AWC of the soil

. Saturated hydraulicconductivity

. Wetted soilvolume

. Lateral anddripperspacing

PAWC was defined by Anderson eta!.(1999) as"the maximum amount of water that a soil
can hold and later release to plant roots. Water held between field capacity and permanent

wilting pointis regarded as being available 10 plants". Readily available water(RAW) is
defined as being the proportion of total available water which can be easily or readily used by

plants before signs of moisture stress and reduced growth appear (Anderson era!., 1999). As
mentioned in section 2.2.3, there is a wide range in available water holding capacities (120-

240 mm in") and saturated hydraulic conductivities (0.6 to 296 min per day, mean: 32 min

day") of hardsetting soiltypes. It could be then assumed that there is an equally wide range
of values of PAWC.

For red soils this is commonly the case as cotton drip systems are specified to provide I-2

madhr (because of limited lateral movement this amounttends to be spatialIy concentrated).
While this is less than the infiltration rates reported by Willis and HUIme (1996) of5-140

madhr, it must be remembered that the water is being applied from a pointsource. A point

source has the effect of concentrating the water in a small area inducing soilsaturation (see

Figure 2.4). If the vertical flow is greater than the lateral flow, there is the potential for deep
drainage losses.

Battam era!. (2000a) mapped the actual wetting front of a hardseiting red soilby simulating

drip irrigation with a pointsource emitter (Figure 2.4), giving a measure of the wetted area.
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The soilhad a maximum lateral waterspread of 70 cm (35 cm each side of the source) and

reached a depth of 90cm after 12 hours, Hence the lateral spacing is crucial to deterimning

the wetted volume of the soil under drip irrigation, with closer lateral spacings resulting in a

higher proportion of soil being wet by the SDlsystem.

Ballam at at. (2000a) observed the wetting front in a hardsetting red soil(which was dry prior

to the irrigation event) had reached a depth of 90 cm after 12 hours at 1.2 madhr application.
He then concluded that ifthis is the bottom of the effective root zone then the maximum

application period should be limited to 12 hour shifts.

Rootzorie ^^..
Depth

1000n

Figure 2.4. Changes in the wetted front position around a pointsource drip emitter.
Source: Battam at at (2000a)

For drip irrigated cotton, the recommendation for lateral spacing has traditionally been 2

metres (T Tape, 1996) because it fits into the current crop configuration and is most

economical in relation to installation and product costs (Schoneman at a!.. 1992). Due to

promotion of drip irrigation as a soilindependent system and economic considerations, this

spacing has been recommended and implemented with lime or no regard to soilproperties.

As such, approximately 81% of drip irrigation installations on Australian cotton are on 2

metre spacing (Raine era!., 2000). However HUIme and OBrien, (2000a) found that the

restriction of lateral water movement in hardsetting red soils constrains management and

lateral spacings should be determined based on site specific soil properties. Battam at a!.

(2000b) confirmed this with a number of soilsurveys that revealed different wetting patterns

for different soiltypes and hence recommended differentlateral spacings dependent on site

specific soil properties.

Soil soface

coqn

C>
6

9

11 Hours

Furthermore, MoresheI at a!. (1996) concluded that drippers laid at two metre spacing expos

cotton to frequent short periods of water stress due to a lowering of the soil water potential
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near the roots. They found that during the wetted cycle, a sufficient number of roots lost
contact with the wet soillowering the effective plant hydraulic conductance. However it

must be rioted that this experiment was riotirrigated daily;irrigation intervals ranged from 2 -

14 days. A system that is operated daily or more often will have smaller fluctuations in the
size of the wetted area, and may also have a smaller wetted area.

The PAWC of a red soil under SDlis going to be a function of the soil properties (field

capacity and permanent wilting point) and the area wetted by the irrigation system. The
wetted area of a drip irrigation system will be a function of the time it is running, the saturated

hydraulic conductivity of the soil and lateral and emitter spacing.

2.2.5. Measurement of Water Movement in Drip Irrigated Soil

Water use efficiency, ifyou don't measure it you can't manage it! (Hearn era!., 1997)

In order to measure rootzone soil moisture status there are a number of methods for

measuring soil moisture status. Charlesworth, (2000) lists 24 different soil moisture

monitoring devices (see Appendix I). that fallint0 2 categories, those that measure soilwater

potential and those that estimate volumetrlc water content

In the Australian cotton industry the main methods used are neutron moderation method

(NMM)(Anon, 2000) and frequency domain reflectometry (FDR) and, to a lesser degree,

porous media type instruments. The NMM has been applied as a tool in Australiaby Cullei
at (1981a, b). The development and adoption of this technology was widespread and its use
in the industry is stilldominant, however the use of the NMM is not common on hardsetting
soils because of poor infiltration (Willis era!., 1997; HUIme and OBrien 2000a). Raine era!.

(2000) reported that 57% of drip jingators in the Australian cotton industry used a
combination of soil measurements as well as other tools to schedule irrigations, while 13 and

17% relied entirely on neutron moderation and FDR respectively.

The limitation with drip irrigation, especially subsurface, is the location of the sensor in
relation to the wetted area. HUIme and OBrien (2000a) demonstrated that the NMM access

tubes 50 cm from the water source did not detect water applied in drip irrigation whereas

access tubes located 10 cm from the irrigation source did. Dearden (2000) found similar

problems in grapevines when sensors were placed within or on the edge of wetted zones as
both locations gave different readings for the same input of water. Muldoon era!. (2000)
monitored the water extraction of rockmelons 10, 20 and 30 cm away from the drip tape and
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observed extraction declined with distance from the tape indicating a jintited wetted area and

extraction zone.

NMM and othersystems (Diviner@)that require manual readings to be taken are limited in

measuring water movement in the soil under adrip system anthe readings are generally taken

daily or less frequently. Problems can occur in that the changes in soil moisture are small

and may be occurring daily or twice daily depending on the scheduling program. Heriggeler
(1999) found that"one of the major advantages ofEnviroscan@ (FDR) compared to the Probe

(NMM)is that it lakes a moisture reading up to every minute. Despite this observation

HUIme and OBrien (2000b) found that NMM tubes placed next to an SDlentiiter were

sensitive to irrigation.

Clearly there are limitations associated with monitoring soil moisture around a point source

entitler that can result in misleading data (Dearden 2000; Coelho and Or 1996).

litherefore could be concluded that soil moisture sensing requires human input and some

check is needed to ensure that:

. Water is inintrating to the sensors (dig a hole to check)

. Monitoring equipment is adequately covering the entire root zone

14

. Sensors sited in representative areas
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Water and plantrelations

23.1. Root Growth and Water Uptake

The cotton plant has a taproot system with many laterals, First formed cotton roots will
generally grow vertically down, ifthey are notimpeded and depending on soil conditions,
they can grow from 50-90 min perday (Hearn, 1979). However growth rate is reduced
dramatically (~8 mm per day) by cool conditions.

2.3

Cotton seedlings can suffer from cold shock ifthe minimum daily temperature drops below
11'C (Allen at a!., 1998) and can become susceptible to root diseases such as rhizoctonia and
black root rot which will further inhibit root growth and shoot development.

Cotton roots have been known to grow to 3 in depth (Hearn, 1979) and can reach a maximum

density of 1.6 cm/cm' in the top 15 cm of soil(Schwab e, a!., 2000). However root
distrlbution is highly variable and will depend on soil condition and, to some extent, plant
variety. Maximum rooting depth has been reported to occur 1/7 days after planting and dry
matter production continued to increase until 128 days after planting (Mullins ei a!., 1997).
Radin era1. (1989) found that root mass can start to deteriorate under a heavy fruitload and
this trend is slow to be reversed. Cotton follows a similar root distribution to other field

crops as shown in Table 2.2.

General root distribution in relation to depth. (PIaut at a!., 1996).
De Ih cmPercenta e of roots

0-3040-50
30-6030-35
>60~25

Meyer and Ritchie (1980) showed that cotton could absorb water from 120 cm without any
effect on leafarea, leafwater potential or rate of water uptake when compared with shallow

rooted plants. It has been shown that the amount of water stored in the soilcan influence the
rooting depth (Hearn, 1979), with greater volumes of stored soil water generally resulted in
deeper rooting depth. Hearn (1979) found that watershortage could increase root growth and
root exploration of the soil. He also found that increasing the stored water in the soil from
150 to 450 min increased the rooting depth of cotton from I in to 2 in. However Piaut era!.

(1996) found that hydrotropism (root growth through dry soil to moisture) in cotton was riot

apparent.

Table 2.2.

Soil conditions that will effect root growth are strength, hydraulic conductivity, soil water

potential and the presence of wetter soilin the rootrange (Taylor and Klepper, 1974). Soil
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strength can inhibit and in extreme cases prohibitroot gowth (Crimes era!., 1972; Mullins at

a1. , 1990). However cotton roots are capable of penetrating layers of high soil strength

(compacted layer) although water extraction below this region wasreduced. (HUIme era

1991; Slimaker at o1. , 1996)

Taylor and Klepper (1974) were unable to separate the effects on roots of hydraulic

conductivity, soil water potential, soil strength and the presence of wetter soil in the profile.

However, Taylor and Klepper (1974) found that cotton roots will grow in drying soils until

water content declines to 6-7% (-0.1 MPa potential). Observations of root distribution unde

drip irrigation would indicate that roots will become concentrated in wetter parts of the

profile. (Bothwick, 2000; Cami at a!., 1992).

Passioura and Slimaker (1993) found that roots sense 'difficult' soil conditions (drier or

harder) and send inhibitory signals to leaves to slow expansion and close stomata before a fall

in shoot water status or the supply of water is affected. Plants respond to these feed forward

signals in anticipation offuture adverse conditions. These signals were found to override the

water status of the shoot and are possibly honnonal.

Drip Irrigation and Root Growth

Subsurface drip irrigation wets the soil in a different pattern when compared to other forms of

irrigation such as flood or sprinkler. This can have implications for the roots. Ifthe wetted

area doesn't extend to the seed then there must be sufficientinitial root growth to reach the

wetted soil volume (PIaut at a!., 1996). As cotton is riot necessarily hydrotropic (PIaut era!.,

1996), the soilthrough which the roots are growing must be moist(Taylorand Klepper,

1974).

Daily drip irrigation can concentrate cotton roots under the drip elmtter (Carmi era1, , 1992;

Borthwick, 2000). Carmiet a!. (1992) found that this type of irrigation led to a shortening of

the tap root and a tendency for it to grow toward the water source. It was also found that fine

roots developed in other parts of the soil(riot wet by irrigation) will disappear when the soil

water content drops below wilting point. Cotton plants grown with daily drip irrigation

developed a high percentage (>90%) of roots less than I min in diameter, thus increasing the

root surface area. Cami at a!.(1992) hypothesised that the reduction in root size under drip

irrigation would lead to a reduciion in root carbohydrate demand.
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2.3.2. Influence of Water Supply on Cotton Growth and Development

Cotton is an indelenninate plant as it never terminates in a flower. The main-stern will

produce a new node every two to three days, fruiting brunches sum to occurbetween the fifth
and eighth node and fruiting sites occur at regular intervals along the fruiting branch. Node
and flower bud (square) production will continue as long as conditions are favourable (Hearn,
1979). Competition for carbohydrates and nutrlents increases as the plant grows and
ultimately limits the number offruitthe plant can carry. As competition increases, the
maturing fruit has priority over small fruit/ squares, potentially causing some shedding (loss)
of these structures. Hence when the sink limitis reached, square production ceases (Hearn,

1994).

A decrease in applied water can resultin a reduction in plant height, reduction in main-stern
nodes, leafarea and total dry matter (Hutchmaker at a!. 1994). The more specific adaptive

responses of cotton to changes in moisture status are represented in Figure 2.5.

Vegetative gowth terminatesFast vegetative growth

Faculiative fruit shedding

WET

Figure 2.5. Specific adaptive responses of cotton to the environmental water
regime. Source: Hearn (1994)

Moderate vegetative gowth
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2.3.3. Factors Affecting Evapotranspiration

Evaporation is defined as "the process whereby liquid water is converted into vapour and
removed from the evaporating surface. Water evaporates from a variety of surfaces, such as

lakes, rivers, pavements, soils and wet vegetation. " Transpiration is defined as consisting of
the vaporization of liquid water contained in planttissues and the vapour removal to the
atmosphere" and evapotranspiration (ET)is the combination of both (Allen at a!., 1998)

Fruit retained

"Signals" ~>

The factors that affect ET are weather parameters, crop characteristics, management and

environmental factors. At presentthe FAO modified Penman-Monteith equation is used as
the standard method for calculating ET. For a detailed description refer to Allen e! o1.

(1998). From the measured weather parameters crop water use can then be calculated. As

Young fruit are shed

Old fruit are matured

DRY
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of 1998, the sole standard method fordetermination of crop water use is the FAO Penman-

Monteith (Allen at a!., 1998).

The relationship between evapotranspiration and cotton production is represented in Figure

2.6. As the water available to the plant declines, so to does the plant evapotranspiration.

Therefore it is not surprising to find that like many other crops cotton yield is closely linked

to ET. This representation (Figure 2.6) is only for one season's data and may not be

applicable to all regions.
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Figure2.6. Cotton yieldsasafunction ofevapotranspiration. Source: Heam
(1994)

Hearn (2000) identified one of the problems in estimating evapotranspiration is the adaptation

of the equation to local conditions. In particular the aerodynamic component of the Penman

equation. da Roza at o1. (198?) found that earlier Penman combination equations would

derive values (of the aerodynamic component)that varied an average of 158% between two

seasons. On the other hand Abdelhadiet@!(2000) found that the Penman-Monteith equation

could be used to estimate crop water use in the Sudan Gezira area with good accuracy.

Clearly, site specific validation of the Penman-Monteith model are needed to determine their

accuracy before they are used in scheduling irrigations.
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In Australia modelssuch as SIRATAC, Ozcot havebeen developed but are not widely used

because of expense in conducting local calibrations and the good performance of the neutron

moisture meter in scheduling irrigations.
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2.3.4. Measurement of Water Status in Cotton Plants

Just as there is a water balance, there is an energy balance for crops (Figure 2.7) where the

inputs must equal the outputs. Ifone of the components of the balance is changed, then this
will have an effect on all other components. For instance, during the day time the sun. Ifthe

plant had no mechanism to dissipate the energy, then it would overheat(Hearn, 2000). One
of the mechanisms the plant uses to keep coolis evapotranspiration (ET).

solar
radiation

advectl",

Er

Figure 2.7

re, '^nation

reflection

To satisfy its evaporaiive demand the plant requires water which it usually obtains from the
soilsurrounding its roots. The mechanism by which the water moves from the soiland

through the plantis along gradients in energy potential of the water. Lange era!. (1976)
define "water potential" as the relative chemical potential of the system concerned per partial
ino1alvolume of water. Fundamentally it is the difference in energy between pure free water

and water at another point, i. e. : in the soil. Water will move through the soil to the roots

under the influence of "soil water potential" (!, f''') and subsequently through the plant via

"leaf water potential" (P""') (Lange at a!., 1976). The water potential of these systems will
be influenced by compounds dissolved in the water (osmotic potential), bonds formed with

soil particles (mainc potential) or plant cell walls, hydrostatic pressure and gravity. The
plants water potential is negative and typically lower than that of the surrounding soil,
allowing roots to 'suck' water from the soil(Figure 2.8). However, as the soil dries the water
potential decreases, making it more difficult for the plant to draw water from the soil. As the

Energy balance of a crop. Where solar radiation + advection = ET + re-
radiation + reflection. Source: Heam (2000).

I
heat

to soil
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soil dries the rate of water uptake decreases as does the plant water potential and hence ET

rate. As a result the ladlemperature rises. Therefore the measure of any onhese

components can be used to assess crop moisture status.

(-500 BAR)

LEAVES
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Figure 2.8 Schematic illustration of the variation of water potential along the
transpiration stream. Source: Hille1 (1980).

The measurement of leafwater potential can be achieved with the pressure chamber method

(Scholarider at a!., 1965) which is a common toolin the cotton industry and is frequently used

to schedule the firstirrigation. Meron era1. (1987) outlined the Iintitations of this tool,

namely diurnal vanability, time between leafcut and measurement and the relatively small

number of samples that can be measured. They then set down procedures to reduce the error

associated with these measurement techniques which involved holding the leafin an open

aluminium foil sheet, sealing the leaf on cutting, storage of the leaves in a dark, airtight,

humid box at room temperature and pressurization of the leafwhile stillin the wrapping.
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The leafwater potential will vary according to the atmospheric demand and the supply of
moisture from the soil. Maximum photosynthesis and leafgrowth have been reported to

occur at potentials above -1.4 MPa (Anon. 1996), with optimum growth rate typically
occurring between -1.6 to-1.7 MPa, . However excessive growth may riot necessarily be
desirable. Leafgrowth declines and ceases between -1.8 and -2.4 MPa. Similarly Hearn
and Constable (1984) determined that the most agonomically desirable leafwater potential
for cotton was between -1.5 to-2.0 MPa.

An indirect method of measuring plant water status is through loftemperature, which rises
when water is limited. The optimum canopy temperature range for cotton growth is between

25 and 31'C (Warnura and Mahan, 1994). 11is within this range that plant metabolism via

enzyme activity is maximised.

An even more indirect method of assessing plant moisture status is ititough the measureme

of plant growth such as: height, node length, number of nodes etc. A reduction in plant
growth may be due to a water deficit, however other factors such as nutrltion can also
influence plant growth.
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Deficit irrigation and cotton yield

2.4. I. Physiological Responses of Cotton to Water Deficit Stress.

The product of cotton cultivation is the cotton fibre, which primarily consist of carbohydrate.

Limiting the amount of water that is available to the plant can limitthe amount of carbon

assimilation and hence yield. Cell expansion is the most sensitive and typically the first cell

process (Figure 2.9)to be affected by water stress (Hsiao at o1. , 1976). Leafarea is directly

affected by cellexpansion hence a reduction in expansion of cells will reduce leafarea.

Reduction in the leafarea will, in turn, lead to a reduction in the carbohydrate production.

After prolonged water stress, suppression of cell expansion can lead to suppressed cell

division and hence slowing of leaf initiation (Hsiao at a1. , 1976).
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As water stress increases, stomaialclosure can be expected, thus reducing CO2 assimilation.

More severe water stress can result in changing the orientation of the leafin relation to the

sun, i. e. wilting which reduces the radiation load on the leaf (Hsiao at a!., 1976).

Sensitivity and sequence in water stress: the process involved in
development, transpiration and economic yield. Source: Hearn (1994).
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Visual signs of moisture stress in cotton are wilting, a chance in colour from a light green
associated with new growth to a dark green/blue and flowers closer to the lop of the plant for
moisture deprived cotton. Unfortunately, by the time these visual observations are easily
seen, the detrimental effects, i. e. yield reduction, of water stress have already been imposed

on the plant by this stage and they are often irreversible.

Reducing the water available to the cotton plant can reduce its leafarea, stern (plant height)
and root growth in that order (Figure 2.9). Fruiting structures, particularly larger boils are

among the last to suffer water stress. As cotton is adapted to cropping from a drought
tolerant plant(Hearn 1994), there are certain process that are not necessarily normal. Cotton
that has an ample water supply will tend to partition assimilates into vegetative growth allhe
sacrifice of younger reproductive structures (squares) (Figure 2.5). In dry conditions
vegetative growth is terminated and assimilates are directed towards older fruit(halls), once
this process in place it is slow to be reversed, even in the presence of ample water (Hearn
1994). The process is usually notreversed until fruitis matured and then vegetative growth
recommences. Therefore, for maximum cotton production soil water idealIy should be

maintained continuously in a range that allows the plant to grow well, but under a mild water
stress. There are trigger points in water levels that cause the aforementioned effects to occur.

Knowledge of these points theoretically allows deficitiingation 10 be implemented without
reducing yield.

2.4.2. Timing of Water Stress to Maximize Yield

Table 2.3 outlines cotton water requirements through its growth stages for a wellyielding

crop. There is ample argument as to which of these stages will result in either yield reducti
or enhancement. These differences are due to the wide variation of climates in which it is

grown and the disparity in varieties (Hearn 1994).

Table 2.3.

Stage of
develo merit

Emergence
First squares
First flowers

Peak flowering
First open boll
Last effective flower
Cut-out

Crop development and water use at Nanabri Agricultural Research
Station (Anon 1996).

Da sfrom Iantin

7-12

50-60

75-85

100-130
130

140150

180.200

Calender date

inid October

late Nov/early Dec
late Dec

inid Jan- inid Feb
inid Feb

late Feb
earl A in

Dail water use min)

12

2.4

3-8
8

8-4

1-2
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Despite this uncertainty it is generally agreed that the most sensitive time for water stress is
pre-flowering (Prteio and Angueira 1999; Ariac era1. , 1999; Hearn 1994) as it is during this
time that allfruiting structures are pre determined (Constable and Gleeson 1977). Least yield

reduction from water deficit have been found when applied in the peak flowering and yield

formation stages as opposed to the vegetation orripening stages(Doorenbos and Kassam

1979). Contrary to these findings de Koch era!. (1993) concluded that water deficit stress at

the end of effective flowering during peak bollfillhad the greatest effect on yield.

2.4.3. Deficit and Drip Irrigation

Deficitirrigation is essentially irrigating the crop at a levellower than its demand, This

subject has been welladdressed due to the growing need for increased food production and

the limited irrigation supply in many of agricultural production areas (Dargie 1999).

Several experiments have been carried out with drip irrigation examning the effect of deficit

irrigation. Fangmeier era!. (1989) compared three rates of applied water to a cotton crop

(0.6, 1.0 and 1.3 times estimated consumptive use). The results found an almostlinear

relationship between applied water and yield. However the 1.0 times consumptive use

treatment gave the greatest water use efficiency.

In a similar study on cotton, Hutchmaker ant (1995)looked at the effect of deficitirrlgation

applied during peak flowering and boil fill(Figure 2.10). They used irrigation treatments

that were a percentage of estimated crop water use (from 60-100%). Peak yields were

achieved with 700 to 800 Inn of crop water use. However, greater than 200 mm of stored

soil water were utilised for alltreatments which represented about one quarter of the final

crop water use. Results are also displayed (Figure 2.10) for a previous experiment by Phene

eta1(1992) which involved a much wider range of applied water on the same site and a

polynomial response was observed. These results indicate that over-watering cotton may

lead to areduction in yield, as was observed by Hearn and Constable, (1984) and Hearn

(1994).
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Figure 2.10. Lint yields as a function of ET, Comparison of studies by Phene at a!.
(1992) in 1980, 1981, 1982, 1988 (2nd order polynomial curve fit
shown) and Hutchmaker(1995)in 1991-1993. Source: Hutchmaker
(1995)
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Conclusions2.5

Hardsetting soils are the second most common soiliype used for cotton production in
Australia. A range of amelioration techniques have been tested with very few showing long
term solutions. Another solution that has been proposed to overcome the problems of

jingating hardsetting soils is SDl. Unfortunately there is a dearth of infonnation of drip
irrigation management on hard red soils. Most of the work has been reported in the lasttwo
years, focusing mainly on soil water movement and wetting patterns. From this work it is
evident that there are limitations with drip irrigation on hardseiting soils particularly in

relation to lateral water movement. The findings show that drip is not a soilindependent

system and hence soiltype should be a majorconsideration in system design and management
(irrigation interval and frequency).

I+
,

200

ESTIMATED ETC (mm)

400 600 800 1000

Since lateral water movement is limited on these soils, difficulties may occur with 2 in lateral

The calculation of available water capacity under drip irrigation is also morespacings.

complicated than in a furrow irrigation system as not all of the soilwill necessarily be wet by
the drippers. For example Balmrn at at (2000a) found that for a soil with a field capacity of
approximately 60mm and a lateral drip tape spacing of2 metres, could be limited to around
20 min as only 1/3 of the soilis wetby the dripper. This has some very important

implications for irrigation management, with small(~ 12 mm) frequent(daily)irrigation
events being required during peak crop demand. It must also be remembered that irrigation
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water reached the bottom of the root zone after approximately 12 min application, hence

application of greater amounts than this can result in deep drainage losses.

Currently there is conflicting data as to over irrigating and its effect on cotton production. It
has been stated that generally "more water equals more cotton"(Hearn 1994), but other
experiments found over irrigating can resultin excessive vegetative growth and reduce yield.
To date conclusive data on irrigation timing and deficit on cotton production is conflicting

which is likely to be due to the wide range of cotton varieties and climates in which it is

grown (Hearn, 1994). Guidelines are needed iffarrners are to achieve maximum cotton
yields with SDland these are clearly lacking in relation to SDlon hardsetting soils.

To delennine the levelofcrop waterstress applied by jingation management it is crucial to be

able to estimate the crop water use (evapotranspiration). However while some local

calibrations have been conducted in Australia to adjustthe aerodynamic component of the ET

calculation (da Rosa at a!., 198?; Meyer 1999), the use of weather data for scheduling cotton

irrigation is not widely used. Therefore, validation of the equations currently used for
calculating ET are required for achieving yield maximising irrigation strategies.
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3 Methods

Hardsetting soils can be difficult to irrigate with surface irrigation techniques. Subsurface

drip irrigation (SDl) is a potential alternative to surface irrigation. However minimal
guidelines are in existence on how to manage SDlin regards to scheduling and yield results.
Therefore, a field experiment was conducted with the aim of providing such guidelines. The

field experiment was then set up at 'Bellevue' Wanen to investigate the effects of under and
over irrigating cotton to determine the potential daily crop evapotranspiration to provide these

guidelines.

Experiment summary3.1

The firsttwo years of the project concentrated on collecting data from existing drip irrigation

systems in the Macquarie and Darling regions. During this phase it became obvious that low
yields were a major impediment to the adoption of micro irrigation in cotton and that

irrigation scheduling was a majorreason for the low yields. At the same time, the area of
drip irrigated cotton in the Macquarie Valley on hard-selling red soilincreased threefold.

We decided to establish a field experiment on an area that could easily be transferred to a

commercialscale. Consequently, an experimental site was selected on the commercial cotton

farm 'Bellevue', Wanen NSW. The site location on the farm was selected because of its soil

uniforrntty which was assessed using an EM survey of alldrip irrigated fields on the farm (see

Appendix 2). Soilwithin the experimental area was classified as a Red Chromosol, for a

full profile description see Appendix 3 An area of approximately 10 hectares was selected

and was divided into plots of the order of 0.5 ha. The experiment was located on one side of
a field that had been jingated with subsurface drip irrigation for 4 seasons prior to the setup of

the experiment. Costs to establish the experiment were met by John and Ros OBrien
however, as it was already drip irrigated, most of the pipes and valves were in place before

the experiment began.

The site was also used for other drip irrigation experiments. John Friend (Dept. of

Agriculture, Trangie) sampled from the experimental site in his study of deep drainage study
under drip irrigation. Mick Ballam investigated the soil hydraulic properties of the site as

part of his PhD thesis. Christopher Main and Charles Borthwick used the site to conduct
field experiments fortheir undergraduate degree thesis.
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The experimental treatments used in this study were determined after meetings with Dr Briari

Hearn, Dr Sieve Milroy and Dr SunilTennakoon of the Australian Cotton Research Institute

(ACRl) in Nanabri and Dr Bruce Suiton of the University of Sydney. Gavin MeIville (Dept.

of Agriculture, Trangie) was also consulted to ensure that the design would be efficient from a

statistical perspective.

The design of the field experiment was a randomized complete block design with 4 blocks

and 4 treatments (Figure 3.1). Each plot was 16 rows of cotton spaced I in apart.
Treatments were:

. 125%- 125% of estimated crop water use for previous day was applied each day.

. 100%- 100% of estimated crop water use for previous day was applied each day.

. 75%- 75% of estimated crop water use for previous day was applied each day.

. 50%- 50% of estimated crop water use for previous day was applied each day.
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Figure 3.1.

Crop water use was estimated using the FAO modified Penman-Monteith equation which
used input data from a weather station arthe edge of the field. The accuracy of predicted
crop water use was monitored weekly by measuring changes in soilwater content with a
neutron moisture meter. Changes in profile soil water were used to modify the crop facto

forthe following week. Investigations conducted by Balunn era!., (2000a & by into the

wetted pattern of the soilbeneath drip emitters was used to estimate soil water contentin
conjunction with the neutron moisture meter data.

Layout of irrigation treatments and drip irrigation infrastructure at
'Bellevue', Wanen.

Drip Irrigation System Description3.2

Drip irrigation was originally installed in the field in 1994. Prior to this the field consisted of
furrow irrigated cotton (field orientation North I South, fall I in 800). In August 1998 the
field was converted into an experimental site by the installation of new sub-mains and
modification of the existing flushing mains. This system allowed application of water

separately to each of the 4 treatments shown in Figure 3.1. A GalCompact@ controller was
installed to control water applied to each treatment through solenoids and hydraulic valves.
Four water meters were also installed to measure water applied to each treatment.

The water was applied through the Netafim subsurface dripline, Ozline 1350. Emitters were

spaced at 60 cm that deliver 1.15 Vim with 10 in water head (0.1 MPa) pressure. The tape
was laid at 2 in spacing (Figure 3.2), which equates to an application rate of 11mulhr.
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Figure 3.2.
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Relative location of drip tape, cotton plants and neutron probe access
tubes in field experiment at 'Bellevue', Warren. Plantline is 0.5 in
from tape. Neutron moisture meter access tubes were located next to
drip tape and in plantline on left. Hatched area is soil estimated to be
wet after 12 mm irrigation.
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Irrigation scheduling3.3

The basis of the irrigation scheduling forthe 100% treatment was to replace the water used by

the crop on the previous day. The crop water use was estimated with a weatherstation using

the Penman Monteith equation and a crop factor (Allen era!, 1998) as described in Table 3.1.

Lengths of crop developmentstages and the corresponding crop
coefficients. Source: Allen at o1(1998).

Initial CropDevelopment Mid-season Lateseason

60 555030

Table 3.1

05 in

Stage length (days)

Crop Coefficient(K, )

Soilwater was monitored weekly with a neutron moisture meter. A decline in soilwater

content in soil next to the drip tape (access tube next to tape in Figure 3.2) in the 100%

0.35 0.35 - 1.15 1.15 1/5 -0.7
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treatment was assessed as an underestimation of the crop factor. Sintilarly, an increase in soil

moisture content next to the drip tape in the 100% treatment was assessed as an over

estimation of the crop factor. The crop factor was then adjusted for the following week.

Crop management3.4

The crop was managed to minimise or eliminate stress from nutrient deficiency, disease or
insect damage. This was achieved by managing the crops in a mannersimilar to the
commercial practices used on surrounding fields including watering up the seeds with only

the exception of the in-crop irrigation treatments. This system worked wellexcept for
application of growth regulators, which are applied to resinct excess vegetative growth that
occurred in the 125% treatment in both seasons. In this case the application of growth

regulator was delayed until the latest time these growth regulators are normally applied and a
uniform application was made to alltreatments.

Agonomic inputs for both seasons are listed in Table 3.2, while insecticides applied are listed
in Table 3.3 and Table 3.4 forthe 1999/2000 and 2000/2001 seasons respectively.
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Table 3.2.

O ration

Variety

Agronomic inputs for drip irrigation trial on 'Bellevue', Wanen.

Seed density

Planting date

Planting chemicals:

1999/2000

Fertilizer

SiCala 40

Herbicides

18 seeds/in

17/10/1999

Insecticides

Stomp (rendimethalin)
3 una(50% band)

Diuron 11tha (50% band)

Ternik (aldicarb)
3 kg/ha

30 kg Nina as NH3
(Anhydrous Ammonia)

12 tonnes/ha composted gin
trash

Pre-plant

2000/200j

Postplant weed
control

SiCala V3 Roundup Ready
Ingard

16 seeds/in

30/9/2000

Stomp (rendimethalin)
3 una(50% band)

32

Planting

Post-plant

Herbicide

DAP 25 kg/ha
(di-ammonium phosphate)

Growth Regularit

Ternik (aldicarb)
3 kg/ha

30 kg Nina as NH3
(Anhydrous Ammonia)

12 tonnes/ha composted gin
trash

6/12/1999

Staple (pyrithiobac sodium)
120 gina

15/12/1999

Shielded spray with Roundup
CT (glyphosate) 2 IAIa

7/12/1999

10/11/1999

19/2/2un

Mepiquat chloride
I una

Defoliation

Cultivation

Chipping

DAP 25 kg/ha

22 kg Nina as urea
3 kg Pma as phosphoric acid

8/11/2000

Roundup-Ready Roundup
(glyphosaie) 2 kg/ha

Harvest

7/3/2000

Dropp Ultra (Ihiaziiron +
Dioron) 160 in IAIa
Prep (Ethephon) 15 Mila
DCTron2Vha

14/3/2000

Prep (Ethephon) 175 una

2/5/2000
50%, 75% and 100%
treatment

12/5/2000 125% treatment

18/12/2000

12/1/2001

16/2/2001

Mepiquat chloride
I una

14/3/2001

Dropp Ultra (Thiazuron +
Dioron) 60 inuna
DCTron2Vha

19/3/2001

Prep (Ethephon) 2 una

24/3/2001
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Table 3.3.

Date

29/11/99
6/12/99

5/1/00
12/1/00

2/11/00

Insecticides applied to drip irrigation trial on 'Bellevue', Wanen in the
1999/2000 season.

Tar etinsect

Henothis
HeIiothis
HeIiothis
HeIioihis
HeIiothis

3/11/00

8/2/00

Product

Envirofeast

Tracer

Karate ULV
Predaior 300
Fastsc 100
Predator 300

Curacron flexi
FolidolM50o
Karate EC

Lariate L

Tracer

Cumcron flexi
Pe asus

18/2/00
29/2/00

Henothis

Table 3.4.

Helinthis

Henothis
HeIiothis

Date

23/1/100
14/12/00

9101/01

Chemical Tou
N/A

Spinosyn
Pyrethroid
Organophosphate
Pyrethroid
Organophosphate
Organophosphate
Organophosphaie
Pyrethroid
Carbamate

Spinosyn
Organophosphate
Thiourea

Insecticides applied to drip irrigation inal on 'Bellevue', Wanen in the
2000/2001season.

Tar eiinsect

Thrips/ Aphids
Henothis

HeIiothis
Mites

Henothis

Aphids
24/01/01

Rate (ina)

I kg
150 g
3.5 I
51

500 inI
1.5 I

41

21

85 inI

1.5 I

200 inI

41

600 inI

33

3.4. I. 1999/2000 Season Summary

Cotton seed was planted on 17/10/1999 and flood irrigated to wet up the seeds. The crop wa
then established with an acceptable plantstand two weeks later than the optimum time.

Product

Regent
Tracer

Ag'jinec
Steward
Karate EC

Agimec
Dimethoate 400 EC

Coolconditions prevailed during November and December delaying the crop progress.
Treatments were imposed in early December, with a week of rain over the Christmas New

Year period wetthe soilin alitreatments to field capacity. Warmer and drier weather
prevailed in January and February resulting in differences in soil moisture and plant growth
between treatments. The effects of the treatments suned to become visible at the end of

January and become more obvious asthe season progressed. The whole experiment was
managed unifonnly throughout the season.

Chemical rou

Fipronil
Spinosyn
Avenueciin

Carbamate

Pyrethroid
Avennectin
Or ano hos hate

Rate( rha)
0063 I

0.20 I

0.30 I
0.65 I
0085 I

040 I

050 I

The lastirrigation was applied in early March. Prior to this the crop had received 210 mm of
cumulative rain from planting. A further 270 min fellbetween the lastirrigation and harvest.

Rain during the harvest delayed the picking of the 125% treatment by 10 days.
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3.4.2. 2000/2001 Season Summary

In the 2000/2001 season the experimental plot was planted on the 30/9/2000 and irrigated

with Fexinume@ (irrigation piping) with more than 2 Mlftia used to achieve germination.

The crop germinated on the 12/10/2000 and established with an acceptable plant stand.

Significant rain of 240 min fell in late October and November. This rain delayed the

implementation of the treatments until inid December. Allhe same time a nearby water
storage was filled. Water from the storage seeped beneath the experimental site and supplied
water to plants on the southern and eastern side of the site. This effect became evident in the
middle of January and the extent of seepage was evident in an aerial image of the site

recorded in early February (Appendix 5).

Good cotton growing conditionsthen prevailed for the remainder of the summer. In January

problems were encountered with a pump failure on two occasions causing the crop to miss
one day's irrigation. The effects of the treatments started to become visible in the middle of
January and became more visible as the season progressed in a similar pattern to the previous
season.

Apart from the irrigation treatments, the experiment was managed uniformly. The last

irrigation was applied on the 6/3/2001. Another 60 min fellbeiween lastirrigation and
picking, but no rain fell daring picking.

3.5

3.5. I. Applied Water

The volume of water applied to each treatment was metered and recorded each day.

Volumes were recorded in cubic metres and converted into depth of water applied (min) by

dividing the volume of water applied by the area of each treatment.

Measurements

3.5.2. Soil Water Content

Volumetrlc soil water content(Ov) was measured with a Campbell Pacific Nuclear 503

neutron moisture meter(NMM)(Martinez, CA, USA), inserted into aluminium accesstubes.

Single 15 second readings were recorded at five depths: 20, 30, 50, 70 and 90 cm. Readings
were taken in 64 tubes, with four access tubes in each treatment, two in the plantline and two

within 10 cm of an emitter(Figure 3.2). Readings were taken weekly from the start of

December untilthe crop water use declined to minimal levels in March. Each set of readings



Methods

was taken at the same time of day between 7 am 10 9 am. Daily irrigation application

commenced after the neutron moisture meter readings were taken.

Sumidard counts were recorded at the start and finish of each season. The Trangie-Wanen

combination equation (MCKenzie era!., 1990) was used to calculate profile water content

from the neutron moisture meter readings.

O, = -1.60 + 0,707n

where O, = volumetrlc water content and n = neutron countrate ratio (field count divided by

standard count).

In the 2000/2001 season two neutron probe readings were taken on the same day to determine

the sensitivity of the probe to daily changes in soil water content. A reading was taken in the
morning (between 7 and 9 am) and a reading taken in the afternoon (between 6 and 8 pin).
No water was applied between the two readings.

3.5.3. Water Balance

The accuracy of ETCrop predicted by the Penman-Monteith equation (Allen era!., 1998) was
tested for each season by comparing changes in total profile water content measured using the
NMM with the change in total profile water content predicted from water use and water

application. The total profile water content was calculated as:

Total profile water = 0.7*Plantline profile water + 0.3*Tape profile water.

We assumed that the ratio between the contribution of plantline and tape neutron moisture

meter measurements would be 0.7 and 0.3 respectively. The rationale was obtained from an

estimate by Ballam eta!.(2000a) who found that the maximum width of the zone wet by drip
irrigation was no more than 60 cm and thus about 33% of the soil would have a water content
unrepresented by the tape measurements. .

63.1

The predicted profile water content was calculated:

Change in profile water = Water applied + 0.7*rainfall- predicted crop water use

where 0.7 is chosen as the effective rainfall ratio for the site.
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3.5.4. Canopy Temperature (2000/200t season only)

Canopy temperature was determined using an infra-red thermometer. Readings were taken at

three times between the end of December and the middle of January. The thermometer was

held at 45' to the crop ensuring that only canopy was in the field of view and a recording

taken. In each plot five measurements were taken in two adjacentrows(ten measurements

perplottotal). Measurements commenced at 7 am on each recording date.

3.5.5. Leaf Water Potential(2000/200, season only)

A second measure of plant water deficit stress was leafwater potential. I^at water potential

was measured on the youngest, fully expanded leafoffive plants in one replicate of each

treatment using a Scholarider pressure chamber (Scholarider at o1. , 1965). Measurements

were taken starting at 7 am on 11/12/2000, 19/12/2000, 29/12/2000 and 30/12/2000. Air

temperature was recorded from the nearby weather station.

3.5.6. Plant Establishment

Plant establishment was variable in both years, so counts of plant emergence were taken to

delennine sites of average plant density for use in plant mapping and fruit counts in the

1999/2000 and 2000/2001 seasonsrespeciively. Counts of plant emergence were taken from

10 x I in row lengths in the centre 8 rows of each plot. Counts occurred in the south, centre

and north of the plots in 1999/2000, giving a total of 30 counts of plant emergence in each

plot.

e centre of the plots was selected for measurements in 1999/2000, plant density counts

were taken in the same area in the 2000/2001, and determined adequate for measurements.

3.5.7. Plant Mapping

Eight plants per plot were monitored through the season for height, number of nodes and

fruiting site development. An areaofone square meter was marked and plantsthinned to 7

perlinear metre, Two plants in the centre of the metre were marked and mapped. Ifthe

marked plant warnpped out(had its primary growing pointremoved) before the end of

December a new plant was selected as the closest nori tipped out plant of a similar size.

1999/2000season

Fruitretention and development wasrecorded as the date each of the components according

to the following criteria:
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. Square ~ date square visible (greater than 2 min diameter)

. Flower ~ daleofanthesis

. Boll~ date 2 cracks appeared in brants

. Missing ~ date of loss of fruiting structure - if at all
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Fruit was labelled as per Figure 3.3, where the first number refers to the main-stern node and
the last number refers to the position on the fruiting branch. Even though the plants were

only inspected on a weekly basis, it was possible to estimate a few days back in time
according to leaf, fruit or scar size and colour (Constable, 1991). Fruit retention was
determined as the number ofbolls harvested (see 'bon harvesting' below) divided by the

number offruinng positions formed. Once the plants were harvested they were pulled from

the ground and an assessment was made of the rootdevelopment. A score was given 10 the
roots from I for good root development to 5 for poordevelopment(MCKenzie, 1998).

3

2-1

Typical cotton plant structure and flowering intervals. Expected bloom
date (days from first bloom) over fruiting position number. Source:
Rhone Foulenc.
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Fruit Counts (2000/2001season)

The number offruinng structures was counted at weekly intervals from early December until

early March. Fruit counts were taken from 2 plants in 4 locations in each plot. Plants were
tagged, so counts were made on the same plants each week unless plants were tipped out
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before 14/1/1. In this case, an adjacent plantthat was nottipped out was used for subsequent

counts. Counts were taken from the same row used forthe 1999/2000 season plant mapping

and from areas where the plant density was 7 plants perlinear metre. The location of the

plant monitoring changed from one season to the next because the plant density varied across

the experimental plots.

Bon Harvesting

Each plantthat was mapped in both seasons was hand harvested. In the 1999/2000 season

each bollwas harvested, weighed and its position on the plant recorded. In the 2000/2001

season bolls from each plant were harvested and weighed, number ofbolls and boll weight

per plant were then recorded.

Lint yield was estimated using three techniques over the two seasons that cotton was grown.

Totalseed cotton (lint, seed and some trash) mass harvested with a cotton picker was recorded

for both seasons. Hand picking was also conducted in the 2000/2001 season. Variation in

yield across each plot wasrecorded in the 2000/2001 season with an AgLeader@ yield
monitor.

Lint Yield

The total weight of machine picked cotton of each plot was delennined using scales. The

procedure was to weigh the picker before and after it picked 8 of the 16 rows in each plot.

All the cotton picked from each treatment was placed in one module fortransport to the

cotton gin. The module was weighed beforebeing delivered to the gin, which gave a check

of the total mass of cotton harvested from each treatment. The seed cotton weights were then

multiplied by the average turnout(lint weight divided by seed cotton weight) for the field to

obtain lint yield.

Hand picking was caded out in each plot before machine picking in the 2000/2001season.

Five metres of row was picked at two locations in each plot. The areas where plant counts

and plant mapping data were recorded were within the areas that were hand picked.

The yield monitor used in the 2000/2001 season measured seed cotton flow from the picking

heads into the picker basket. This data, combined with location information recorded with a

GPS receiver allowed yield estimates to be made at 2 second intervals during machine

picking. A map produced from this data gave the pattern of yield variation across the

experimental site.
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Hand Ginning

Hand harvested samples were taken to the Australian Cotton Research Institute at Nanabri
where they were weighed, ginned individually through a saw tooth gin and the resulting lint
weighed. From each lintsample, a sub sample of 100 g wantaken and tested using both the
Zellweger UsIer HV1900 (HVl) and the Shiney Fineness Maturlty Tester 3 (anT3) to
determine length, uniforrnity, micronaire, extension, colour, colour grade, and yellowness.

3.5.8. Other Plant Measurements

Plantllelghtand Number of Nodes

Each plantthat was plant mapped (see plant mapping and fruit counts below) in both seasons
was also monitored to determine height and number of nodes. Height was defined anthe

distance from the base of the plant to the growing tip. Nodes were counted when the first

leafwas 2 cm diameter.

LeafArea Index (LAl)

LAl was measured approximately weekly from rimd December to inid March. Two samples
of one linear metre were harvested per plot. Each sample was weighed then the leafarea of a

subset detennined using a planimeter and the subset was weighed. The leafarea was then

calculated by multiplying the leafarea of the subset by the ratio of the weight of the subset to
the total sample weight.

Destructive Plant Sampling

Destructive plant harvests were conducted, at peak flower and at early boll opening. Two
samples of one linear metre were harvested per plot. Samples were weighed fresh, then
separated into leaves (less petiole) fruit(squares and bolls) and sterns. These components

were weighed fresh, dried for 48 hours at 75'C in a dehydrator then weighed dry.

Statistical analysis3.6

The majority of measurementstaken were subjected to analysis of variance using the IMP
statistical package (SAS Institute, 2000). Treatment effects are described as significant using
the 5% significance level. Comparisons between treatments were tested for significant
difference using the least significant difference (Isd) procedure.
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4 Results

4.1

41.1. Applied Water

The volume of water applied to each treatment(Figure4. I) was 273, 382, 452 and 545 mm

forthe 50%, 75%, 100% and 125% treatment respectively. Of this water, 75 min was

applied to each treatment to wetthe soil to encourage germination (Table 4.1).

1999/2000 Season
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Figure 4.1.
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11/10/99

Table 4.1

Depth of water applied through drip irrigation system in 1999/2000 at
'Bellevue' Wanen.

Applied irrigation water divided into watering up and in-crop amounts
in 1999/2000 at 'Bellevue' Wanen

50%

75

298

273

27

10/11^9

Watering up (min)

In season irrigation (mm)

Total jingation (mm)

% of total irrigation required for watering up

10/12/99

545

9/1/00

452

382

Little irrigation water was applied to the experiment in the latter halfofDecember because

substantial rain fellduring that period (Figure 4.2). Rainfallthrough the crop growing season

was erratic, with little rain falling between the large falls that occurred in December, January

26, and March.
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4.1.2. Soil Water Content

Drip tape

The profile water content next 10 the drip tape (Figure 4.3) showed little change in the wat
content of the 100% and 125% treatments through the season. There was no significant

difference between profile water content of these 2 treatments for any measurement time

through the season.

30/11^9

Rainfall and estimated crop evapotranspiration measured at Bellevue ,
Warren, in 1999/2000 season.
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Figure 4.3. Volume of waterstored in soillOcm from drip emitters and O to 90cm
depth at'Bellevue', Wanen. Bars are for 5% Isd.

Profile water content in the 75% and 50% treatments declined from late December untilthe

lustreading time, which was taken after the lastirrigation event. The 50% treatment was
drier than all of the other treatments on 8/1/2000, but prior to this date minimal differences

occurred between the 50% and 75% treatments with regards to soil water content close to the
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The 75% treatment became drier than the 100% and 125% treatments on 19/1/2000,tape.

Both the 50% and 75% treatmentsremained drier than the 100% and 125% treatments until

the end of the irrigation season

Plant line

Rainfall in December wellhe soil in the plantline of alltreatments, with peak plantline water

contents occurring coinciding with rain events over the Christmas period (Figure 4.4). The

profile water contents in the plantline in antreatments then declined rapidly until 19/1/2000,
at which pointthe rate of decline slowed. Water from the 40 min rain that fellon 25/1/2000

did not rewet the soil to a great extent in the zone measured by the neutron moisture meter.

There were no significant differences in plantline profile water contents untilthe 8/2/2000.

However, the 125% treatment was wetter than the remaining three treatments on 8/2/2000 and

19/2/2000. The difference between the 100% and 125% treatments was no longer significant

on 25/2/2000, while both the 100% and 125% treatments were wetter than the 50% treatment

on 2/3/2000.
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Table 4.2 has volumetric soilwater contents for all treatments on allsample dates.

Significance levels are given between the treatments for each of the depths. Differences in

the soil water content were detected from the firstreadings on the 2/12/1999. After the

rainfall event in late December no differences were found in the readings adjacent to the tape.

From then on to the 3/2/2000 the differences became apparent down the profile until all

depthsshowed differences between the treatments. Readingstaken in the plantline showed

the pattern of water extraction tended to be from under the plant first and then into the wetter

area of the drip tape.

Volume of waterstored in soilfrom O to 90 cm in the plantline at
'Bellevue', Wanen. Bars are for 5% Isd.
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Table 4.2.
Volumetric Soil

Water Content

(cm3/cm3) for all
tieatinents at all depths.
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4.1.3. Water Balance

Trends in the weekly water balance were observed to be similar all4 treatments until

30/12/2000 (Figure 4.5). These trends were an increase in both predicted and measured

profile water contents when rain fellbetween 14/12/2000 and 20/12/2000, followed by a
decrease in profile water content between the cessation of rain on the 30/12/1999 and the

recommencement of irrigation on the 5/1/2000.
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Figure 4.5. Comparison between changes between profile water content measured
from one Neutron Moisture Meter reading to the next and changes
predicted from water applied, rainfall and crop evapotranspiration
predicted according FAO 56 (Allen at o1. , 1998). Measurements
recorded at'Bellevue', Warren 1999/2000 season.

The balance between predicted and measured profile water contents varied between the

treatments, with the 125% treatment generally displaying a predicted profile water content

that was greater than the measured change through January and February. Conversely, the

profile water content of the 50% treatment during January and February was generally
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predicted to be less than that which was measured. It appeared that the predicted and
measured profile water contents for the 75% and 100% treatment were intermediate between
the 50% and 125% treatments and were generally similar throughoutthe measurement period.

The correlations between the measured and the predicted changes(Figure 4.6) were 1'=0,687
forthe 125% treatment and increased to 0,796 for the 100% treatment and further increased to

more than 0.82 for the remaining two treatments.
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Measured changes detennined by the change in profile water content
from one Neutron Moisture Meter reading to the next and changes
predicted from water applied, rainfalland crop evapotranspiration
predicted according FAO 56 (Allen at o1. , 1998). Measurements
recorded at 'Bellevue', Warren 1999/2000 season.
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4.1.4. Plant Establishment

Plant densities counted in each iteamientranged from I to 16 plants/in. However, the

average density in each treatment varied little. This is to be expected as treatments were not

implemented until after plant establishment. Densities calculated were 7.4 plants/in for the
50% treatment, and 7.2 plants/in forthe remaining three treatments. The variable nature of

the plantstand was reflected in the standard deviation of3 plants/in that was recorded for all
four treatments,

20
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o 100%
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A 509'0
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I^ =0796

Re = o821

I=F = 0829

4.1.5. Number of Nodes

The number of nodes was the first of the measured plant properties to show differences Iha

could be attributed to the irrigation treatments. The 50% and 75% treatments had fewer
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nodes than the 100% and 125% treatments from early December through to the end of the

season (Figure 4.7). On the 20/12/1999 the 50% treatment had 0.5 fewer nodes than the

100% treatment. The magnitude of differences between treatmentsincreased through

January when plants in the 50% treatment were the first to stop producing new nodes. The

75% treatment wasthe next one to stop producing new nodes, followed by the 100% then the

125% treatments.
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Figure 4.7. Node development at'Bellevue', Wanen. Bars are for 5% Isd.

4.1.6. Plant Height

The plant height followed a very similar pattern to the node development. However,

differences in plant height due to the treatments did riot become apparent until 29/12/1999

(Figure 4.8). The treatment receiving the most water (125%) was the highest and the

treatments that received the least water (75% and 50%) were the shortest.
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4.1.7. Leaf Area Index (LAl)

Leaf area increased between measurement times in antreatments untilthe 16/2/2000 (Figur

4.9). However the 50% and the 75% treatments tended to have a slower increase in leafare
than the 100% and 125% treatments. The differences were greatest on 16/2/2000 and

20/3/2000 where the 50% and 75% treatments had a smaller LAlthan the 100% and 125%

treatments. Leafarea remained constant between 16/2/2000 and 20/3/2000 in anthe

treatments exceptthe 75%.
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Plant height at 'Bellevue', Wanen. Bars are for 5% Isd.
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4.1.8. Destructive Plant Sampling

There were no significant differences in the dry weights of the plant components (squares,

bon, stern and leafin the destructive sampling at peak flowering (16/2/2000). However, the

weights of leaves, bolls and sterns of the 50% treatment was significantly lower than the other

treatments on 20/3/2000 (Figure 4.10). There was a consistent but nori-significanttrend for

weights of these components to be greater in the 100% treatment than both the 75% and 125%
treatments.
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Figure 4.10. Dry weights of plant components on 2 separate destructive harvests at
'Bellevue', Wanen. Bars are for 5% Isd.
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4.1.9. Plant Mapping

Plant mapping differences between treatments were evident at the top and bottom of the plant

but notin the middle. Differences between the numbers of squares were found on the ninth

node (Table4.3) where the 75% and 125% treatment had fewer fruiting positions on

position 2 than the 50% or 100% treatments. On node 9 position 3 the 125% treatment had

fewer fruiting positions than all other treatments while the 75% treatment had fewer fruiting

positions than the 50%. Higher up the plant on node 18 position 2, node 19 position 2 and

node 23 position Ithe 125% treatment produced more fruit on these sites than the 50% and

75% treatments. On node 19 position I the 100% and 125% treatment hassignificantly more

fruiting positions than the 50% and 75% treatments. On node 20 position 2 the 125%

treatment had more fruiting positions than allothertreatments.

toaves

20/3/2000

squares bolts SIene leaves squares bolts
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Table 4.3.

Fruit

Squares

Main-stern node and branch nodes showing significant differences in
the number offlowers per metre between treatments at 'Bellevue ,
Wanen in the 1999/2000 season.

Node

9

9

18

19

19

20

23

10

13

14

15

16

10

14

15

15

19

20

21

Position

2

3

2

2

2

3

3

2

3

2

Flowers

50%

7.2

7.2

05

4.3

0.2

o

o

6.5

07

0.2

2.7

3.8

6.3

o

1.6

o

o

o

o

Retention

75%

6.5

6.1

I . I

50

05

0.2

0.2

5.6

0.5

07

14

5.6

1/8

o

2.5

0.2

05

o

o

100%

7.0

6.8

14

6.3

I . I

0.2

0.2

70

2.0

0.2

2.9

5.9

12.6

o

09

I . I

I . I

0.5

02

125%

6.5

56

2.5

6.3

2.3

09

2.0

5.6

2.0

I. 4

4.5

56

11.8

07

3.4

I . I

2.0

I .5

I .5

Fruit retention percentage was determined as the number ofbolls harvested divided by the
number offruiting positions formed. Differences in the fruitretention tended to be higher up

the plant.

Isd.

0.5

I .O

I .3

I .6

07

0.5

I .5

I . I

1.4

09

2.1

1.6

09

05

1.6

1.0

1.4

09

I. 2

Table 4.4 shows the frequency of branches on the plant with none, one, two, or three mature

bons. It was rare for all positions to be filled (~I%) and no differences were found between

the treatments. It was more common for allpositions to be shed with the 50% treatment than

the 125% treatment. The second most common event was where only the first position fruit

was retained, with the 75% treatment incurring 5.9% more fruitloss on the second and third

positions than the 50% treatment. The firsttwo positions were retained in 13 to 17% of
occasions. Shedding of the first and third position fruit showed the 125% treatment lost more
fruit in these positions than the 100% treatment.

A graphical summary offruit countfor the 1999/2000 season showing average plant
characteristics for number of squares, number offlowers and percentage fruitretention is

given in Appendix 4. There were no significant differences in the boll weights between the
treatments at any of these categories.
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Table 4.4. Frequency (%) of different categories of bon survival on fruiting
branches. 'Bellevue', Warren.

Cate o 50%

All positions occupied
Only first position shed 2

Only second position shed
Only third position shed 13

Firstandsecondpositionsshed I
8First and third positions shed

Secondandthirdpositionsshed 31
43All OSitionsshed

Average bollweights and number(Table4.5)showed that the variation in weights was

restricted to the second and third branch positions. On branch position 2 the 50% and 75%

treatments had heavier boils than the remaining treatments however the 50% treatment had

fewer bolls than the 100% and 125% treatments. On position 3 the 50% and 75% treatments

the boll weights were significantly heavier than the 100% and 125% treatments. Branch

position I of the 50% treatment had fewer bolls than all other treatments. The 100%

treatment also had a greater number ofbolls than the 75% treatment.

75%

o

o

13

o

8

37

41

1009'0 125%

2

2

1417

7 11

3534

38 36
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n. S.

n. S.

n. s.

3

n. S.

4

6
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Average seed cotton weights per bon (grams) and average bon number
per metre on each branch node at'Bellevue', Wanen.

Branch 125%I007.75%50%
Position

6.396.286.186.21
4.665.155.165.642
3.413.33477453
54585143
292922232

55243

The seed cotton yield (Figure 4.10 showed that trends in seed cotton mass differences
between the treatments below the twelfth node were hard to detect. Above the twelfth node

the 50% treatment tended to have less seed cotton.

Table 4.5.

Boll
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Figure 4.11. Average seed cotton mass by main-stern node at'Bellevue', Wanen.
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Yield4.1. I0.

The 100% treatment had significantly greater yield than the 75% and 50% treatments(Figur

4.12). There was no significant difference between the yield of 75% and 125% treatments

neither was there between the 100% and 125% treatments. An aerial yield map is given in

Appendix 5.
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Figure 4.12. Cotton yield measured from picker harvested weights (assuming 38%
turnout and 227 kg/bale) 'Bellevue', Wanen. Bar is for 5% Isd for
cotton yield.
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Picture taken in Marchjust after initial defoliation.
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Cotton Quality4.1.11.

The 1999/2000 season showed some variation in commercial classing. Bales from the 75%

and 100% treatments were classed as White Middling (31) and had a discount of $21,541bale

while bales from the remaining treatments were classed as Sinct Low Middling (41) and were
discounted by $43.05 I bale. The lower quality of the 125% treatment may have been caused

by rain damage as a result of the later harvest. The 50% treatment may have had open bons
on the bush for longer than the other treatments due to the earliness of the crop, again

exposing it to the weather.

Irrigation-Water Use Efficiency4.1.12.

The decrease in water applied to the 50% Ireattnent was far greater than the decrease in yield,

so irrigation-water use efficiency (Table 4.6) of the 50% treatment was greater than the
remaining treatments. Irrigation-water use efficiency then declined substantially with
increasing irrigation water application.

Table 4.6. Irrigation-water use efficiency (balesfull) at 'Bellevue', Wanen in the
1999/2000 season.

Irrigation-water use
efficienc

50%

2.24

75%

1.87

100%

1.73

125%

1.36

Isd

0.18
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4.2

4.2. I. Applied Water

The volume of water applied to each treatment (Figure 4.13) was 465, 529, 607, and 701 mm

to the 50%, 75%, 100% and 125% treatments respectively. A substantial proportion of this

water(238 mm) was applied to wellhe seedbed to encourage germination of the crop. We

applied the initjority of the water for germination from the surface using furrow irrigation

because Battam at at. (2000) found that applying water in excess of about 20 min from the

drip line results in most of the additional water being lost as deep drainage.

2000/200, Season

800

700

~ 600

E
~ 500

CG 400
co

^
.92 300
a

< 200

125%

too%

^75%

--50%

100

Figure 4.13. Depth of water applied through drip irrigation system in 2000/2001 at
'Bellevue' Wanen.

o

1/11/00

Table 4.7

1/12/00

--.

Applied irrigation water divided into watering up and in-crop amounts
in 2000/2001 at'Bellevue' Warren

Watering up (min)

In season irrigation (mm)

Total irrigation (mm)

% of total irrigation required for watering up

3/1/2100

693

Most of the rain during the 2000/2001 season fellin October and November(Figure 4.14).

Irrigation treatments were imposed in early December, and subsequent rainfall had little

impact on the irrigation treatments

593

514
452

30/01/01 1103/01

50%

238

227

452

51

75%

238

291

514

45

100%

238

369

593

39

125%

238

463

693

34
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Figure 4.14. Rainfall and estimated crop evapotranspiration measured at Bellevue',
Wanen, in 2000/2001season

4.2.2. Soil Water Content

Drip tape

The profile water content of the 100% and 125% treatments next to the drip tape (Figure 4.15)
declined by aboutlO min from 20/11/2000 to 20/12/2000. These two treatments dried by a
further 30 mm from 20/12/2000 until4/1/2001(Figure 4.15). At this time, a decision was

made to increase the crop factor used to calculate the volume of water to be applied. The

profile water content then increased 25 min between 4/1/2001 and 24/1/2001, and remained
relatively constant forthe remainder of the season. There was no significant difference
between profile water content of the 100% and 125% treatments for any measurement time
through the season.
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Figure 4.15. Volume of waterstored in soillO cm from drip emitters and O to 90 cm
depth at'Bellevue', Wanen. Bars are for 5% Isd.
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Profile water content in the 75% and 50% treatments declined from late November 4/1/2001

and then remained relatively constant forthe remainder of the season (Figure 4.15). The

50% treatment was significantly drier than the remaining 3 treatments for readings from

4/1/2001 until 24/1/2001. From 1/2/2001 untilihe lustreading on 22/3/2001 both the 50%

and 75% treatments were drier next to the tape than both the 100% and 125% Ireaiments.

.

\

1911/01

Plant line

Profile water content in the plantline of alltreatments declined from about 195 min on

23/11/2000 to about 1/5 mm on 4/1/2001(Figure 4.16). The profile water contents in the

plantline of the 100% and 125% treatments then remained relatively constant for the

remainder of the season while the water content of the plantline of the 50% and 75%

treatments declined further to about 90 min on 23/2/2001.
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Figure 4.16 Volume of waterstored in soilfrom O to 90 cm in the plantline at
'Bellevue', Wanen. Bars are for 5% Isd.

The profile water content in the plantline of the 100% and 125% treatments was wetter than
the 50% and 75% treatments for all4 measurement times from the 14/2/2001to the end of the

season. Statistical analysis showed that the 75% treatment was wetter than the remaining 3
treatments on 10/12/2000, however it only contained 6 min more water than the 125%

treatment.
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Table4.8. Volumeti'ic
Soil Water Content

(cm'/cm ) for all
treatments at all depths.

Significance level; NS riot significant, .

significant at the 10% level, co

significani at the 5% level, ."

significant allhe I% level for
differences between treatments

Colours represent differing ringer of

soil water conieni where red is dry,

green is intermediate and blue is wet as
below

50%Irea"reni
dale delh Ianlb

23/11/2000 20 0,170
30 02,024
50 02,4024
70 gasQ24
90 023022

10/12/2000 20 00,036
30 0,4022
50 0220.24
70 0,230.23
90 0230.22

13/12/2000 20 0,090;13
30 0,160"9'
50 0220.23
70 0,230.23
90 02302S-

20/12/2000 20 @050. ,6
30 0.1t0.20
50 0,19023
70 0,220:24
90 0230

29/12/2000 20 0040. ,2
30 @.*00. 6
50 0,170.19

70 0200.22
.22 O90

4/1/2001 20 0, 0.08
30 0,090. ,4
50 0460/7
70 0,7020
90 0:2102t

11/1^001 20 OgaO"O

30 ^@090. ,S
50 0.1^.@., 7
70 0,150.17
90 0,180"9

18/1/2001 20 0.040*11
30 0,0015
50 0,5037

70 0:14 018
90 0,5036

24/1/2001 20 0'080, $
30 0,100.17
50 0.13 019

70 015.0.18
t490

1/2/2001 20 0040 e
30 0,100.19
50 0,160.20
70 0,160.18
90 0;150,6

8/2/2001 20 0,050, a
30 0.00.18
50 0.60.19
70 @., 5 017
90 0*S 015

14/2/2001 20 0,030. ,I
30 0.00 @16
50 0,460"7
70 0,450,6
90 0,140.14

23/2/2001 20 4,2014
30 @080,18
50 0.16 018
70 0.14 0.7

90 0.30,15
1/3/2001 20 0,030. t4

30 0,080;18
50 0.50. ,9

70 0,140.17
2090

22/3/2001 20 0,8015
30 0.10 018

50 0160.19
70 0,140.17
90 0.12 0.4

Red s 0.17c, n3/cm3

Green 017 100.22 cullcm3

Blue a 0.2cm3/cm3

100%75%
Iant toIanj to
0.18 0.21O. ,8 20
0.21 0240.21 0.23

02,024 0,24024
0240,24 0230g4
0,230,23 0,230^a
O, t, 0. *6 0.10 0.18

0,170,21 0,160.22
0,230. a4- 0,220,23
@234a4 o2302a
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0100. *4 0.1t0. ,5
0,160, ?a q, 160.20
0,220,23 0,22023
0.23 0.23 023024

0.220.22 0,230.23
o07 ty. t5- 0.07 018
0.18@. 20 b, t2Q21

019 0230.20 0.23

0,230.24 0,23024
0.23 0.23 24 024

005 @t4 9.05 016
@14 0.18 @40 0:19
0.70,20 0,6020
02,023 02/023
O. 0.22 0230.23

64-0, t1 @060;16
0.10 0.15 01t 018
0.60.18 q, 6018
049 0.21 0,490, ?,
0.21 0.21 0230.28
0.040, T3 0050;17

0.10 0200.40 0.18

0.15q*a 0,450"9
0,170.20 0,8020

022022O 19 0.20

0030. Ie. 0050.17
@^too, 17 0,0020
015 0.18 0,15020
0,5019 0.16 020

0.19 021

SI. Level125%
Iani to aIant I

O. 0.21 NS NS
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@^^40^* NS 00
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With regards to depth differences were found at 20 cm on the 10/12/2000 in the tape line and this
trend continued until the end of the season. In early January differences were apparent for all depths

next to the tape accept the 90 cm reading, which showed differences on the 24/1/2001. Differences
in soil water content next to the plant line were inconsistent untillater in the season. Differences
were most commonly observed in the 20 cm region and from the first of February these difference
remained until the last reading on the 22/3/2001. The background shading represents the pattern of

drying down the profile over time. The 50% tieattnent appeared to dry faster than other treatments i
both the plantline and next to the tape, Alltreatments dried significantly between the 20/12/200o
and the 4/1/2001 and tended not to regain this used water for the rest of the season.

4.2.3. Day Change.

On the 23/2/2001the profile water content was measured in the morning (after the previous days

irrigation) and again in the afternoon. The experiment was riotirrigated between these readings.
Significant differences were found at andepths (using paired 1-1ests) , particularly for measurement
made in the tape line (Table 4.9), except forthe 70 cm depth in the plantline. The difference in
profile water content during the day was 1.1 and 14.5 min forthe plantline and tape readings
respectively.
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Table 4.9. Differences between morning and afternoon readings from 64 neutron
moisture meter access tubes taken on the 23/2/2001. Profile water contentin
min, depth readings in cm'/cm' at'Bellevue' Wanen.

Depth
(cm)
20

30

50

70

90

rofile water content

20ape

30

50

70

90

Prome water content

Position

plant

7:00AM 5:00PM Difference

-0,0020,0540,056

-0,0010,1090110

-0,0010,1590160

0,0000,1510151

-0,00301350,138

-I105106

-0,0250,1400,165

-0,0220199 0,177

-0,0120,1900201

-0,00901770186

.00060,160 0,154

-14150165

4.2.4. Water Balance

Both the predicted and measured profile water contents declined in antreatments between the first 2
measurement times on 23/11/2000 and 10/12/2000 (Figure 4.17). A decrease in profile water content

was then measured in alltreatments between 13/12/2000 and 20/12/2000, but not predicted. A

further decline in soil water content was then both measured and predicted for alltreatments from

20/12/2000 until4/1/2001. The balance between predicted and measured profile water contents then

varied between the treatments in a similar pattern to that observed in the 1999/2000 season.

Generally, the profile water content of the 125% treatment predicted to change more than was

measured. Conversely, the profile water content of the 50% treatment generally changed less than

predicted.

Standard

Error

0,001

0001

0000

0,001

0001

o

0,003

0003

0002

0002

0,003

Prob < t

0,018

0,008

0005

0590

0000

o

0,000

0,000

0,000

0000

0,002

o
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The correlations between the measured and the predicted changes (Figure 4.18) were r'=0612 forthe
125% treatment and declined to 0457 forthe 100% treatment and further declined to less than 0.10

for the remaining two treatments.
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Figure 4.18. Measured against predicted changes in profile water content. Measured
changes delennined by the change in profile water content from one Neutron
Moisture Meter reading to the next and changes predicted from water applied,
rainfall and crop evapotranspiration predicted according FAO 56 (Allen eta!.,
1998). Measurements recorded at'Ballevue', Wanen 2000/2001 season.
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4.2.5. Plant Establishment

As with the 1999/2000 seasons plant densities counted in each treatment ranged from I to 13

plants/in. The average density in each treatment was also variable. Densities calculated were 5.6,
5.8, 5.5 and 7.2 plants/in forthe 50%, 75%, 100% and 125% treatments respectively. The variable

nature of the plant stand was reflected in the standard deviation of3 plants/in that was recorded for all
four treatments.
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4.2.6. Canopy Temperature and Leaf Water Potential

The range of canopy temperatures between the 4 treatments was less than I'C for all 3 measurement

times (Table 4,100. These differences were significant on 30/12/2000 and 2/11/2001. However, this

I^ = 0612

I^ = 0457

I'F = 0099

I^ =0025
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data is difficultto interpret since the differences between the temperatures between the 4 blocks were

greater than the differences between the treatments. For readings taken on 30/12/2000 the average
temperature for Block I was 26.5'C, Block 2 was 28.5'C, Block 3 was 30.1'C and Block 4 was
29.0'C. This gives a range of 3.6'C which is five times greater than the range of treatment
temperatures.

Table 4.10. Canopy temperature ('C) recorded from 7 am in drip irrigation experiment at
'Bellevue', Warren.

50% 75% 100'Date

28.1 28.3 27.730/12/2000
27.6 27.8 27.75/1/2001

34.1 341 33.72/11/2001

Leafwater potential differentiated between the treatments on two of the four measurement times
(Table 4.11). The 50% treatment had larger leafwater potential than the remaining three treatments
on 11/12/2000. The 125% treatment had significantly smaller leafwater potential than the 75%

treatment on 31/12/2001. This was a similar trend to that recorded for canopy temperature on the

same date. The leafwater potential of alltreatments on 30/12/2000 and 31/12/2000 was much nearly
double that recorded on 11/12/2000 and 19/12/2000.

Table 4.11. Leafwater potential(-MPa) recorded from 7 am in drip irrigation experiment
at 'Bellevue', Wanen.

125%

28.4

27.6
33.5

4.2.7. Number of Nodes

The number of nodes was similar for all treatments until1/2/2001(Figure 4.19). The 50% and 75%

treatments had fewer nodes than the 100% and 125% treatments for both measurement times in

February.

Date

11/12/2000
19/12/2000
29/12/2000

31/12/2000

Is. d.

0.3

nS

04

50%

1.16
1.15

2.06

2.06

75%

100

1.20

211

211

100%

1.00

1.20

1.92

186

125%

098

109

184

1.80

Is. d.

009

nS

nS

0.30
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Figure 4.19. Node development at 'Bellevue', Warren. Bars are for 5% Isd.

4.2.8. Plant Height

The measured plants continued to grow for a longer time in the 100% and 125% treatments than the
50% and 75% treatments. The 125% treatment wastaller than the 75% treatment on the 27/12/2000

and the 3/1/2000 (Figure4.20). Both the 100% and the 125% treatments were taller than the 50%

and 75% treatments for measurements taken in January and February.

5

o

30/1/100

^-. 125%

.e-100%

. 75%

^-50%

301,2100

T

1000

I

^

E
E

=
a
co
T

=
CG
D.

800

^

^

-^.. 125%

-e-100%

. 759',

^-. 50%

2911/01

600

^ 400

200

,

,

,1

Figure 4.20. Plant height at 'Bellevue', Warren. Bars are for 5% Isd.

2812/01

o

30/1/100

,

,

T T

301,2100 2911/01 2812/01



Results

4.2.9. Destructive Plant Sampling

The destructive harvest showed differences between vegetative plant parts forthe first harvest on

25/1/2001 (Figure 4.21). At this time, the 125% treatment had a greater weight of sterns than the
50% and 100% treatments, and a greater weight of leaves than all 3 treatments receiving less wat

The weight of both leaves and sterns appeared to decline between harvests on 25/1/2001 and

15/2/2001 when all4 treatments had similar weights of all 5 plant components harvested.

600

CG~' 500
Ê

^ 400
a

co 300
=
a

^

I^ 200
. 100

I

2511/01

Figure 4.21. Dry weights of plant components on 2 separate destructive harvests (25/1/2001
and 15/2/2001) at 'Bellevue', Wanen. Bars are for 5% Isd.
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Fruiting Structures4.2.10.

Squares developed at similar rates in alltreatments untilthe 3/1/2001 when the 125% treatment had
significantly more squares than the 75% and 50% treatments (Figure 4.22). On the 17/1/2001 the
50% treatment had significantly fewer squares than other treatments while on the 1/2/2001the 50%

and 75% treatments had significantly fewer squares than the 100% and 125% treatments.
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Figure 4.22. Fruiting structures recorded on drip irrigation experiment at Bellevue ,
Wanen. Bars are for 5% Isd.

Similar numbers offlowers were recorded on alitreatrnents except on the 17/1/2001 and 1/2/2001

when the 100% and 125% treatments had greater numbers offlowersthan the 50% and 75 %

treatments (Figure 4.22).

o

30/1/100
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The number offlowers recorded is smaller than all other numbers as flowers are only short lived,

existing on the plant for abouttwo days, as a consequence flowers that appear between readings are
not recorded.

Bolls appeared to initially develop at a faster rate on the 50% treatment, which had more boils than

the 75% and 100% treatments on 27/12/2000 (Figure 4.22). This trend was not evident on 3/1/2001

where there were no significant differences between the treatments.

Asthe season progressed the treatmentsreceiving more water began to accumulate more bollsthan

the treatments receiving less water. The 125% treatment had a greater number of bons than 50%,
75% and 100% on 17/1/2001. Both the 100% and 125% treatments had more bollsthan the 50%
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treaiment on 1/2/2001. These two treatments had more bollsthan the 50% and 75% treatments on

18/2/2001 and 28/3/2001.

Differences became apparent in the growth of the plants in inid January. While it was easy to

differentiate between treatments receiving adequate water and those that were underirrigated, it was

hard to differentiate between the 50% and 75% treatments and similarforthe 100% and 125%

treatments as shown in Plate 4.2.
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Plate 4.2 Photos of the experimental area, March 2001 at'Bellevue', Wanen.
Top: 75% treatment on right, 100% treatment on left.
Middle: 100% tieattnent on left, 50% treatment on right.
Bottom: 50% treatment on left, 125% treatment on right.

1259f
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Yield4.2. I I .

The 100% treatment yielded significantly more than the 50% treatment(Figure 4.23). There was no

significant difference between the yield of 75% and 125% treatments neither was there between the
100% and 125% treatments. An aerial yield map and a yield map generated from a cotton picker is

given in Appendix 5.
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Figure 4.23. Cotton yield measured from picker harvested weights (assuming 38% turnout
and 227 kg/bale) from 'Bellevue', Wanen, March 2001. Bar is for 5% Isd for
cotton yield

The decrease in water applied to the 50% treatment was far greater than the decrease in yield, so

irrigation efficiency of the 50% treatment was greater than the remaining treatments (Table 4.12).

Irrigation efficiency then declined with increasing irrigation water application.
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Table 4.12 Irrigation-water use efficiency (balesINll) at 'Bellevue', Wanen in the
2000/2001season.

Cotton Quality

Most measured cotton quality characteristics showed no significant differences. Reflectance

measurements showed the 100% (75.8 Rd) and 125% (76.0 Rd) treatments to have a greater

reflectance than the 50% (74.6 Rd) and 75% (75.1 Rd)treatments. Extension measurements the 50%

treatment(7.0%) showed greater extension capabilities (percentage of fibre length) than the 100%

(6.6%) and 125% (6.3%)treatments.

4.2. I 2.

Irrigation-water use
efficiency

50%

161

The 2000/2001 crop was classed commercially as White Middling (31) grade and received no
discounts.

75%

148

Partial budget4.3

A partial budget was calculated based on cost of water at $30 per megalitre using the average yield

and water use from both seasons. Quality deductions were nottaken into consideration. The 100%

treatment had the highest netretum (Table 4.13) both per megalitre and per hectare while the 50%

treatment had the lowest. An increase in the cost of water to $200 per megalitre would have the

100% returning the highest prices per hectare and per megalitre ($479 and $91 respectively) and the

125% returning the lowest for both parameters, $204 and $33 respectively.

100%

1.38

125%

1.20

Isd

0.13

Table 4.13 Partial budget foreach iteattnent. Irrigation water was assumed to be $30 per
megalitre. Allvalues are $1ha except for netretum per megalitre.

Average Grossreturn Variable
yield @450/bale costs

3060 22156.8

2242337575

226636458.1

2294355579

Treatment

509',

75%

1007o

125%

netreturn netretum

($/ha) ($/Ml)
229845

2491133

2611379

2031261
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5 Discussion

The following discussion will follow the following headings:

. Discussions of the relationship between yield and applied water
use of stored soil water.

crop physiological responses.

. Water useefficiency.

. Influence of the narrow wetted pattern.

. Irrigation scheduling.

. Economics.

Relationship between yield and applied water5.1

In the two seasons over which the experiment was conducted there was a large difference between

rainfall and evapotranspiration (ET). The 1999/2000 season was a wetter year than 2000/2001,

which required a larger use of irrigation water. Despite these climatic differences, the 100%

treatment achieved the highest yield in both seasons. Less yield was measured in each of the other

Ireaiments (with the exception of the 125% treatment in the 2000/2001 season), with the lowest yields

in both seasons being recorded in the 50% treatment. Whilst a lower yields were recorded forthe

50% treatment, these were disproportionate to the amount of watersaved, with 78% and 89% of the

yield obtained using 60% and 77% of the water applied to the 100% treatment forthe 1999/2000 and
2000/2001 seasons respectively. These results suggest that the reasons for this disproporiional

difference could have occurred as a result of either greater utilisation of water stored in the profile

and/or as a result of physiological changes in the plant.
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Use of stored soil moisture5.1. I.

Neutron moisture meter(NMM) accesstubes place in the plantline did not detectthe same changes in

soil water content as those located next to the tape. This led us to believe that there was a relatively

narrow wetting pattern of less than 35 cm radius associated with the drip tape, This is consistent with

the findings of Battam at a1(2000a) and with the sphere of measurement of the NMM of about15 cm

radius (Charlesworth 2000). Regardless of this narrow wetted pattern changes in soil water content

were observed in the plantline over both seasons and these changes were particularly rapid after a
rainfall event.

We found that the area outside the zone wet by the irrigation proved to be important for the crop

because it stored water that subsequently was accessed by the crop, particularly the 50% treatment,

when shortfalls in irrigation were experienced. The slower decline in plantline profile water content
in the 75% treatment than the 50% treatment in the 1999/2000 season shows that water was extracted

more rapidly from this zone in the 50% treatment. An average of 76 and 60 mm was extracted from

the area outside the wetted zone over both seasons forthe 50% and 100% treatments respectively.

When this amountis added to the total applied water the difference between the 50% and 100%

treatments is reduced to 66% and 81% forthe 1999/2000 and 2000/2001 seasons. This partly

explains the disproportion between yield and applied water.

We estimated that on average approximately 70 min was stored outside the irrigated zone and made

available to the cotton crop. We also saw in December 1999 that rainfall could replenish this water
store.

5.1.2. Crop Physiological responses

The second probable cause forthe disproportion in yield is the cotton plants response to deficit

irrigation as the modem cotton plant has been derived from xerophytic origins. In ample water

situations the cotton planttends to dedicate more of its carbohydrate load into vegetative growth and,

conversely, in declining water conditions the plant will concentrate its energies into ensuring the

survival of the species.
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In both seasons the plant height was the most sensitive of all measured plant characteristics to
moisture stress. In the 1999/2000 season the differences became significant on the 29/12/1999 while

the differences were significant on the 27/12/2000 in the following season however the 75% treatment
was the shortest on this date.

The number of nodes was an inconsistentindicator of plant water stress. It provided an early

indication of treatments effects in the 1999/2000 season when the differences became significant on

the 20/12/1999. However in the following season differences were not detected until the 1/2/2001,

six weeks later than the first season. The differences measured were significant but riot necessarily

substantial. The differences measured on the 20/12/1999 were 0.5 of a node.

Plant mapping data collected in the 1999/2000 season showed a greater number offruit was initiated
on the top of the plants in the treatments receiving the most water and, of this fruit, a higher
percentage was retained. This is consistent with the growth and development of the cotton plant.

The relatively good performance of the 50% treatment may have occurred because these plants do riot
suffer severe water deficit stress as they are irrigated each day. Cotton can adapt to gradual

development of waterstress by osmotic adjustment(Hearn and Constable, 1984). As a result, the
threshold leafwater potential at which various processes sum to respond depends on the stress history

of the crop.

The destructive harvests showed an interesting pattern of sensitivity. Samples on 25/1/2000 showed

that the 125% Ireaiment had a greater leafweightthan the remaining three treatments, but all other
measures were similar for alltreatments. Samples taken in the middle of February (16/2/2000 and

15/2/2001) showed 00 significant differences. Samples on 14/3/2001 showed that the 50% treatment

had less weight of sterns, leaves and boils. This may reflect water deficit stress in this treatment as
Hearn and Constable (1984) reported that waterstress can promote early flowering. Although most

plant parts had similar weights forthe inid February sampling in both seasons, plants supported a
much larger bollload in 2001 (500 g/in2)than in 2000 (250 g/in2). Some of this seasonal difference

may be attributed to the late establishment in the 1999/2000 season.
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Fruit counts in the 2000/2001 season found that the square production was affected by irrigation

treatments on 3/1/2001 when the 50% and 75% had fewer squares than the 125% treatment. The

50% treatment then had consistently fewer bolls than the remaining treatments. The smaller bon

number on the 50% treatment may be a reflection of the fewer fruiting sites available since there wer

fewer nodes on the 50% and 75% treatmentsthan the 100% and 125% treatments.

The boll number rather than the boil weight had the most effect on treatment differences in final yield.

Boll numbers from position I showed a similar contribution to the final yield. The heavier boll

weights on positions 2 and 3 for the treatments receiving less water is a reflection on these plants

retaining more of this fruit on the bottom of the plant and tending to hilthis fruit at the expensive of

further expansive growth.

The measured plant physiological responses to water treatments are consistent with what would be

expected in terms of carbohydrate sink. Plants with limited water would be expected to produce less

carbohydrates resulting in shorter plants with fewer nodes and shorter internode length. When the

requirement of carbohydrate for boilfilling is equal to carbohydrate production cotton plants will fill

bons already set in priority to new growth (Heam, 1994). Plants with unlimited water will tend to

grow vegetativeIy at the expense of reproductive development. These trends were observed in the

experiment and probably explain the rest of the disproportion between yield and water use.

The plantline neutron moisture meter readings and the water balance also gave some indication that

excess water applied to the 125% treatment was lost as deep drainage rather than being stored in the

profile. This indicates that a poorly managed drip irrigation system can contribute to accessions to

the water table during the growing season as well as the losses during wetting the seedbed described

above.

The plantline neutron moisture meter readings and water balance could also be used to estimate the

periods when the available water was insufficient to satisfy plant demand. This occurs when the

predicted decline in profile water contentis greater (more negative change in profile water) than the
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measured decline. This was estimated to occurthrough much of January 2000, and to a greater

extent in January 2001 when the difference was as great as 3.5 madday.

Water use efficiency5.2

The decreased water use of the 50% treatment and yield that was greater than halfofthe 100%

treatment resulted in the 50% treatment having higher water use efficiency. The 50% treatment had a

water use efficiency of the of 2.24 and 1.61 bales per Ml compared with 1.36 and 12 bales per Ml in
the 125% treatment forthe 1999/2000 and 2000/2001 seasons respectively.

The treatments receiving less water made better use of water stored in the soil, so the 50% treatment

had the highest irrigation efficiency in both seasons. The irrigation-water use efficiency declined
with increasing irrigation water from the 50% treatment to the 125% treatment in both seasons.
Tennalcoon and Milroy (2000) reported irrigation-water use efficiencies in the Macquarie Valley to be
1.3 and 1.2 bales/Mlin the 1996/1997 and 1997/1998 seasons respectively, which was similar to the

Australian average of 12 bales/Ml for both these seasons. The range of irrigation-water use
efficiencies of 12 to 2.24 balesMlrecorded in this experiment highlights that both the irrigation

system and its management can influence how efficiently the jingation water is used.

Influence of the narrow wetted pattern5.3

Observations made during this experimented highlighted the short coinings of having a lateral spacing
of two metres. Our experience was that the drip tape was too far from the plantline at this site to

allow wetting of the soil around the seed. Similar experiences have been reported elsewhere. Raine
at a1. (2000) reported that germination remains one of the biggest challenges for subsurface drip

irrigated cotton in Australia. They found that 45% of the subsurface drip irrigated cotton in Australia
relies heavily on rainfallmoisture for crop establishment. In California less than 10% of surveyed
growers used their buried drip systems to establish the crop (Burr and Styles 1994 quoted by
Charlesworth and Muirhead, 2000).
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The narrow zone wet by subsurface drip irrigation at this experimental site is also similar to that

recorded elsewhere. Thorbum et a1. (2000) reported that 1.65 unr emitters applying water for 4 hours

on the surface of soil with texture ranging from sandy loam to medium clay wet an average of 22 cm

radius and 46 cm depth. Charlesworth and Muirhead (2000) reported that they were able to wetthe

soil surface of a loam textured soil to a distance of 60 cm from buried drip tape only because of the

presence of an impenneable B-horizon which minimised deep drainage. Hanson at a1. (2000)

observed that application of 50% more water than was being used by a tomato crop for2 weeks

resulted in the soil being wet 20 cm lateralIy from the tape to a depth of 60 cm. The lateral extent of

wetting increased to 40 cm from the tape at 70 cm depth. These observations indicate that

application of excess water from subsurface drip irrigation results in water being lost to deep

drainage, and to achieve suitable subbing of the surface the water would have to be applied quicker

than it can drain through the bottom of the profile.

This process can be envisaged as subsurface flood irrigation as the surface soilis only wet up after the

soil around the tape is saturated. This results in the saturation of the deep soil, as occurs under

surface flood irrigation, combined with greater deep drainage since the irrigation event occurs over a

longer period.

The patterns of change in profile water content in the plantline and next to the drip tape provided us

with useful management insights. These patterns also support the observations above that the drip

irrigation system does riot wet the soilin the plantline, which is 50 cm from the drip tape.

We observed that the neutron moisture meter readings next to the drip tape were a more sensitive

measure of differences in profile water content between the treatments than the neutron moisture

meter readings in the plantline. Significant differences between treatment profile water contents

next to the tape were recorded alleast one month before differences between profile water content in

the plantline. The greater sensitivity of the neutron moisture meter readings next to the tape indicate

that soil water should be monitored in this region to determine whether sufficientirrigation water is

being applied rather than in the plantline.
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Monitoring of soil water content in the plantline has helped us to understand the implications of
Measurement of soil water content in the plantline is an importantirrigation management decisions.

The calculated soil water balance has allowed us to observecomponent of the soil water balance.

that the water stored in the unirrigated zone can supply water rapidly to the crop. The soil water
balance indicates that the rapid decline in plantline profile soil water after the rain events in
December 1999 and November 2001 wassimilar in magnitude to crop water use predicted by the

FAO 56 (Allen at a1. , 1998) model. This occurred because of a management decision to delay the

start ofirrigation until the crop had used some of the waterstored in the profile from the rain. The
water balance also showed that we were not applying sufficientiingation water to satisfy crop

demand in early January 2000, and again in December 2000. The plantline neutron moisture meter
measurements indicate that the deficit between irrigation and evapotranspiration was satisfied by

extracting water from the plantline, then extracting water next to the drip tape. These changes in
profile water contentindicate that we can use the soiloutside the irrigated zone as a water store that
can be accessed by the crop.

The irrigation-water use efficiency in both seasons was limited by the large amount of water needed
In the 2000/2001 season theto germinate the crop (70 mm in 1999/2000 and 238 mm in 2000/2001).

amount used to water up was more than halfofthe total water used in the 50% treatment while it
The difference in water used for wettingrepresented 40% of the water used in the 100% treatment.

the seedbed in the two seasons is similar to the 142 min difference between water applied to the 50%

and 100% treatments in the 2000/2001 season. It is clear that it would be better to use this extra

irrigation water to obtain the greater production recorded between the 50% and 100% treatments than
to use it only for crop establishment.

Irrigation Scheduling5.4

The neutron moisture meter(NMM) access tubes placed next to the drip tape allowed small changes
in the soil moisture content due to irrigation to be detected. As previously discussed the access tubes

placed in the plantline didn't detect changes in soil moisture content due to the narrow wetted area.
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The neutron moisture meter was able to detect the daily changes in soilwater content. The measured

change (averaged over antreattnents) by the plantline neutron moisture meter was 1.1 min and 14.5

mm by the neutron moisture meter readings next to the tape. Using the same ratios as used to

calculate water balance this equales to a loss of 5.5 mm from the soil profile. The crop water use for

the 100% treatment on the corresponding day (23/2/2001) was estimated as 7.5 min (6.5 mm for all

treatments).

Data collected from the NMM was analysed to determine number of tubes needed to monitorsoil

water content. The confidence interval when two access tubes are used is *15 min and :t 8.7 min

when 6 access tubes are used. The use of more tubes will result in greater accuracy.

Measurements of plant water stress in the 2000/2001 were disappointing in their capacity to

differentiate between the Ireattnents because changes in antreatments over time were greater than the

differences between the treatments. Changes in canopy temperature showed that differences betwee

the average temperature of the first and last block measured were always far greater than the

differences between treatments. Average leafwater potential of antreatments increased by

approximately 0.1 MPa/day between measurements on 19/12/2000 and 29/12/2000. Leafwater

potential readings on 30/12/2000 and 31/12/2000 were close to the limit of mild stress that maximises

the setting ofbolls within the constraintimposed by bollload (Herrn and Constable, 1984). This

indicates that the water relations at the time were close to optimum.

The leaf area index (LAl) showed significant differences on the 16/2/2000, six weeks after difference

were evident in plant height. It was determined that LAl was a poor indicator of plant water status

and the measurements were notrepeated in the subsequentseason.

In summary, there was a large variation between the time when the plant measures detected changes

in plant water status. Plant height of treatments receiving less than 100% of daily water use were

shorter than those receiving sufficient water from the last week in December. The number of nodes

was an unreliable indicator of plant waterstatus in this experiment. Plant canopy temperature and

leafwater potential varied more for alltreatments overtime than between treatments. Perhaps there
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Fruit counts showed that the 50% treatment was under stress fromis scope to refine these measures.

3/1/2001, which is the same date that differences were observed in the profile water content next to
LeafArea Index was influenced little by the irrigation treatments, and the dry matterthe drip tape.

harvests are a record of what has already occurred. It was found that the usefulness of plant measure

as a guide to water status for scheduling is limited by the lack of threshold values as experienced by
Ayars at a1. (1992).

In Australia most drip cotton growers, 57% (Raine at a1. , 2000), use a combination of methods to
schedule irrigation that include soil moisture measurements, plantindicators and climatic data. Our
findings would indicate that climatic data can be used 10 predict crop water use and becomes a robust
scheduling tool when combined with soil water content, which can then be used to adjustthe crop
factor. Plantindicators were found to be less reliable because differences were inconsistent between

seasons, differences took longer to become apparentthan soilwater content and the magnitude o t e
differences was relatively small.

However crop water use was underestimated in both seasons in the growth developmentstage. The
amount under-estimated was in the order of 0.5 min per day which equates to a relatively small

change in the crop coefficient. The scheduling of irrigations with evapotranspiration data and the
crop coefficient derived from Allen at a1(1998) was a useful guide but must be supported by an
independent measure such as soil water content.

Yield and economics.5.5

Yield is the greatest contributor to land productivity in the Australian cotton industry (Thornpson and
Boyce, 2001), this also proved to be the case in this experiment. The 100% treatment yielded more
than the 50% treatment in both seasons. However, the lowest yielding 50% Ireainieniin this

experiment yielded more than the average forthe Macquarie Valley which was 6 bales/ha in the
1999/2000 season (Dowling, 2000) and 7.1 bales/ha in the 2000/2001 season (Dowling, 2001). The
100% treatment had the highest returns both per hectare and per megalitre. Over-irrigation of the

crop resulted in lower returns because of the use of extra water withoutincrease in yield. Under
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jingating resulted in lower returns due to lower yields. The water savings were not substantial

enough to offsetlower yields.

Improvements in yield could possibly be achieved by addressing two areas, firstly by improving the

uniformity of the plant stand. The establishment of a satisfactory stand was difficult in both seasons

with a range of I to 16 and I to 13 plants per meter being recorded in the 1999/2000 and 2000/2001

seasons respectively. This variation was reflected in the yield mapping. Improvement in the

achieved plant stand could be achieved by an alternative irrigation system such as overhead sprinklers

or by having a lateral spacing for the drip tape of I metre. The second way in which yield could be

improved would be to address the under irrigation of the crop in the early part of the season. This

could be achieved by the refinement in the crop factor, some of which has already been achieved as a

result of the findings of this experiment.

Fibre quality measured in the 2000/2001 season displayed differences only between the extension and

reflectance characteristics; however these differences proved not to be substantial and were not

converted into quality differences measured on the resulting bales as no differences were found in the

commercial classing (UsDA standard). Differences in commercial classing in the 1999/2000 season

were probably due to climatic rather than treatment effects as a result of a delayed harvest due to rain.
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6 Conclusions

The amounts of jingation predicted using the recommendations of FAO 56 (Allen at a1. 1998) under
supplied crop water demands in the crop development stage, however, supplied sufficient water to
satisfy crop evapotranspiraiion in the flowering and yield fonnation stages in two seasons with
differing temperature regimes.

Excess water applied to the 125% treatment appeared to be lost as deep drainage at this site rather
than being stored in the profile.

The neutron probe is sensitive to small changes in soil water content and therefore may be a useful
tool for scheduling irrigations on drip irrigated cotton.

Soil water stored outside the irrigated zone appeared to be used rapidly by the plants to satisfy

shortfallbetween irrigation and evapotranspiration. We also saw that this soil water store was

replenished by rainfall. Delaying the start of irrigation after rainfall caused a rapid decline in this soil
waterstore under our management regime.

Under-irrigating cotton plants reduced the plant height, number of nodes, leaf area and boll number
however ovenrrigating did not result in a significantincrease in these measured plant components.

The most responsive indicators of water available to the plant were plant height(until inid January
when the crop stopped producing new nodes) and profile water content next to the tape.

We found that gradual development of water stress (by underirrigating daily) allowed cotton plants to
make osmotic adjustmentsthat allowed the 50% treatment to yield only 17% lessthan the 100%
treatinent despite only receiving 31% less water.

Subsurface drip irrigation is an inefficient method of wetting the seedbed and establishing the crop.
This is a major limitation to our aim of growing high yielding crops with as little water as possible
using drip irrigation.
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We found that the irrigation efficiency was limited in both seasons by the large amount of water

required to germinate the crop (27% of water applied to the 100% treatment). It is clear that it would

be better 10 use this extra irrigation water to obtain the greater production recorded between the 50%

and 100% treatments than to use it only for crop establishment.
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Irrigate daily based on estimated crop water use for previous day.

Place soil moisture monitoring devices next to the tape, and monitor water status in the plantline less

intensive Iy. It is important to monitor water status in the plantline up to start of irrigation, after rain,
and weekly through the season untilthe soil dries to wilting point.

Recommendations

To get meaningful results from the neutron moisture meter take readings at a similar time of day. As
evapoti'anspiralion rates vary through the day, lake readings at dawn and plan to irrigate on
completion. This will give a reading when the soilis alits lowest water content and will have given
the soil water time to equalize.

The number of neutron moisture meter access tubes and the confidence interval is listed in Table 7.1.

Table 7.1. Number of access tubes required to obtain different confidence intervals.

Plant height can be used to monitor cotton gowth rate until rind January (peak flowering).

Tube number Confidence interval(mm)
^ 152

* 12.23
^ 10.64

t 9.55

t876

A method of reliably establishing cotton crops grown on subsurface drip irrigation is needed before

this irrigation system can be widely used. Further research is needed on this topic

The use of water from under the plantline while ample waterseems to be in existence around the tape

would suggest that waterlogging may be occurring. Further research is needed on this topic.
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Appendices

Appendix 2 Apparent Conductivity ofEM38 Survey of drip irrigated fields at
'Bellevue', Warren.

Experimental site was selected for its relative uniformity based on EM readings. EM readings were

collected by NSW Agriculture.
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Appendices

Appendix 4 Fruitcount and bondata summaries from the 1999/2000 season.
Fruit countsummaries from the 1999/2000 season showing average plant characteristics for
number of squares, number offlowers and percentage fruitsurvival.
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Appendices

Average boil numbers and bon weights by branch node position (position I, 2 and3)
and main-stern node at'Bellevue', Women.
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Appendices

Appendix5 Cottonyieldmaps.

Aerial yield image of experimental area, March 2000. Scale is unknown accept that red

colours indicate higher yield and blue lower yield.
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Appendices

Aerial yield image of experimental area, March 2002. Scale is unknown accept that red
colours indicate higher yield and blue lower yield.
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Appendices

Estimated yield (2001 harvest) from an Ag Leader yield monitor installed in a cotton picker.

Yield monitor has presumed that bales weigh 227 kg and lint out-turn from the cotton gin is

38%.
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Appendices

Appendix6 Abbreviations

AWC Available Water Content

ET Evapotranspiration

ETCrop Crop Evapotranspiration

FDR Frequency Domain Reflection

Kc Crop Factor

LAl LeafArea Index

Lsd Least significant difference

LWP LeafWaterPotential

NMM Neutron Moisture Meter

NS Not Significant

PAWC Plant Available Water Content

RAW Readily Available Water

SDl Sub-surface Drip irrigation
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