EARLY WATER STRESS ON GROWTH, DEVELOPMENT AND
YIELD OF HIGH RETENTION COTTON

By

MARCELO JAVIER PAYTAS

Agricultural Engineer

Universidad Nacional del Nordeste. Argentina

A thesis submitted for the degree of Doctor of Philosophy at
The University of Queensland in December 2009.

School of Land, Crop and Food Sciences



Declaration of originality

This thesis is composed of my original work, andtams no material previously
published or written by another person except widere reference has been made in the text. |
have clearly stated the contribution by otherstotjy-authored works that | have included in my
thesis.

| have clearly stated the contribution of othersny thesis as a whole, including
statistical assistance, survey design, data asalgginificant technical procedures, professional
editorial advice, and any other original researdnkaused or reported in my thesis. The content
of my thesis is the result of work | have carriad since the commencement of my research
higher degree candidature and does not includéstamntial part of work that has been submitted
to qualify for the award of any other degree orlahpa in any university or other tertiary
institution. | have clearly stated which parts of thesis, if any, have been submitted to qualify
for another award.

| acknowledge that an electronic copy of my thesist be lodged with the University
Library and, subject to the General Award RuleFloé University of Queensland, immediately
made available for research and study in accordaithehe Copyright Act 1968.

| acknowledge that copyright of all material contd in my thesis resides with the

copyright holder(s) of that material.

Marcelo Paytas



Published work by the author incorporated into thethesis

Paytas, M., Yeates, S. Fukai, S. and L. Huang (R@&&rly production of biomass in high
retention cotton. In; Proceeding for Th&Vorld Cotton Research Conference-4September

2007 Lubbock, Texas, USA http://wcrc.confex.comm2007.

Paytas, M; Yeates, S; Fukai, S; Huang, L. (20B8gct of early moisture deficit on growth,
development and yield in high retention BT cottonlIn: 14th Australian Agronomy Society
Conference in Adelaide (South Australia) September 2008.

http://www.agronomy.org.au/events/2008

Paytas, M; Yeates, S; Fukai, S; Huang, L. (200@)dulation of Pre-flowering vegetative
biomass by water and nitrogen supply to enhance asslates supply for high fruit retention
of BT cotton. In: CRC Science Cotton Forumin Narrabri (Australian Cotton Institute), New

South Wales, Australia. October 2008. http://wwwtaacrc.org.au

Paytas, M; Yeates, S; Fukai, S (208sponses of high retention cotton to enhanced pre-
flowering vegetative biomassin: CRC Science Cotton Forumin Narrabri (Australian Cotton

Institute), New South Wales, Australia. August 200@p://www.cottoncrc.org.au

Paytas, M, Fukai, S and Yeates, S (20B8gct of early water stress and flower bud removia
on growth and development of high retention cottonin: InterDrought-Ill Conference in

Shanghai, China. October 2009. http://www.interdtdlorg



Acknowledgements

| wish to express my sincere and deep gratitudeygrincipal advisor, Professor Shu Fukai of
the School of Land, Crop and Food Sciences, Uniyerd Queensland, Australia for his

supervision and guidance in the conduct of thearebethat is the basis of this thesis. | will
always remember his dedication, encouragement alpd hgratefully acknowledge the support
and invaluable technical advice of my second supenMr. Stephen Yeates from CSIRO, Plant

Industry, Australia.

My studies at the University of Queensland were enaalssible by a scholarship and study leave
provided by Instituto Nacional de Tecnologia Agroparia (INTA) from Argentina. My
acknowledgement to them and especially to Agr. EHuduardo Delssin for his encouragement
and support. This research was also funded by fo@atchment Communities (CRC),

Australian Government. | gratefully acknowledgeitisepport.

| sincerely acknowledge the assistance, help amstamding dedication with my field work of
Mr. Todd Eadie and his team at the Field ReseatatioB at Gatton campus at the University of
Queensland. | would also like to thank Ms. JaquitciMll for her helpful assistance and support
throughout the study. I also would like to thankbwoJohn Schiller, Dr. Longbin Huang and Dr.
Jaya Basnayake from the School of Land, Crop andd FSciences at the University of

Queensland, for their support and help during #r@p of my research.

| thank to the staff of the Australian Cotton Reshalnstitute in Narrabri, New South Wales.
Thanks to Jenny Roberts with field experiments. nkisato the researchers of CSIRO Plant

Industry for their advice and comments on my wapecially to Dr. Lewis Wilson and Dr.



Michael Bange. Also, thanks to The Queensland Depart of Primary Industries (DPI),

Toowomba for their help with the analysis of filopeality.

| want to thank Steve Wright and his team from theversity of California in the San Joaquin
Valley, USA and Dr. Oner Cetin and his team at ®idhiversity and The Agricultural Research
Institute, Turkey for also sharing their experierased warming welcome in my visit there.
Special thanks to the Graduate School at The Usityeof Queensland for providing me a travel

grant aimed to improve the quality of the research.

| wish to express my gratitude to all my friendatthmet in these few years in Australia for their
company, support and friendship, becoming my teamgofamily. Special thanks to Ms. Judy

Parra for her continuos support and encouragement.

Finally and extremely important, 1 want to thanky family back home for their unwavering
support and encouragement. Special thanks to mpendflalvina and father Roberto for their
continued moral support and encouragement. Spiheiaks to my siblings Rosana and Jorge for

their encouragement and friendship.

This thesis is dedicated to my lovely sister Rosaf@® always inspired me to pursue new

challenges in life.



Abstract

The Bollgard Il cotton varieties, which contain two genes from Bacillus thuringiensis var
kurstaki (Bt) that express proteins toxic to Helicoverpa spp. were recently released in Australia,
and they have increased insect protection compared with conventional (non-Bt) varieties with
similar genetic backgrounds. Irrigation programs in Australia have been tailored to the lower
retention conventional varieties and incorporated a long period of water stress until squaring,
followed by full irrigation during the reproductive stage. This management, while proven for low
retention conventional varieties may not produce sufficient early biomass to support the higher
boll load due to high retention in Bt varieties and may limit their yield potential due to a high

competition for assimilates between organs under water stress.

This thesis aimed to understand the differences in growth, development and yield of different
levels of water availability at pre-flowering in high retention cotton. To achieve this general
objective, eight field experiments, seven at Gatton in southeast Queensland and one at Narrabri,
New South Wales, were conducted in three seasons (2006/07, 2007/08 and 2008/09). Four of
them (Exp. 1, 2, 3 and 4) compared the effects of pre-flowering soil water deficits on fruit
retention, boll distribution and yield, and quantify differences on biomass growth, partitioning
and phenological development. In four experiments (4, 5, 6 and 7), the effect of early water
availability was examined for high and low fruit retention cases (the latter achieved by flower
buds removal), and responses on the dynamics of fruit sink development and assimilate supply
were studied. A single Experiment (8) at Narrabri, NSW was conducted to study the responses of

pre-flowering irrigation management under under furrow irrigation. The effects of water



treatments were examined using rainout shelters or plastic cover of inter-row space for

designated time period in all the experiments.

Even modest early soil water deficits affected lint and components of yield in high retention
cotton. Increased pre-flowering water availability impacted significantly on the crop, increasing
retention of boll load, with changes in boll distribution on lateral and vertical fruits positions,
and increased in final yield. The number of reproductive organs was negatively related to
duration and severity of the stress period. Early water stress hastened plant development and
reduced boll number, as a result of reduced fruiting sites. Irrigation at pre flowering extended
the time to cut out and maturity as the result of higher biomass at pre-flowering that could

support a greater number of reproductive organs.

The number of fruiting sites increased under irrigated conditions (high availability of resources),
mainly in first position on fruiting branches and concentrated in the middle and upper part of the
canopy. The absolute number of flower buds and bolls, and the percentage of fruit retention were
higher in irrigated compared with stress treatments in high retention cotton. Without flower
removal (Bt), the effect of early water stress reduced seed cotton yield by about 20%, however
with flower removal (conventional) the reduction of yield was 5-8%. This suggests that early
irrigation increased the supply of assimilates (before flowering) which was important for the
high retention cotton, whereas plants can be stressed during early stages in conventional cotton
varieties (low retention) where source-supply is relatively large and can tolerate early water

stress compared with stressed Bt cotton.
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The artificial canopy opening to exposure to higher light showed that the period of exposure of
42 days after flowering and until the end of the crop, increased vegetative dry matter production,
boll dry matter and TDM, and fruit retention in second position on fruiting branches by 13-15%
and total fruit retention by 10%, with a much larger number of fruits retained in the lower part of
the plant thus increased significantly final seed cotton yield compared with control (no canopy
exposure). This result indicates that high retention cotton has a capacity to respond to increased

source supply even after flowering.

These observations show the advantages of early water availability in high retention cotton in
order to improve final lint yield, and support the general hypothesis that insufficient early
growth, produced under soil water deficits at pre-flowering, reduces the assimilates supply to a

higher boll demand in high retention cotton.
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Chapter 1 Introduction

Cotton is grown as an annual crop, but has a xgtaplwoody perennial nature (Hearn, 1980).
More than 90% of the world’s cultivated cotton dehf two speciesGossypium hirsutum

(upland cotton) an@ossypium barbadense (Pima or extra-long staple cotton) (Heitholt, 1899

Cotton production forms one of the world’s most ortpnt agricultural cash production systems.
The lint is universally used as a textile raw materwhile cottonseed is the second most
important source of vegetable oil; further, coteet cake is a rich source of quality protein for

incorporation in animal feeds (Eisa, 1994).

Cotton production, like most major agricultural gspis negatively impacted by moisture deficit
stress. About 53 % of world cotton production mnfrirrigated conditions, while the remainder is
produced under rainfed conditions (Hearn, 1994jn@st all production under ‘Mediterranean’
or ‘desert climates’ is from fully irrigated cropg environments, and includes almost all
production in Spain, Greece, Morocco, Israel, Egyptrkey, Syria, China, India, Pakistan and
the Central Asian Republics, together with extemsareas in the west of North and South
America (Hearn, 1994). In tropical and subtropisainmer rainfall zones, including much of
Sub-Sahara, Africa, Central and South America,ocott more commonly grown under rainfed

conditions (Hearn, 1994).

Australia is responsible for about 12% of the waricbtton production, and is the third largest
exporter of cotton fibre. Seventy per cent of Aalsiin’s cotton is grown in the state of New
South Wales, with the remainder being producedéstate of Queensland (Fig. 1.1) (CRDC,
2005), in an area that extends from Emerald in Qslead to Hay in New South Wales (Fitt,
1994). Less than 20% of the Australian cotton dasogrown under rainfed conditions (CRDC,

2005). Over the last 30 years, the Australian coibalustry has grown dramatically, from 45,000



tonne in the 1970's to 600,000 tonne in the 2000@ver the same period, average yield
increased by 1.8% per year (Constable, 2004), atgfilg the adoption of new higher yielding

varieties and more intensive cotton cropping pcasti Cotton yields currently being achieved in
Australia of up to 1,700 kg/ha of lint, are the egt from intensive production systems in the

world (Constable, 2004).
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Figure 1.1 Cotton growing regions of Australia (Cotton Research and Development Corporation,
Australian Government, 2005)

Cotton is attacked by a range of insect pests,ntbset significant of which is the larvae of
Helicoverpa spp (Fitt and Wilson, 2000). These larvae feedhendeveloping fruit (flower buds
or squares and bolls), causing them to be shedrétheed fruit retention, especially early in the
growing season, delays cut-out, the point at wkiehboll load (sink) is sufficiently high for the
demand of assimilates for fruit development to é@qssimilate supply from photosysnthesis

(source), and at which point the plant ceases ttadditional bolls (Hearn, 1972; Hearn, 1994).



Cotton is one of many crops that have been getigticendified to increase their performance
with respect to weed, insect pest and diseaseatptite modifications being aimed on improved
tolerance of pests and diseases, together withrbeéted control, and thereby reduce the need for
application of synthetic pesticides and herbicig€snstable, 1998). The Bollgard Il cotton
varieties containing two genes froBacillus thuringiensis var kurstaki (Bt) that have proteins
toxic to Helicoverpa spp., were released in Australia in 2005. TheskgBrd Il varieties have
increased insect protection when compared with eotenal (non-Bt) varieties with similar
genetic backgrounds, resulting in higher earlytfratention and boll load, together with faster
accumulation of boll weight, while having a loweaf area than their conventional equivalents

(Yeates et al., 2006).

The higher sink demand of the smaller Bollgarddtten plants has lead to early cut-out and
lower yields of these high retention varieties, wltempared with the equivalent conventional
varieties (lower retention), when grown using ttiatial irrigation management practices. The
irrigation programs in Australia have been tailotedhe lower retention conventional varieties,
and incorporate a long period of water stress timiltime of squaring, followed by full irrigation
during the reproductive phase. This form of irrigatmanagement, while proven suitable for the
low retention conventional varieties, may not proglsufficient early biomass to support the
higher boll load resulting from high fruit retentiof the Bollgard Il varieties, and may limit
yield potential due to high competition for assat#ls among organs. Therefore, to achieve the
higher yield potential of the genetically modifiedrieties, changes in some aspects of crop
management, such as pre-flowering water regimesd rte be investigated to ensure the

sustainability and high productivity of cotton prmtion systems.



The primary objective of the study reported in tthesis, was to investigate options for pre-
flowering irrigation as a production practice ingialian systems, that is aimed to assist with the
development of a larger canopy during the earlgestaof growth, in support of a higher rate of

fruit retention in Bt cotton.
The specific objectives of the study were to:

1) Compare the effects of pre-flowering soil wadkeficits on fruit retention, boll distribution and

yield in high retention cotton (Chapter 3).

i) Achieve an understanding of the potential ef$eaf pre-flowering soil water deficits on high
retention cotton in relation to phenological deyai®nt, biomass production and partitioning, all

of which may influence final yield (Chapter 4).

iii) Compare the effects of early water availalilin sink development and source availability, in
high and low fruit retention (low retention beingnslated by flower removal) cotton, with

specific reference to:
(a) Dynamics of fruit development, distribution andergion, and yield (Chapter 5).
(b) Phenological stages and biomass accumulation atidgrang (Chapter 6).

Iv) Investigate the responses of early-irrigateghhietention cotton to canopy exposure to light

on growth, development and yield (Chapters 5 and 6)

V) Test the responses of pre-flowering irrigatioanagement under furrow irrigation at different

growing environment (Chapter 7).



Chapter 2 Literature Review

2.1 Introduction

The use of biotechnology for the development ohdgenic crops like cotton, has greatly
improved the productivity and sustainability of Awdian agricultural systems. The introduction
of high yielding cotton to Australian farming sysie is one of the technological advances that
have improved tolerance to pests and diseasesliaweed better control of weeds. Despite these
improvements, issues relating to water managemamglthe early stages of the crop growth,
aimed at achieving larger plants and potentiallgda source of assimilate to meet the higher
demand associated with higher fruit retention irteptally high yielding transgenic cotton
varieties, have yet to be investigated. Thererangtinterest in the Australian cotton industry in
the improvement of water use efficiency, to enstlre sustainability and profitability of

production under conditions of increased limitaida inputs such as water.

This review firstly considers the growth, developmeand physiological processes that affect
cotton yield and its components. The review thems@ers how water supply influences growth
and development of conventional cotton varietiemalfy, the review summarises what is

currently known about Bt cotton, and its respomsearly biomass production.

2.2 Growth and development

Cotton is grown as an annual crop (Hearn, 198Q} @ossipium hirsutum (upland cotton) and
G. barbadense (Pima cotton) accounting for more than 90% of wWald’s cultivated cotton

crops (Heitholt, 1999a).



Modern cotton varieties are indeterminate, with etave and reproductive development
following an orderly and regular pattern. Vegetatiyrowth is characterized by the successive
development of the main stem (primary axis) nodesew node is produced every 2 to 4 days,
depending on temperature during growth (Hearn awast@ble, 1984). Axillary branches

differentiate from the main stem. At the lower ngdenonopodial branches (similar to the
primary axis) can develope, but from approximateky fifth main stem node and upward, only
sympodial branches develop (Heitholt, 1999b). Higitsites are produced at regular intervals,

about every 5 to 6 days, along the fruiting brafitearn, 1994).

Cotton’s phenological development is controlledhanily by temperature, as modern varieties
are photoperiod insensitive (Lee, 1984). Both e of branch development (monopodial and
sympodial branches) and fruit development are ofiatt by temperature (Hearn, 1992).
Temperature summations (degree-days) are commaag to predict the development of the
crop during the growing season. Constable (1976ykwwg with cotton over three seasons in
Australia (1972-1975), quantified the heat unit swations or Growing Degree Days (GDD), and
demonstrated their ability to predict the lengthtled development phases. Constable and Shaw
(1988) found that about 505 degree-days are nagetsseeach first square, 777 degree-days first
flower, and 1527 degree-days first open boll, ia #ustralian cotton growing environments.
GDD was considerably less variable than days, idipting phenological development in
Australia, particularly for the growth phase, plagtto squaring (Constable and Shaw, 1988).
However greater variability was found for prediasoof the reproductive stage. The base

temperature used in this methodology wa%C12



The reproductive stage starts with the formatiorsgfiares, followed by flowers. About 830
degree days produce peak vegetative growth, julirdehe first flower. Peak dry weight
production is reached at about 1000 degree dagstl\shafter first flower (Kerby, 1986). When
boll growth requirements equal the carbohydratedpecton of leaves, cut-out will occur. In
unstressed plants, cut-out occurs when NAWF (nuroberodes above the highest fiosition

white flower) is 4.5. NAWF is defined as the numlzdérnodes from a first position flower

(counted as zero) when moving towards the ternah#ie plant (Kerby, 1986).

During vegetative growth, production of carbohydsathrough photosynthesis increases. As the
plant continues growing, the demand for carbohgdrdiy different organs in the plant also
increases. In this way a balance is achieved l@twarbohydrate supply and demand. The time
of maturity is determined by the capacity of thét@o plant to continue the production of new
vegetative organs relative to the demands of thgodective organs (Hearn, 1994). The
assimilate supply by the leaves is the primaryrmdgteant of yield and essential for the support of
vegetative and reproductive growth. Radiationrogption by the canopy is therefore a major

determinant of crop growth and yield (Monteith, IR7

2.3 Yield and components of yield

The primary harvest product for cotton is lint eththan seed, but because of the close
association between lint and seed biomass, withst#esl epidermis supporting fiber growth,
some researchers support the concept of seed ¢ntiorass to refer to cotton yield, while others
refer only to cotton lint yield. Most definitiortd yield are related to the number of cotton bolls
(Pettigrew, 1994) and the amount of lint per bblé&rn and Constable, 1984). Yield can be also

defined as the product of total aerial biomass thedoercentage of that biomass that is lint (this

7



is called the harvest index), with increasing yile&ing associated with increased partitioning of

the biomass to the fruit (Meredith and Wells, 1989)

2.3.1 Nutritional and hormonal hypothesis

The number of bolls is directly affected by thedvmame between assimilates supply and demand
during the growing season of the crop (Bange arldoly]i2000), as well as by other factors such
as temperature. The balance of assimilates al@ilabboll production basically determines lint
yield (Hearn, 1972; Hearn, 1994). This approaclkxplained by the nutritional hypothesis in

conjunction with the hormonal balance within th&t@o plant.

The nutritional hypothesis in combination with hamal influences plays an important role on

the changes in growth patterns during the cottdogeny, with a negative correlation between
vegetative and reproductive growth (Guinn, 1986g#tative production on the main stem and
reproductive branches, can continue indefinitelgarfavourable conditions because the cotton
plant is indeterminate with no morphological limd its size and development (Hearn and
Constable, 1984). However, due to the demand enmebource supply by reproductive organs,
the plant eventually stops producing new leavesfanting branches at a time which is called

‘cut-out’ (Hearn, 1994).

The hormonal hypothesis refers to the balance letvaexins produced by the plant, and auxins
inhibitors produced by the developing bolls whielgulate the retention of fruit in cotton when
fruit shedding is not determined by assimilatespbup demand relationship (Eaton and Rigler,

1945). Guinn (1998) also found that a balance betwermones can affect growth during the



reproductive stages, with fruit retention beingeaféd by growth promoting substances such as

auxins and gibberellins.

Guinn (1998) concluded that the nutritional andnmamal theories are not contradictory or
mutually exclusive. Consistent with this, much rd@cevork has integrated these hypotheses,
supporting the concept that assimilate supplyespiimary regulator, with hormones playing an
important role in the whole system, determining tinge of cut-out and fruit shedding (Guinn,

1998; Mauney, 1986).

2.3.2 Flower bud production and shedding

Once the reproductive phase of growth has beeatdt with the development of flower buds or
squares, a number of factors can potentially affeet processes that determine flower bud
number and boll retention which, in turn, can hawgnificant impact on lint yield (Guinn et al.,
1981; Heitholt et al., 1992). About 400 degree daging a 12 degree base, are necessary for the

square to reach anthesis (Constable, 1991).

During the squaring stage, it is more likely thaiadl flower buds will be shed, rather than larger
and fully expanded squares, especially during émediays before anthesis. Shedding during the
early stages of squaring can be explained by twasipte and conflicting hypotheses (Heitholt,
1999a). The first assumes that shedding of smakrss is strictly due to biotic stresses such as
that caused by insect damage, rather than beindadpbysiological causes. This hypothesis is
supported by the assumption that small squaresresgismall assimilates supply, which is not a

resource limitation during this early stage of depment. The second hypothesis assumes that



physiological, abiotic (Ungar et al., 1989) or mattresses (Sadras, 1996) can cause the shedding

of small flower buds.

Constable (1981) concluded that older squares laneefs are less likely to be shed, as up to
50% of their assimilate requirement can be producech the bracts of the flower buds. A

similar conclusion was drawn for bolls older th&nhdhys.

2.3.3 Boll retention, distribution and yield

Boll retention and distribution within a plant play important role in determining final yield,

and is linked to the allocation of assimilates et during vegetative growth by the plant. If
the availability of assimilates is adequate to supthe developing bolls, then the bolls will be
retained (Constable, 1991; Jenkins et al., 199€aKids et al., 1990b). However, if the demand
from growing bolls exceeds the assimilates suply,retention of bolls will decline as a result
of an increase in the number of boll abortions bedsling (Guinn, 1998; Mason, 1922).

Nevertheless, the retention or otherwise of frugsultimately dependant on a number of
physiological factors of greater complexity thare teimple relationship between assimilates

supply and demand (Constable, 1991; Jenkins et380a; Jenkins et al., 1990Db).

At the stage of boll development, hormonal conegiins and factors involving assimilate
supply are important, and can affect fruit retemtfplearn and Constable, 1984). Depending of
the cultivar and growing conditions, the boll camgy capacity of the crop can be calculated as a
function of photosynthetic capacity of the crop dnel potential growth rate of the fruits (Hearn,
1994). Studies by Hearn (1984) estimated the wayrgapacity of conventional cotton varieties

to be about 100 fruit per meter of plant row.

10



The boll distribution within a plant is an importadeterminant of final yield. Under favourable
environmental conditions, the first fruiting positi of a fruiting branch produces the largest fruit
in terms of size and number (Heitholt and Schmi®94), while also having a significantly
greater impact on final yield than other fruitingsitions within the plant (Jenkins et al., 1990a).
Kerby (1981) also found that bolls retained in flist position (position 1) reduced the fruit
retention in position 2, resulting in a higher nwenlof bolls being retained and more fruits in
position 1 than for position 2. Jenkins (1990b)rfd that 70% of the total yield was produced
from the first position on the fruiting branchestbé plant. Boll size is generally largest in the
first position on the fruiting branches in the mel@art of the canopy of the plant (Jenkins et al.,
1990a; Jenkins et al., 1990b). Consistent with this largest component of leaf area of the plant
develops in about the same part of the canopyeasing the proportion of assimilates supplied
to fruit, while on the other hand leaves on lowartf the canopy export a greater part of their

assimilates to the development of the root system.

The first fruiting position has a competitive adisge for assimilates over other fruiting
positions (Constable and Rawson, 1980b; Wullschlagd Oosterhuis, 1990a; Wullschleger and
Oosterhuis, 1990b). Bolls on the first positioradfuiting branch are higher sinks of assimilates
close to the main stem with older leaves, compagid those further out on the branch (Kerby
and Buxton, 1981). The solar radiation that carinercepted is also different throughout the
canopy, so the production of assimilates and coitigetfor these assimilates also differs. The
older leaves on the main stem and the subtendafghieve an advantage of being less shaded
from leaves higher in the canopy (Constable and€®aw1980b) than leaves on second and third
positions which develop later with less competitagdvantage for accessing assimilates (Kerby

and Buxton, 1981; Wullschleger and Oosterhuis, b99@ullschleger and Oosterhuis, 1990c).
11



Compared with non-Bt cultivars, Bt cultivar hasheder vegetative cycle and higher early fruit
retention rate for the first and second positioms fauiting branches when availability of

resources is favourable (Ahuja, 2006; Hofs et24106).

Crops grown under higher solar radiation have adrighotosynthetic capability and assimilate
more carbonthan those growing at lower solar radiation (Ratte et al., 1977). Environments
with lower radiation levels (e.g. cloudy days) dadirectly affect the production of assimilate,
with resulting reductions in both yield and fibreiadjity (Pettigrew, 1994). Guinn (1974)
concluded from studies under controlled environ@lecdnditions that, under low solar radiation,
young bolls were more likely to be shed immediatilg to reduced photosynthetic activity and
hormonal action. Constable (1981) also concluded the shedding of young bolls happens
when the radiation levels decreased; even thoughpllint had enough assimilates to support

growing bolls.

Many studies have been undertaken of the impacharfifications of canopy configuration to

test whether the amount of radiation interceptegraves crop performance. Brown (1971) found
increases in the shedding of squares and young imo#xperiments using narrower row spacing
and higher plant population, due to a lower lighk fdensity in the lower part of the canopy. A
similar situation develops within the canopy as ¢hep grows, with newer leaves higher in the
canopy shading older leaves. The net effect isttieblder leaves may intercept lower levels of
radiation, thereby reducing assimilate productiod aupply for growing bolls (Constable and

Rawson, 1980a; Constable and Rawson, 1980b).

12



2.3.4 Fruit shedding and compensation

Cotton yield can be affected by the shedding at,ftbe magnitude and effect of which depends
on when it happens, resulting in from moderateetceee yield loss (Sadras, 1995).

Four types of compensation responses were defiyedduras (1995) based on the earlier
research findings (Brook et al., 1992b; Hearn andr® 1979; Kletter and Wallach, 1982a). One
response is passive and instantaneous, in whictefineductive structures are damaged and shed
physiologically. A second response is passive and tlependant, where the reproductive organs
are supposed to be aborted but, instead, are edttorreplace those previously damaged, causing
a net delay in fruit setting. A third response @¢sivee and instantaneous, in which resources are
partitioned to damaged organs instead of undamawgesl, increasing fruit weight but no increase
in the number of fruiting sites. A fourth is actiemd time dependent in which the loss of
reproductive organs prolongs flower bud productimereasing the rate of late flowering and
number of fruiting sites. These four responsesarther mutually exclusive or easy to separate,
but may be important from an agronomic perspecta/g. for the determination of time to

maturity) (Sadras, 1995).

Early fruit retention and growth may not be soicait in non-Bt cotton cultivars, due to cyclical

compensatory growth of vegetative biomass and iinuiesponse to early loss of fruit caused by
biotic or abiotic factors such as water deficitimsect attack (Sadras, 1996). Leaf area is one
major variable affected by fruiting loss, extendihg duration of canopy expansion and growth

(Brook et al., 1992b).
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2.4 Water relations of cotton plants
2.4.1 Influence of water supply on morphogenesis and phefogical development

Water availability is potentially one of the moshiting factors to profitable cottorGpssipium
hirsutum L.) production. Cotton appears to be well adapteth¢ production of lint under a range
of water regimes (Hearn, 1979), and is therefote tbbe grown in areas throughout the world
with variable rainfall and limited water for irrigan. However, adequate soil moisture through
the correct timing of irrigation or precipitatiorvents is essential for successful commercial

production of cotton.

When the water supply is plentiful, phenologicatelepment continues for longer, resulting in
larger plants and higher yields; when the supplingting the opposite occurs. The key
adaptation of the cotton plant is that when watgpsy starts to becoming limiting, the plant
responds and stops further morphological developragd focuses on the maturation of fruit

already set (Hearn, 1994).

Cotton plants respond to soil water deficits byuadg leaf area expansion (Constable, 1981;
Gerik et al., 1996; Hearn, 1979; Turner et al.,8)98However, this response depends on the
timing, duration and severity of the soil wateridiéf For example, in a four year study reported
by Constable (1981), it was found that leaf expamsvas affected only after 60% of available

soil moisture was depleted.

Hearn (1979) reported that in cotton the processgsendent on cell expansion, such us
expansion of leaf area and increases in plant heagk more sensitive to water deficits than

those associated with stomata closure, such ugyrahesis and transpiration. The effect of
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water stress on leaf area is to reduce the inteorewf photosynthetically active radiation
(PAR), hence canopy photosynthesis (Ball et al941%Ennahli and Earl, 2005; Turner et al.,
1986). Radiation interception is directly affectitige production of photo-assimilates by leaves
and a major determinant of crop growth and yieldoik&ith, 1976). Light penetration and
interception are important in cotton due to thdiestr fruit production taking place on the lower
branches of the plant in the bottom half of the opgn(Constable, 1986). The balance of
production of biomass directly affects the souricé-selationship and partitioning of assimilates,
thereby contributing to the timing of phenologisthges of the crop growth, such as timing to

cut-out. Generally, any reduction in biomass préidacn cotton decreases final yield.

2.4.2 Leaf area index, leaf shape and radiation intercejn

Constable (1977) investigated how both leaf areh @op growth are influenced by season,
cultivar, row space and node position within thepcicanopy, with special reference to the
growth of the boll fraction. The studies were undken in the cotton growing area in the Namoi
Valley in the state of New South Wales in Austraki#e found that, during wetter than average
growing seasons, the LAl was the highest and ise@aapidly. A positive association was
established between rapid vegetative growth ant hagnfall. During the vegetative phase, a
consistent positive association was found betwe&hand crop growth rate for LAl values of

less than 2. On the other hand, during the reptodguphase, the relationship between LAI and
CGR changed; although still positive, there weredo CGR values for a given LAl The

decreased CGR during the reproductive phase wasustid to leaf ageing, causing a decline in

photosynthesis, and a greater respiratory load.

15



Studies using okra leaf cotton cultivars have sthibgeeater production of flowers (Wells and
Meredith, 1986) and lower yield potential (Mereditt®85) than achieved with normal leaf
cultivars. It may be that the okra leaf cultivdwave insufficient LAI to support boll growth
during adverse growing conditions caused by wagdicits. However, recent Australian studies
have found the opposite with okra leaf cultivarsllé® et al. (2004) evaluated the relationship
between morphological and phenotypic charactesistsuich as leaf type and maturity, on
performance under dryland conditions, to develagebting strategies for water stress situations.
The okra leaf cultivars were higher yielding thamrmal leaf cultivars under most dryland
experimental conditions. Full season okra leafivalls had the highest water use efficiency.
Also, the strong positive association between amgdurity and lint yield suggests that the
phenological plasticity of later maturing cultivass an advantage under dryland conditions in

Australia.

Pettigrew (2004c), working with eight cotton gerpey, including an okra leaf type near-isoline
pair and transgenic lines paired with their reaurqgarents in humid southeastern USA, found
that drought stress reduced overall LAl by 35%ultesy in a 8% reduction in solar radiation
interception. Similar results were reported by &etial. (1996) from studies with two short-

season cultivars in a rain shelter-lysimeter fgcili

Increased early season light capture and growtbotton before peak flowering and the boll
filling stage, produces a larger canopy that cavige more assimilates to reproductive organs

and can, in turn, result in higher yields (Heithatlial., 1992).
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2.4.3 Boll growth and retention

It is well documented that boll retention declimd®en the boll load is high and bolls compete for
assimilates. However, after a period of limitedimgates supply, if the carbon supply is
increased through enhanced photosynthesis, the wilbpncrease boll retention (Hearn and
Daroza, 1985). Constable (1977) studied the relalipp between LAl and boll growth rate

(BGR) in different seasons and showed that a highwas required for a high early BGR.

Under stress conditions, with limited carbon ava@dain the plant, preference is given to larger
bolls, causing the smaller bolls to be shed. Whatewavailability is favourable in the early
stages of plant growth, and a large number of karksproduced, the BGR have been found to
significantly exceed CGR after 120 DAS, althougimedbolls are shed due to the limitation in
assimilates supply (Hearn, 1972, Constable, 19G1).example, Constable (1977) found a 8%

loss of bolls between 130 days and maturity inysrgrs.

Pettigrew (2004a) found differences in flower prowon with differing water relations.

Flowering was primarily affected late (after 90 DA® the growing season, with plants in
irrigated plots being found to consistently prodwsignificantly more flowers per unit ground
area than plants in the dryland plots. However,dlants in dryland plots had higher flowering

rates early in the growing season relative to glanbwn under irrigated conditions.

During the early stages of fruits growth, vegettiyowth also occurs in other parts of the plant,
resulting in competition for assimilates betweewdo bolls and upper leaves (Constable, 1977).

Moisture deficit stress affects both the final nemlof bolls and their distribution. Pettigrew
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(2004a) found that, under irrigated conditions,itdigial bolls produced are primarily located at
higher plant nodes and in more distal positionsympodial branches, resulting in higher yields

than from stressed plants.

2.4.4 Root growth

Cotton root systems are capable of penetratingdiepsh of 3m. Up to 80% of the root system of
cotton plants may be developed by flowering tinmepasing the greatest demand for excess
carbohydrates during early plant growth. Duringl lm@velopment the rate of root expansion

declines on account of competition with the batlsdssimilates (Constable, 1995).

Ball et al. (1994) studied the root growth dynamics in growtlarobers under both well watered
and stressed conditions. Under stressed conditt@sumber of growing roots was reduced to
50% of all roots, averaged across the upper andrl@anes. Cotton rooting density decreased in

a drying soil when the water content declined bedoswil water potential of -0.1MPa.

As moisture levels decrease to the wilting poim, toots have difficulty in extracting water from
the soil and plant demand cannot be satisfied. &\hilight soils the available moisture for roots
is less than 30mm, for heavier clays it is gredbem 100mm. Other factors such us soil
compaction and soil structure affect the waterlabdity at different depths. During periods of
soil water deficit, the capability of crop rootsegtract soil water is primarily dependent on the

distribution and depth of the root systems.

2.5 Physiological responses to water stress

Water is essential for plant metabolism, at bollulze and whole plant levels, directly affecting
plant growth and processes, ranging from photoggnsh to solute transportation and
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accumulation. However, plants have evolved phygickll responses, of stress avoidance or

stress tolerance, as well as ecological stratetgiempe with water deficits (Pugnaire, 1994).

2.5.1 Leaf water status

Experiments undertaken in Arkansas have shownstbrae indicators of water stress in cotton
are leaf water potential, leaf expansion and carntepyperaturgWullschleger and Oosterhuis,

1990b; Wullschleger and Oosterhuis, 1990c). Leafewgotential is reduced under drought
conditions, although the cotton plant has the tgtlidi osmotically adjust and maintain a high leaf

turgor potential (Nepomuceno et al., 1998).

Under water stress conditions, leaf water statudirdes as the result of water loss through
transpiration exceeding water uptake from the @ulyer, 1985). Pettigrew (2004b), working in

field experiments in the southeastern USA, founat tvater relations in leaves during late
flowering were altered by soil moisture treatmenike afternoon water potentials were 36%
more negative in leaves of plants grown under dg/laonditions, than the leaves of plants
grown in an irrigated environment. Turner (1986)d&td the influence of soil water deficits on
flowering, boll set and yield. In studies of timepact of water deficit stress during flowering, and
from first flower to first pick and to final pickhe predawn leaf water potential was found to
decrease to -2MPa, reducing photosynthesis andelgadnsion, affecting directly the carrying
capacity of the crop and causing a carbohydratead for boll growth. Further, in experiments
conducted on a Wasco sandy loam and a Panocheladay in the San Joaquin Valley,

California, USA, Grimes (1994) found that waterest reduced midday leaf water potential
below -1.2 MPa. It was also found that that youl Bbscission was initiated at -2.0 MPa,

while reduced boll growth was observed when théveder potential declined below -2.3 MPa.
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Water stress has been found to reduce leaf relat@ter content, leaf area and nitrate reductase
activity, while increasing stomatal resistancef lemperature and leaf proline content, in an
outdoor pot experiments, with cotton cv. SRT 1, wigeown under a rain shelter in India (Singh
and Sahay, 1992 ). Plants grown under water stresditions have been found to exhibit a
capacity to adjust to the depletion of availablié swisture through significant reductions in both

stomatal conductance and transpiration rates (Zake®93; Singh, 1992; Faver, 1996).

2.5.2 Photosynthesis

Under severe stress levels, the rate of photossisttiecreases during the middle of the day.
These changes in photosynthesis with water defiars associated with changes in leaf

conductance (Hearn, 1994; Turner et al., 1986).

In field studies conducted under dryland and itedaconditions, Pettigrew (2004b) showed that
dryland cotton leaves had 6% greater,@®change rates (CER) and 9% higher photosystem Il
(PSI) quantum efficiency, than the leaves of ateyl plants during the morning. However, the
water potential of dryland plants declined in tliiermoon, with resulting lower CER than for the

leaves of irrigated plants.

Water stress during flowering and fruit settingngigantly reduce photosynthesis and increase
photorespiration (Singh and Sahay, 1992 ; Turned.et1986). In addition, water stress reduces
canopy expansion, resulting in a canopy of oldavés with lower photosynthetic ability (Peuch

Suanzes, 1988; Rosenthal et al., 1987).
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2.6 Nitrogen and its interaction with water stress
2.6.1 Nitrogen

The importance of mineral nutrition is briefly rewed in relation to increasing final cotton yield
in sustainable systems. Joham (1986) reviewedntpertance of mineral nutrition in cotton and
developed a mainly nutrient element balance hymiheAccording to this hypothesis, plant
growth reflects mineral nutrition in two ways. Thst is ‘intensity’, which is the concentration
of nutrient elements in the plant tissues at dafferstages of crop growth. The second is
‘balance’, which refers to the relationship betwesgsential nutrient concentrations. An optimum
balance will produce a higher yield, while a ‘léehan optimum balance’ can potentially affect

yield.

Nitrogen is an essential element for plant growtd development. It is a component of many
biomolecules including proteins, nucleic acids, monacids, coenzymes, vitamins, and pigments,
as well as being essential for photosynthesis aafldevelopment. The requirement for optimal
cotton yields under different environment condifooan vary, reflecting the indeterminate
growth habit of cotton and the complexity of N d¢ggl in the soil (Gerik et al., 1998). In N
fertilizer studies by Ockerbgt al. (1993) at Emerald in Central Queensland on cracklag
soils (vertisols), LAl was found to increase lingawith crop N content, and then yield was
linearly related to LAI. N deficiency had a dird@otpact on yield through decreasing leaf area
expansion and CQassimilation capacity (Reddy et al., 2004), the nesult of which was the

production of fiber of low quality (Read et al.,G8).

Many researchers have concluded that, in additidhe adverse effects of low levels of N (Gerik

et al., 1994), higher than optimum levels of N {Betw et al., 2006) can also affect the
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performance of a cotton crop. Lower than optimurailable N levels may affect the biomass
production by reducing leaf area and photosynthedgsreasing the amount of assimilates
available for growing bolls. A reduction in N cals@lead to earlier maturity, thereby decreasing
yield. On the other hand, higher than optimum ele can delay maturity due to excessive
vegetative growth (Weir, 1996). It is therefore omjant to optimize the N application rate to

reflect the soil characteristics and crop N needs.

Low N and K supply can significantly shorten theration of boll growth by limiting leaf
photosynthesis and hence, photosynthate supplydibgrowth (Pettigrew, 1999, 2000 & 2003).
Nutrients such as P and K can significantly affessimilates and fruiting production (Joham,
1986). For all nutrients, it is important to qufnthe uptake and export from the cotton systems,
especially in high yielding crops in which the dganay limit the productivity of future crops
unless the nutrients removed are replaced (Roah@61@7). The status of N is very important in
transgenic cotton (Bt, glyphosate resistant; ohlg#nes) because of the role of N in protein
synthesis and metabolism. An alternation in thedtus can potentially affect the expression of
the transgenic trait. Rochestaral. (2006) conducted N related studies in New Southed/al
using the new transgenic variety Bollgard Il. &sponse to the application of 150 kg Ntz
anhydrous ammonia it was found that the Bollgardultivar used nutrients more efficiently (N
applied-N uptake ratio) than conventional cultivanghile the application of high levels of

nutrients did not necessarily produce greatenjiigids.

2.6.2 N-water relations

Nutrients are less mobile in a drying soil dueht® pores between soil particles being replaced by
air, and the pathway from the soil to the root acefis less direct than under saturated conditions.

A low water potential in the soil as well as iresithe plant, inhibits plant growth, reduces
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developmental activities of cells and tissues, e@ses the uptake of essential nutrient elements,
and causes a variety of morphological and biochaimmodifications (Pessarakli, 2002).
Nitrogen is one of the most widely limiting elemeribr crop production and, when plants are
subjected to water stress, N uptake and utilizadi@nlikely to be more severely affected than for
other mineral nutrient (Dubey, 2002). Plants grayin water stressed environments show
reduced N uptake. The roots affected are unakddsorb NQ due to decreased transpiration as
a result of stomata closure (Shaner and Boyer, )L1@#&ler water stress conditions, roots reduce
their uptake of nutrients from the soil due to meetli root activity and slower rates of ion
diffusion and water movement. Plant recovery spomse to irrigation is generally much faster
under conditions of high fertility than under uriiezed conditions (Garg et al., 1990; Ockerby et

al., 1993).

Fernandez (1996) evaluated cotton plant respomsésms of leaf area production and water
relations when exposed to water and N deficitsrdupre-flowering stage. Leaf water status and
leaf production were sensitive to soil water désicand showed an interaction with N deficits.
Leaf turgidity declined faster in N starved platiten in N supplied plants, when plants were
exposed to water deficits. Water and nitrogen dsfabecreased the daily production of mainstem
leaves, branch leaves and the final area of indalidnainstem and branch leaves (Fernandez et
al., 1996). When plants were exposed to water idefithe leaf water potential declined, although
the N status had no effect on the time courseisfdacline. However, Radin (1979) found that
leaf water potential of low N plants under well e&td conditions was 0.1 to 0.2 MPa lower than
in high N plants; it was suggested that this réflda greater resistance to water flow in the low

N plants, possibly at the root level.
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Both water stress and N deficits affect total bismmxaccumulation and partitioning in cotton
(Hutmacher et al., 1995Water stress alone and N deficit alone, have beend to inhibit the
growth of leaves, petioles, and branches, but nowip of the stem. When both water and N
were limiting, McConnellet al. (2004) found that both yield and plant growth wafluenced
more by irrigation than N fertilization. In yearsian drought conditions caused water stress and
limited plant growth, dry-land cotton gave only imited response to the N fertilization

treatments.

2.7 Cotton yield responses to water stress
2.7.1 Water stress during early and late stages of croprgwth

Depending of the timing of water stress, the growethcotton can be potentially affected in
different ways. While there is substantial evidetiwg soil water deficits during critical growing
stages, such as reproductive stage, can significaffect growth and yield (Kaur and Singh,
1992; Kock et al., 1990; Marur, 1991; Rosenthadlet1987; Turner et al., 1986), less is known
about the impact of water availability during eaglpwth, particularly for high retention cotton.
Potentially it might be anticipated that there ntigle a greater impact on Bt cotton cultivars if
there is a reduction in the availability of assatels for the support of early growth and early
fruiting demands. Early stress reduces sink c&paand so, even if the plants have good water

supply later, the reduced sink may become a limoitab achieving high yield.

Grimeset al. (1978) compared the effects of the first irrigatiafter sowing in experiments
conducted on a Wasco sandy loam and a Panocheladay in the San Joaquin Valley,

California, USA,and found that an early first irrigation extendied period of vegetative growth,
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delaying maturity.Water stress before flowering (40 days after sowirigAS) was found to
accelerate development and maturity, with the éffeing greatest when the plants were also

stressed at flowering/fruiting (60 DAS).

Pettigrew (2004a) found that early irrigation dedycut-out, which occurs as a result of the
slowing of vegetative growth due to strong reprdiecdemand for assimilate. This delay in
maturity enabled those plants to sustain flowefatgr in the growing season relative to plants
grown under non-irrigated conditions. This diffezenn plant development was demonstrated by
more nodes above white flower (NAWF) in the irrggtthan the dryland plots. Turnetr al.
(1986) also found that plants in water stressedtritents flowered 4.3 days earlier when

compared with continuously irrigated conditions.

The consequences of water stress during the regtiodustages of cotton growth have been
investigated over the past 30 years and are welldented. Some researchers found that water
deficits are critical during the reproductive stagdsing a rain shelter to produce severe water
stress, (Turner et al., 1986) studied the influesiceoil water deficits on flowering, boll set and
yield. In the water stress treatments during flomgerand from first flower to first pick, and to
final pick, LAI, number of fruiting sites, numbef bolls and lint yield, were all reduced when
compared with the unstressed treatments. Compaithdunstressed conditions, water stress
around flowering also reduced the proportion oivibos that set bolls, with the number of bolls

picked declining from 90 to 68 frand resulting lint yield dropping from 205 g to0lg ni’.

The results of studies reported by Cook and El{2®93) also showed that water deficits after

flowering reduced the total number of bolls and@ased the shedding of fruiting buds and bolls.
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Stressed plants shed double the number of fruibnds compared with unstressed plants
Comparing boll retentions in two regimes of watexatments (stress after flowering and full

irrigation), boll retention of different cultivarsas reduced by 20-21% in stress treatments.

Field studies in Orissa, India, with hybrid cottearieties showed that yield and its attributes
decreased more significantly in all varieties eatdd, in response to water stress imposed at
flowering , when compared with other stages, inthcathis stage is the most sensitive to
drought conditions (Kar et al., 2001). Luz (1998parted similar results from an evaluation of a
number of varieties grown under Brazilian condisioniJsing rain shelters, Rabey (1982) found
that stress during flowering significantly redudathl yields, the level of the reduction being
greater than when the plants were stressed atr eéftbevegetative or boll-filling stages. Plant
water stress during square formation and earlydhavg resulted in fewer bolls reaching maturity
(Singh and Sahay, 1992 ), although the bolls waggedn and had greater lint growth (Kock et al.,

1990).

On the other hand some people found larger implastater stress during the vegetative period
for conventional cotton varieties. Anat al. (1999), working in Turkey with six levels of
irrigations and three levels of nitrogen, foundtttie vegetative period of cotton should be given
preference for irrigation over the other growthgets Boll formation was the least affected stage
of development, and it was concluded that omittimigation during this stage could potentially
result in water savings of between 4.3 to 9.1%.experiments conducted on a Wasco sandy
loam and a Panoche clay loam in the San JoaquileyalSA, Grimes (1994) found that the
expansive vegetative growth phase was more semsdiwater stress when compared with other
stages of development, for Pima upland cultivars.

26



2.7.2 Water supply on early biomass production in high réention cotton

Under current Australian commercial cotton growganditions, it is a common management
practice to limit irrigation until flowering, theby applying a subtle level of moisture stress. This
irrigation management regime was designed for cotimeal varieties, which have lower boll

weights at early flowering than do Bt transgenicietées (Yeates et al., 2006). The main
limitation of long periods of water stress on higltention cotton cultivars is the potential impact
on the production of sufficient assimilates for thiigher number of fruits retained, relative to

conventional varieties.

Early fruit retention and growth may not be soicaitin non-Bt cotton cultivars due to the cyclic
compensatory growth of vegetative shoot and fruntsesponse to the early loss of fruit caused
by biotic or abiotic factors, such as low water /andnutrient availability (Sadras, 1996).
However, this compensatory mechanism seems to bk iweBollgard cotton cultivar. Compared
to non-Bt cultivars, Bt cultivars have a shortegemtive cycle and higher early fruit retention
rates at the first and second positions on theirigibranches when the availability of irrigation
and nutrients is high (Ahuja, 2006; Hofs et al.p@0 Cotton yield is dependent not only the
total number of fruiting sites and fruit retenticates, but also the growth capacity of individual
fruit. Inadequate resource availability (assim#gasnd nutrients) during early development of

reproductive organs greatly limits the growth cagyaaf individual fruit (Stewart, 1986).

The high fruit retention of Bt cotton cultivars ates a high demand for the supply of assimilates
and nutrients from the relatively small vegetatsl®ot biomass under conditions of moisture

stress or low levels of available nutrients, patddy early in the season. The high
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fruit/vegetative shoot biomass ratio in Bt cott@mdead to imbalances between sink demand and
source supply from the vegetative shoots. The ligear relationship between the maximum
vegetative shoot biomass and fruit growth rategdtion plants with high levels of available
water and nutrients (Sadras, 1996). As a redulllies are warranted of the mechanisms for up-
regulating the pre-flowering vegetative shoot biemé&or increasing plant’s capacity to supply
the assimilates and nutrients required for theyeand high boll retention rates in Bt cotton, in
order to realize its high yielding potential undenigated conditions. Potential advantages
associated with a relatively large vegetative shmyothe flowering stage may include a canopy
ready for the intensive demand for assimilategdpid and intensive fruit growth, including the

high requirements of floral buds priordathesis (Zhao and Oosterhuis, 2000)

The higher sink demands of water stressed smdi@tpuntil squaring or flowering, may risk

early cut-out and reduce yields in Bollgard 1l soplowever, it may be possible to manipulate
water supplies in the period before flowering, iarease the vegetative biomass for increasing
the provision of assimilates for the developmerd araturation of the early bolls, and thereby

increase the yield potential of Bt crops.
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Chapter 3 The effect of pre-flowering soil water deficits orfruit retention,

boll distribution and yield of high retention cotton

3.1 Abstract

While the current practice of irrigation water mgament appears suitable for traditional low
retention cotton varieties in Australia, it is uzat whether manipulation of water prior to
flowering to increase the vegetative biomass foha@mced provision of assimilates for the
development and maturation of bolls can maximize yield potential of high retention Bt
varieties. Two years of experiments with the Baktgk variety Sicot 71BR (Bt cotton producing
two insecticidal Cry proteins) were conducted att@ain Southeast Queensland, Australia, to
determine whether differences in early soil watefiats impacted on fruit production, fruit
retention, boll distribution, seed cotton and lyield, in high retention cotton. The water
treatments included: (i) irrigation (1) over the @k crop growth; water stress periods with (ii) no
irrigation until squaring (NIS) followed by irrigain; and (iii) no irrigation until flowering (NIF)
followed by irrigation until the end of crop growth

Even modest early soil water deficits affected li@ld and yield components in high retention
cotton. Greater pre-flowering water availabilitydha significant increase in production and
retention of boll load and the bolls were set ahbr node positions. Decreased number of
reproductive organs was associated with the duraina severity of the stress period. NIF with a
longer stress period than NIS, produced a smallenber of reproductive organs in all four
experiments. The level of fruit retention was 882% for all treatments at early flowering stage
and decreased to 65 - 68% by the irrigated tredtiaueth 53 - 59% in the stressed treatments at

the time of crop maturity. Early sowing date in fhist season (Exp.1) was associated with better
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recovery after the period of stress, relative t® ldite sowing stressed treatments (Exp.3). The
NIS and NIF treatments, when associated with esolying, had a smaller yield reduction (7 -
20%), compared to late sowing (41 — 44% reduction).

These results show the advantages of increaseyl watér availability for high levels of fruit

retention and yield in high retention Bt cotton.

3.2 Introduction

Cotton Gossipium hirsutum L.) is attacked by a range of insect pests, thet migmificant of
which is the larvae oHelicoverpa spp (Fitt and Wilson, 2000). These larvae feedtlom
developing fruit (flower buds or squares and bgpltgusing them to shed. This reduces fruit
retention, especially early in the season, andydatat-out, the point at which the boll load (sink)
is high enough that their demand for fruit equalsirilates supply from the photosynthates and
vegetative biomass of plants (source) and the maséntially ceases to set more bolls (Hearn
1972, Hearn 1994). Bt transgenic cotton (Bollgaf®) contains two genes frorBacillus
thuringiensis var kurstaki (Bt), producing the Monsanto CrylAc and Cry2AB teins that are
toxic to some key lepidopteron pests. Bollgard IHoaprovides additional mechanisms to set
earlier fruiting structures, increasing fruit reien and earlier cut-out (Mills et al., 2008). Some
comparisons of Bt and non-Bt lines have shown yaeldantages in favor to transgenic varieties,
most of them on Bollgard with only one gene frome&pressing the endotoxin (Hofs et al.,

2006; Mills et al., 2008).

Water availability is one of the most limiting facs to profitable cotton production. From wild

cotton lines to modern cotton varieties, adequailensoisture through correct timing of irrigation
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or precipitation events is essential for a sucegégsfoduction of cotton (Hearn, 1992). Cotton
yield is dependent on boll number and their sipadequate resource availability, such us soil
water deficit, during early development of reprailte organs greatly limits the growth capacity
of individual bolls (Stewart, 1986). Low early ftuietention may not be so critical in non-Bt
cotton cultivars, due to the cyclic compensatorgwgh of vegetative shoot and fruit in response
to the early loss of fruit caused by biotic or dinidactors (e.g low water availability) (Sadras,
1996). However, this compensatory mechanism seene tweak in Bollgard cotton varieties.
Compared to non-Bt varieties, Bt varieties havéarter vegetative cycle and higher early fruit
retention rates at the first and second positionghe fruiting branches with the full availability

of irrigation water and nutrients (Ahuja, 2006; Hef al., 2006).

The enhanced efficacy of the Bollgard Il varietiescaterpillar pests has led to very high early
fruit retention in Australian cotton crops (Yeatgsal., 2006). Such high levels of retention and
the subsequent early development of the fruit loey restrict plant canopy development and
subsequently yield potential. In particular, thisreoncern that the high retention rates may limit
maximum potential yield through an early cut-outresult in higher levels of susceptibility to
premature senescence. Depending of the timing tdrveiress, cotton growth can be affected in
different ways. While there is substantial evidetita soil water deficit during critical growth
stages, such as the reproductive stage, can sigmify affect crop growth and final yields (Kaur
and Singh, 1992; Kock et al., 1990; Marur, 1991sé&hal et al., 1987; Turner et al., 1986), less
iIs known about the potential impact of variatiorwater availability early in the growth of the
crop, particularly for high retention cotton. Easgfress with resultant smaller leaf canopy might
potentially reduce plants capacity to supply adsites to developing reproductive organs, and
even if the plants have a good water supply ldterreduced assimilates source may limit yield

in high retention cotton. A potential approacheduce this impact would be to increase potential
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boll number and increase canopy size through isec&arly water availability and to meet the
higher demand for assimilates from the higher e&mjt retention during the latter part of

growth. Therefore increased early water availabilibuld result in an increase in fruit retention
and final cotton yield.

The main objective of the work reported here waglétermine whether differences in pre-
flowering soil water deficits impacted on site afit production, fruit retention, boll

distribution, seed cotton and lint yields, in higitention cotton.

3.3 Materials and Methods
3.3.1 Experimental sites and growing conditions

Four experiments were conducted over two years .(Ekm October 2006 to March 2007,
Exp.2 and Exp.3 from November 2006 to April 200id &xp.4 from October 2007 to March
2008) at the Gatton campus of the University of €stand (91m, 233'S, 15220°E), in the
Lockyer Valley in Southeast Queensland, Austrdliae soil in the area where the experiments
were undertaken is a Lawes clay loam (Powel, 198&)y heavy dark cracking clays, black
vertosol. Average annual rainfall is 760 mm witlslanmer dominance; evaporation rates are

high, almost double the average rainfall.

3.3.2 Cultural practices

The Bt transgenic Bollgard Il®™ variety Sicot 71BRBroducing the Monsanto CrylAc and

Cry2AB proteins) was sown in all the experimentsp&iments 1, 3 and 4 were sown using a
Nodet Gougis vacuum planter, while Experiment 2 s@sn by hand. High seeding rates were
used, with seedling number then being reduced taimkhe target population of plant density of

140,000 plants a(12-15 plants m with row spacing of 1 m). The land was preparedaath
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before sowing using conventional tillage practicEse plots were fertilized with 100 kg haf
N spread on surface at sowindderbicides were used for weed control, pendimietieing
applied pre-planting and glyphosate post-emergenosects were controlled through regular
monitoring of the crop and strategic insecticidglegations based on thresholds derived for

cotton in temperate Australia (Farrell 2006).

3.3.3 Experimental design and water deficit treatments

Irrigation water was applied using overhead sperkl based on the following schedules for the
different treatments:

I (Irrigation throughout the growth): Irrigation wapplied to meet the water requirements for a
cotton crop, calculated as the product of dailys€l8A” pan evaporation by a crop coefficient
depending on the phenological stage of the croddCR2003).

NIS (No irrigation until squaring): No water applieain establishment to squaring (water stress
period), followed by irrigation through to maturity

NIF (No irrigation until flowering): No water from edtlishment to flowering (water stress
period) and then irrigation through to maturity.

3.3.3.1 Experimentl

The experiment was sown off ®ctober 2006. Plots were 106 (10 rows, 10m in length) with

a 1m row spacing with sufficient buffer areas tswge that there was no lateral water movement
between plots. The total area of the experiment %880 ni. The experiment employed a
randomized complete block design with four replmad.

Water stress was achieved in the non-watered texdgnby intercepting rainfall with the use of
plastic covers which were placed on the ground betwthe rows within 1cm of the plant stems,

with the covers then being secured using wire p&be. water stress treatments were covered
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from the two first true leaves up to beginning gtiaring NIS) and beginning of flowering
(NIF). The covers were removed when the treatmentogserivere finished and irrigation
commenced.

To ensure uniform plant establishment, every pleteived 25 mm of irrigation water
immediately after sowing. The number of irrigatidream sowing to maturity was 10, 6 and 4 for
I, NIS and NIF, respectively, with an average o3 being applied at each irrigation.

3.3.3.2 Experiment 2

The experiment was sown on"L6lovember 2006. An automatic rainout shelter wasdu®
ensure the exclusion of rainfall. The area of eadfout shelter was 140%wEvery plot received
the same volume of irrigation water immediatelyeafsowing (50mm) for plant establishment.
An overhead sprinkler system was used for irrigatibhe number of irrigations was 6 and 4 for
NIS and NIF, respectively.

3.3.3.3 Experiment3

The experiment was sown on*2Movember 2006. The experimental design and methgyo
were the same as described for Exp.1. The numberigditions was 5 and 3 for NIS and NIF,
respectively

3.3.34 Expeiment4

The experiment was sown on"@ctober 2007. The experimental design and metiogglolere
the same as described for Exp.1. The area usetida@xperiment was 2400°nfor Exp.4, due
to the higher rainfall in the second season, thabar of irrigations after the stress period was

reduced to 3 and 1 for NIS and NIF, respectively.
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3.3.4 Measurements

3.34.1 Meteorological conditions and soil water
Daily temperature, relative humidity, precipitatiopan evaporation and solar radiation were

measured in a weather station adjacent to the iexpetal field. Volumetric soil water content
was measured periodically using a neutron probireséd in the experimental fields. A 2 m
long x 50 mm diameter access tube was placed wighirow at the center of each plot.
Measurements were made at soil depths of 30, 5®0/@10, 130, 150 and 170 cm.

3.34.2 Mapping of fruit retention

The dynamics of reproductive organ development attoa plants was studied in the
experiments. One of the most important componeanfiaiiting site production (which is the total
number of fruiting sites produced per plant inchglsites with fruits and abortions) and retention
of fruits. Mapping of fruit retention was undertakir the different phenological stages of crop
development (flowering, cut-out and maturity) oh en row (Kerby and Hake, 1996). Vegetative
branches were not included in the study.

The retention rates in three different fruiting piosis on branches were studied - FS1, the first
position closest to the main stem; FS2, the posiidjacent to FS1; and FS3+, FS3 and beyond,
a position further out on the branch. The distidnutof retention rates for fruiting sites on the
vertical positions (nodes) of the plant was coldobnly during the second season (2007/2008) in
Exp.4.

3.34.3 Lintyidd

To measure lint yield, all open bolls from 5 (Exps.1, 2 and 3) and 4%im Exp.4, were hand-
picked in each plot. For Exps.1 to 3, this sampleghmenced when about 60% of bolls had
opened (bolls were defined as having opened whenstwtures on the boll had dehisced) and
continued weekly until last boll had opened. In Bxthere was only one hand picking about the

time most bolls had opened.
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3.34.4 Fibrequality
The seed cotton samples were ginned using fasiltfethe Department of Primary Industries

(DPI) in Toowoomba, Southeast Queenslanéiber quality was tested using High Volume

Instrumentation (HVI) based on 300 g sub-sampldsbfrom each plot.

3.4 Results
3.4.1 Meteorological conditions

Daily maximum and minimum temperatures, solar tamliaand rainfall are illustrated in Figures
3.1a, 3.1b and 3.1c, respectively. Mean maximum tamperature was 3PQ and mean
minimum was 16.8 during 2006/07, while in 2007/08 they were muctver at 28.7C and
15.5C, respectively. Cumulative solar radiation, cuative degree days and total rainfall during

the period of each experiment are summarized ineTal.

During 2007/08, more rain was recorded in termslegolute amount and frequency, than in
2006/07. During the period of water stress, theaai shelters and plastic covers were effective

in preventing water infiltration into the soil frothe rainfall.

Table 3.1 Cumulative degree days, mean maximum and minimum temperatures, total rainfall and
cumulative solar radiation during the period of the four experiments at Gatton, SE QLD. Base
temperature of 12°Cis used (Constable and Shaw, 1988)

Variable Expl Exp2 Exp3 Exp4
Cumulative degree ds 209¢ 185/ 181¢ 216:
Mean maximum temperatur’C) 311 31 31t 28.7
Mean minimum temperatur’C) 16.z 16.7 16.6 15.F
Total rainfall (mm 27¢ 237 23€ 60¢€
Cumulative solar radiation (MJ?) 413C 346¢/ 330¢ 3544
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Figure 3.1 Daily minimum and maximum temperatures (°C), (b) daily incident solar radiation (MJ m’
2 day™) and (c) rainfall (mm) at Gatton, during 2006-07 (left) and 2007-08 (right). Arrows indicate the
sowing date for each experiment

3.4.2 Water received and soil water extracted at terminabn of stress

Fig. 3.2 shows that the stress period (no inputsaiér) for the NIS and NIF treatment in Exp.1

was from 14 to 65 and 91 days-after-sowing (DA83pectively. Similarly, the duration of the

water stress period for Exp.2 and 3, was respdygtivem 11 to 51 and 83 DAS and from 9 to 58

and 78 DAS in NIS and NIFHowever, the water stress period was slightly gmart Exp.4, NIS

being 35 days and NIF being 58 days.
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Considering the difference in degree of severityviken the stress treatments, the difference in
water input between NIS and NIF in Exp.2 in 2006/20nvas the largest (169 mm). The
difference between the NIS and NIF treatments ip.Exvas less pronounced, being only 89 mm.
The total amount of water received by the crop kp.E (mainly from irrigation) for the |

treatment was 627 mm, while for Exp.2 and Exp.&, tibtal amount of water received from

irrigation and rainfall in the same treatment waé &nd 620 mm respectively.
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Figure 3.2 Cumulative water input (irrigation and rainfall) for | (irrigated) (e), NIS (no irrigation until
squaring) (o) and NIF (no irrigation until flowering) (V) during 2006/07 (Exp. 1, 2 & 3) and 2007/08

(Exp. 4) at Gatton, SE Queensland

During the second season (2007/2008), most of titervapplied to the crop was in the form of

rain (614 mm), with the total water supply beingt88m in the | treatment.
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Figure 3.3 Volumetric soil water content at different depths at the beginning (e) and at the end (o)
of the stress period for NIS (no irrigation until squaring) and NIF (no irrigation until flowering)
during 2006/07 (Exp. 1, 2 & 3) and 2007/08 (Exp. 4) at Gatton, SE Queensland.

Volumetric soil water content at the beginning dhd end of the stress periods are shown in
Fig.3.3. At the beginning of the stress periodistha treatments started with a similar volumetric
water content, which then declined with the incieggluration of stress, to reach deficits of
about 44% and 50% of estimated total crop availalalter (for 20-180cm soil layer) in NIS and

NIF treatments, respectively, when compared with ithigated treatment (I) (considered as
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100%). At the beginning of the treatment period #oil moisture content was close to field
capacity at all depths. During the first seasorD@2B007), in the NIS treatment the top layers
(top 30 cm depth) dropped below wilting point (WR)Exp.2 and Exp.3, while in the NIF
treatment it dropped below WP to a depth of 70 eixp.1 and Exp.2. However, below a depth
of 90 cm, the soil moisture content was similathat beginning and the end of the stress period,
indicating that water extraction at these depths retatively small and that the root system had
developed mainly above this level. During the sécseason (2007/2008; Exp.4) the extraction
in soil moisture content between beginning and ehthe stress period took place at depths

below 70 cm in NIF.

3.4.3 Squares, flowers and bolls number

Total number of squares plus flowers, green bail$ @pen bolls were determined at key stages
of the crop development in each experiment (Fig.add Fig.3.5).

In Exp.1, the full irrigation treatment (1) devekxgb a significantly higher number of squares and
flowers than NIS and NIF at 91 (P <0.001) and 120600P = 0.013). Similarly in Exp.2 and
Exp.3, the total squares and flowers was higherl faglative to the water stress treatments
between 89 and 120 DAS, while in Exp.4 the highedpction for | was only around 80 DAS,
with differences later in the season not being igmt among the treatments. In all the
experiments, the significantly higher productionsofuares and flowers was translated into a
greater peak number of green bolls around 120 D&S, fwhen compared with NIS and NIF.
However, in all the experiments, early boll prodoctwas smaller in |, particularly in Exp.4
(BODAS). For all the experiments, the green baidaommenced earlier for NIF, followed by
NIS and I. The number of open bolls was similariluaibout 140DAS in Exp.1-3, and was
slightly less in | than in the stress treatmentsl3DAS in Exp.4. However, as the crops

approached maturity, | produced more open bolls ks and NIF did in all experiments.
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Figure 3.4 Change in number of squares and flowers, number of bolls and number of open bolls
for I (irrigated) (o), NIS (no irrigation until squaring) (o) and NIF (no irrigation until flowering) (V)
for Exp. 1 and Exp. 2. Bars are two standard errors of the mean.
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for I (irrigated)(e), NIS (no irrigation until squaring)(c) and NIF (no irrigation until flowering)(V¥) for
Exp. 3 and Exp. 4. Bars are two standard errors of the mean.
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3.4.4 Height - node production and total fruit retention

Changes in plant height and main stem node pramugtie. potential site production) during
growth are summarized in Table 3.2.

In Exp.1 there was no significant difference bemvé®e treatments in plant height early in the
growth (to about 51 DAS), but significant differescin plant height were measured by 71 DAS
when compared with NIS and NIF. The number of sqo®@duced was only different late in the
growth. The NIS and NIF treatments stopped the yrthan of new nodes with fruiting branches
on the main stem, earlier than was the case for I.

A similar trend was recorded in Exp.2 and Exp.3which the production of nodes on the main
stem, height and H/N ratio was significantly highar| than for the water stress treatments later
in the growth.

During the second year of experimentation (Expaddh higher rainfall, plants were taller and
had more nodes particularly later in the growthe Tilend in production of potential fruiting sites

was also greater in the | treatment, relative &odérly stress treatments.

The height to node ratio is used to define the rzaabetween vegetative and reproductive
structures. The height to node ratios (H/NR) wegaiBcantly higher throughout the season in
the | treatment, followed by NIS and NIF, respesiyv Water stress developed during the early
stages significantly reduced internodes elongatimmg the later stages.

The fraction of flower/fruit retained decreasedtlas crop matured (Fig. 3.6). In Exp.1, there
were no significant differences in flower retentioetween treatments at early flowering stage,
but higher retention was recorded in the | treatnfen mid (105 DAS) and late (130 DAS)
phases of crop growth. Similar trends were foun&xp.2 and Exp.3, with significantly higher

retention rates for | at 127 and 138 DAS, respedbtiv In Exp.4, the fruit retention showed a
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significant decrease in response to the stressntezds relative to the | treatment at 112

(P<0.001) and 145 (P<0.001) DAS.

Table 3.2 Changes with time in plant height (H), number of nodes (N) and their ratio (H/N)
determined for three treatments in each of four experiments (Exp.1, 2, 3 and 4) (I-irrigated, NIS-no
irrigation until squaring and NIF-no irrigation until flowering).

Expl Exp2
H (cm) N H/N H (cm) N H/N
51 DAS 43 DAS
| 51.4 11.0 4.70 30.0 8.50 3.53
NIS 41.0 114 3.60 28.5 9.50 2.97
NIF 41.8 114 3.66 27.7 9.50 2.93
Significance NS NS *x NS NS *
71 DAS 64 DAS
I 101.3 145 6.95 89.5 15.7 5.68
NIS 65.0 13.7 4.72 71.8 16.2 4.41
NIF 53.3 13.0 4.09 56.0 14.2 3.93
Significance ** NS *x *x * *
130DAS 127DAS
| 128.0 24.0 5.33 108.0 20.5 5.26
NIS 81.0 215 3.76 74.8 17.2 4.33
NIF 67.5 19.0 3.55 61.8 15.7 3.92
Slgnlflcance *%* ** *%* *%* ** *%*
Exp3 Exp4
H (cm) N H/N H (cm) N H/N
Treatment 51DAS 51DAS
| 29.0 8.7 3.29 37.0 111 3.31
NIS 25.8 9.2 2.79 30.6 11.0 2.78
NIF 255 9.2 2.76 27.0 11.0 2.45
Significance NS NS NS *x NS *
84DAS 82DAS
I 85.4 14.6 5.82 117.5 17.1 6.84
NIS 69.8 135 5.22 106.7 15.6 6.80
NIF 66.2 135 491 96.7 15.0 6.41
Significance ** NS * * * *
138DAS 145DAS
| 113.8 21.2 5.35 142.5 20.2 7.03
NIS 87.2 18.0 4.85 123.7 20.0 6.18
NIF 76.8 16.5 4.65 110.6 20 5.53
Slgnlflcance ** ** ** ** * *%
175DAS
166.4 29.7 5.59
134.2 28.2 4.75
124.2 26.0 4.77

* = significant at P=0.05
** = gignificant at P=0.01
NS = non- significant

*%
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Fruit retention at the time of final harvest in leaexperiment was used for analysis of

reproductive responses in the following section.
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Figure 3.6 Change in total retention rates over the growing season in | (irrigated)(e), NIS (no
irrigation until squaring)(o) and NIF (no irrigation until flowering)(¥) during 2006/07 (Exp.1, 2 & 3)
and 2007/08 (Exp.4). Bars are two standard errors of the mean.

3.4.5 Dynamics of reproductive organ development

3.4.5.1 Total fruiting sitesand final retention at different lateral fruiting positions.
The total number of fruits (TFNyvas consistently higher for I, relative to the NA8d NIF

treatments, in all experiments (Table 3.3).
Fruit retention rate was higher in the FS1 sitesmtRS2 and FS3+, for all water treatments in all
four experiments. In FS1 sites, early water stredsiced the retention. However, fruit retention

for position FS2 was greater in the water stredsedtments (NIS and NIF) than in the |
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treatment, although this difference was not sigaiit in Exp.2 and 3. Retention rate at FS3+ was

significantly higher in | than in the stress treatits in Exp.1, 3 and 4.

Table 3.3 Final fruit retention rates in three different lateral fruiting sites (FS 1, 2 and 3+) and total
fruits number (TFN) per plant for | (irrigation), NIS (no irrigation until squaring) and NIF (no
irrigation until flowering) at maturity for four experiments during 2006/07 (Exp.1, 2 & 3) and 2007/08
(Exp.4).

Retention Retention
Expl TFN FS1 FS2 FS Exp2 TFN FS1 FS2 FS
3+ 3+
I 21.0 0.752 0.603 0.422] 176 0.721 0.452 0.322
NIS 16.3 0.633 0.663 0.355NIS 146 0.630 0.461 0.222
NIF 144 0.612 0.688 0.241INIF 121 0.628 0.469 0.288
Significance ** ** * * Significance ** * NS NS
Retention Retention
Exp3 TFN FS1 FS2 FS Exp4 TFN FS1 FS2 FS
3+ 3+
| 19.5 0.730 0.411 0.406l 23.8 0.775 0.485 0.399
NIS 16.7 0.677 0.417 0.260NIS 145 0.680 0.496 0.460
NIF 16.0 0.653 0.415 0.263NIF 125 0.682 0.546 0.219
Significance * * NS * Significance * *x * *

* = significant at P=0.05
** = significant at P=0.01
NS = non- significant

3.4.5.2 Retention at different vertical fruiting positions
The distribution of retention rates for fruitindes on the vertical positions of the plant for Exp.

is illustrated in Figure 3.7.

For I, the highest rate of fruit retention of 0.6.7 occurred between node 10 to node 23, with
lower rates of retention on the lower (7 to 9) apger (above 23) nodes.

For the NIS treatment, the retention rate incredsmd node 6 to node 12, with a retention rate
of 0.6 or greater being maintained until node I&ravhich there was a decline in the retention
rate from nodes 19 to 21. The retention rate fromel fruiting nodes in the NIF treatment was

higher than in the | and NIS treatments, but thE plants stopped the retention of fruit at lower

node positions (around node 16) than for the INMI®itreatments.
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Figure 3.7 Retention fraction per fruiting node in | (irrigated), NIS (no irrigation until squaring) and
NIF (no irrigation until flowering) in Exp.4 (2007/08). Bars are two standard errors of the mean

3.4.6 Cotton yield and quality

3.4.6.1 Seed cotton andlint yield
Final seed cotton and lint yields are summarisetaiple 3.4.

Seed cotton yield increased in response to eaityation (1) in all four experiments, and NIF
produced the lowest yield, although the differemct NIS was not significant in three out of
four experiments. However, ginning percentage vgsifecantly higher in the stress treatments
than in | for Exp.1 and Exp.4. In Exp.1, seed aotyeeld in NIS and NIF was reduced by 12%
and 20 %, respectively when compared with thenl.Exp.2, the cotton lint yield from the NIF

and NIS treatments was reduced by 42% and 39%ecteply of that achieved from the |

47



treatment. In Exp.3, the lint yield was signifidgrtigher (P<0.001) for | than for NIS and NIF

by 36% and 44%, respectively.

Table 3.4 Seed cotton yield, gin-out and lint yield for | (irrigation), NIS (no irrigation until squaring)
and NIF (no irrigation until flowering) treatments during 2006/07 (Exp.1, 2 & 3) and 2007/08 (Exp.4).

Exp.1 Seed cotton Gin-out (%) Lint yield (g m )
yield (g m?)
I 580a 43.8b 254a
NIS 508b 46.9a 238b
NIF 462b 47.1a 218c
Significance * * *
Exp.2
I 472a 44.3 209a
NIS 286b 43.8 125b
NIF 270b 44.0 119b
Significance ** NS *
Exp.3
I 507a 43.6 221a
NIS 320b 43.9 141b
NIF 281b 43.9 123b
Significance *x NS *
Exp.4
I 542a 40.9b 221a
NIS 450b 40.4b 182b
NIF 327c 44 2a 145¢c
Significance ** * *

* = significant at P=0.05
** = significant at P=0.01
NS = non- significant

For Exp.4, a reduction in cotton lint yield of abeli% was recorded for NIF compared to I,

similar to the result recorded in Exp.1 and Exgi®dwever, the reduction in both final seed

cotton and lint yields in the NIS treatment relatito |, was only about 9%, the stress impact

being much less than recorded in Exp.2 and Exp.3.

Weekly seed cotton harvesting (Fig.3.8) was un#ertaluring the first season (Exps.1, 2 and 3

in 2006/2007), with cumulative yield data showirte tweights being less in | during early

periods. Maturity was delayed in the treatment ikaécg early irrigation (1), relative to the stress

treatments (NIS and NIF) particularly in Exp.2 @)dand the final yield was greater in | than in

NIS and NIF.
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Figure 3.8 Cumulative seed cotton pick evolution per week in | (irrigated), NIS (no irrigation until
squaring) and NIF (no irrigation until flowering) treatments in Exp.1, 2 and 3 (2006/07) at Gatton, SE
Queensland. Bars are two standard errors of the mean

3.4.6.2 Cotton quality fibre
The cotton fibre quality determined by HVI is shoimrTable 3.5.

Length (UHM), Uniformity, Short fibre index (SFInd strength were not significantly different
between the treatments in all four experiments.rdfiaire was not significantly different among

the treatments in Exps.1, 2 and 3. However, for.EBxmicronaire was significantly higher for

49



NIF than the others. No major differences amongathter treatments were found in fibre quality

over the two years of studies.

Table 3.5 Cotton fibre quality determined by High Volume Instrumentation (HVI) for | (irrigation),
NIS (no irrigation until square) and NIF (no irrigation until flower) treatments during 2006/07 (Exp.
1, 2 & 3) and 2007/08 (Exp. 4)

Treatments Length Uniformity Short Strength  Micro-

UHM (%) Fiber (g/tex) naire
(in) Index SFI
(%)

Exp.1
I 1.113  83.70 8.07 28.0 4.67
NIS 1.133  82.95 9.75 29.5 4.45
NIF 1.107 82.83 8.93 31.0 4.60
Significance NS NS NS NS NS
Exp.2
| 1.165 85.05 6.35 32.8 4.83
NIS 1.167 85.12 5.55 33.9 5.30
NIF 1.163  83.38 8.35 33.0 4.72
Significance NS NS NS NS NS
Exp.3
I 1.207 84.33 6.95 32.6 4.92
NIS 1.165 83.35 8.70 30.5 4.75
NIF 1.182  84.50 6.62 29.1 4.85
Significance NS NS NS NS NS
Exp.4
| 1.196 83.64 6.76 29.5 4.18
NIS 1.193 83.84 6.92 29.8 4.17
NIF 1.192 84.80 6.92 31.1 4.47
Significance NS NS NS NS *

*Significant at P=0.05
NS = not significant

3.5 Discussion

The results of the four experiments reported indichat even modest soil water deficits early in
the growth of the crop can reduce lint yield inhigetention Bt cotton. The results support the
general hypothesis that insufficient early vege&atgrowth can have an impact on the high

assimilate demands needed for boll developmentceded with a large number of bolls
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produced in high retention cotton. Larger numbefroiting sites and higher fruit retention rate

were found with irrigation at pre-flowering.

Seed cotton yield increased in response to eaityation (1) in all four experiments, and NIF
produced the lowest yield, although the differemctlh NIS was not significant in three out of
four experiments. However, ginning percentage vigisificantly higher in the stress treatments
than in | for Exp.1 and Exp.4. Seed cotton yieldréased in those plants with higher levels of
assimilates produced earlier in the season in respto early inputs of water (Table 3.4). As
expected, lint yield declined in response to insieg severity of water stress (Grimes and
Yamada, 1982; Turner et al., 1986). In referecthé NIS and NIF treatments, the differences
in reduction of final yield when compared with tinegated (I) treatment, were smaller for early
(October) sown experiments (Exp. 1 and Exp. 4) ameg with later (November) sown crops
(Exp. 2 and Exp. 3). A possible explanation is esdged with less opportunity for the crop to
develop new reproductive organs in late sowing ameg with early sowing date because
insufficient time remaining after flowering withedl environmental conditions like temperature.
The yield measurements reported for these studiesrasult of hand-harvesting, were about 10%
higher than those reported for machine harvestmgeu Australian conditions (Yeates, 2009,
personal com). No major differences among the wadatments were found in fiber quality over

the two years of studies.

Greater fruit numbers were produced in respondeltarrigation prior to flowering in all four

experiments conducted over the two growing seag?®36/2007 and 2007/2008) (Fig.3.4 and
Fig.3.5). A significantly higher number of squarmsd flowers produced in response to early
irrigation resulted in a higher number of greenldduring the peak fruiting period towards the

end, when compared with the stress treatments.
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The increase in the size of the production sinkcofton plants is reflected in terms of a
significant increase in the number of nodes withtiing branches which have the potential to
become production sites for future bolls. The r&tidl (Table 3.2) also shows increases in plant
vigor as an indicator of a better balance betwden viegetative and reproductive structures
(Bourland et al., 1992). The H/N ratio was alwaighbr for I, indicating that increased boll load
with a higher number of nodes will be supportedtbyarger canopy size. Often a high H/N is
seen as an indicator of lower retention rates pfaat. Steger (1998) found that a high height to
node ratio is indicative of a vegetative tendeneg aften associated with lower retention levels
in conventional cotton varieties. However, in thegalies, the higher H/N associated with I, was
associated with a higher retention rate than fesssed plants.

The vertical retention recorded in Exp.4 also shtvesimpact of earliness of new site production
and boll retention in the water stress treatmewni#l) | continuing to produce more bolls
concentrated in the middle and top of the plang (Fi7). The stressed plants mainly retained
bolls in the lower part of the plant, with the lewé boll retention declining markedly once the
plant reached a balance in the supply of assimitd&give to the retained boll load. This can be
explained in terms of the organs closest to thecsotaking priority when water is in short

supply (Hearn, 1994; Oosterhuis and Wullschleg@8,7).

Water limitation in early stages of growth, withsu#tant sink-source imbalances, affected the
dynamics of reproductive organ development. Therdhtretention fraction showed different
trends, depending on the treatment. In all theszas¢ention in FS1 decreased significantly with
increases in water stress severity (Table 3.3).Aumber of aborted fruit in FS1 was higher in
the stress treatments, while the production of frenting (nodes) sites stopped earlier in these
treatments, when compared with the fully irrigatBdreatment. In the experiments with early

sowing dates (Exp.1 and Exp.4), the stress tredatimenth lower FS1 retention were
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compensated by retaining significantly more bols BS2 than in the | treatment. This
compensation by increasing boll load in FS2 wassigptificant in late sown experiments (Exp.2
and Exp.3). Other studies have concluded that itls¢ fruiting positions on the main stem
produce the largest fruit in terms of both size andhber (Heitholt and Schmidt, 1994) under
good environmental conditions, increasing theirtgbation to final yield (Jenkins et al., 1990a)
relative to other fruiting positions on the plaiihis advantage of the first fruiting positions
reflects the opportunities for competition for as$ates, relative to other fruiting positions
(Constable and Rawson, 1980b; Wullschleger and eflmss, 1990a; Wullschleger and

Oosterhuis, 1990b).

Conclusions

Greater pre-flowering water availability in highteetion cotton increased the number of fruiting
sites, plant vigor, boll retention, and combinethvghanges in boll distribution and increased lint
yield. The variation in number of reproductive argavas associated with duration and severity
of the stress period. NIF with longer stress petlath NIS produced fewer reproductive organs
in all experiments. After the stress period, recgve the production of reproductive organs and
retention was insufficient.

These variations in components of yield, affeciadlfseed cotton yield. NIS and NIF at an early
sowing date was better recovered in terms of yfd&treased 7 and 20%) compared with late
sowing date in stress treatments (41 and 44%).

These observations demonstrate the advantageslpfreder availability in high yielding cotton
and relevant to the initial hypothesis that insuéint early growth limits supply of assimilates to
meet a high boll demand later in growth.

In the next Chapter, the effect of pre-floweringl seater deficits on the phenology, biomass

production and partitioning in high retention cottweill be discussed.
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Chapter 4 The effect of pre-flowering soil water deficits orthe phenology,

biomass production and partitioning in high retention cotton

4.1 Abstract

Bt cotton has the potential for high fruit retemtiobut restricted water availability before
flowering may limit the vegetative biomass, leaditmgimbalances between the demands for
assimilates and the plant’s capacity to supplyréwgiirements during the reproductive stages of
crop development. In Chapter 3 it was reported ¢ven modest early soil water deficits can
reduce lint yield in high retention cotton. Fourperments conducted over 2 years using Bt
cotton producing two insecticidal Cry proteins,Gdtton, SE Queensland, Australia, examined
the effects of pre-flowering soil water deficits\adrying severity on phenological development,
total dry matter (TDM) production, and assimilagatgioning. The water treatments included -
irrigation (I) over the whole crop season, and tileeels of water stress, no irrigation until
squaring (NIS) and no irrigation until flowering Iy, followed by irrigation until the end of the
season.

Irrigation (1) extended the time to cut-out and umay as a result of larger canopy biomass that
was able to support a greater number of reprodaicrgans. Significant differences in biomass
were recorded between years, while differences dmtvgowing dates within a year were minor.
The effect of water availability on TDM productiauring the stress period depended on soill
moisture content of NIS and NIF relative to thatl.oRecovery growth after the stress period
differed between the two years, with differencedrynmatter production among treatments being
greater at harvest than at the end of the stregsdpa the first year; however, the recovery after

the stress period was better in the second yesujtireg in almost similar TDM at maturity
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between the | and stress treatments. The diffesehetveen years reflected the fact that total
rainfall and irrigation after stress period, wa®ajer in the second year. The production of
reproductive dry matter recovered after the stpes®d only in the second year. The partitioning
to reproductive organs was lower in the | treatm#ra exception being during the period close
to plant maturity, when partitioning was also highl. Crop growth and development was not
only affected by the duration of the stress peraod the severity of the stress but also the inputs

of water from rainfall and irrigation during thegiestress period.

4.2 Introduction

In Chapter 3, it was found that even modest eavllyvgater deficits reduced lint yield in high

retention cotton. The results supported the gergabthesis that insufficient early vegetative
growth will not meet the high assimilate demandsdeel for boll development associated with a
large number of bolls produced in high retentiontam Increased pre-flowering water

availability had a significant impact on the crapcreasing boll production and retention with
associated changes in boll distribution and plactitecture, and resulting in increases in final
yield, relative to the water stress treatments.s€hesponses to early water availability during
pre-flowering may be explained in terms of the hestidifferent patterns of biomass production

and patrtitioning, and phenological development.

The Bollgard Il cotton varieties which contain tgenes fronBacillus thuringiensis var kur staki
(Bt) that express proteins that are toxiddicoverpa spp., were recently released in Australia,
and they have increased insect protection when acedpwith conventional (non-Bt) cotton

varieties with similar genetic backgrounds. The efétct has been increased early boll retention
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and hence boll load, faster accumulation of bollight and a lower leaf area than their
conventional equivalents (Yeates et al., 2006). Aigher sink demand of smaller plants may risk
early termination of flowering and reduce yieldsBallgard Il cotton crops. However, it may be
possible to manipulate water supply before flowgyrito increase the canopy size for the
enhanced provision of assimilates to be used indtheslopment and maturation of the early
bolls, and thereby increase the yield potentialBofcrops. In Australia, cotton crops are
traditionally irrigated to ensure germination, oitow-up irrigation may not commence until 40
to 60 days after sowing (CRDC, 2003). The earli@vigion of water in the post-germination
growth phase may encourage more vigorous growthimecréased leaf area that can assist in

meeting the demands of the high early boll load.

The first response of cotton to a soil water defi€ito reduce leaf area expansion (Constable,
1981; Gerik et al., 1996; Hearn, 1979; Turner et H86). However, the magnitude of this
response depends of the timing, duration and dgvefithe soil water deficit. For example,
Constable (1981) reported the results of four yefrstudies, that leaf expansion was affected
only after 60% available moisture is depleted. Heél979), found that cotton processes
dependent on cell expansion, such as expansioaabfakea and increase in height, are more
sensitive to water deficits than those associati#il stomata closure, such as photosynthesis and
transpiration. The effect of water stress on leaéas to reduce interception of photosynthetically
active radiation (PAR), hence canopy photosynthissaso reduced (Ball et al., 1994; Ennahli
and Earl, 2005; Turner et al., 1986). Radiatioenegption is a major determinant of crop growth
and yield (Monteith, 1976), and directly affect® tbroduction of photo assimilates by leaves.
Light penetration and interception are importantatton because the early fruit production takes

place at the lower branches of the plant in théobothalf of the canopy (Constable, 1986).
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Hence depending on stage of growth there is amojpti balance between too much and too little

radiation interception and penetration.

While there is substantial evidence that soil wdticit after first flower can significantly affec
growth and crop yield (Kaur and Singh, 1992; Kotlale, 1990; Marur, 1991; Rosenthal et al.,
1987; Turner et al., 1986), less is known aboutetiiects of early water availability, particularly
for high retention cotton varieties. A yield impaxay occur in high retention cotton if there is a
reduction in canopy size and available assimilébemeet the early fruiting demands. Early
stress can also affect production of flowers amitheeduce sink capacity, and even if the plants
have a good water supply later in growth, the redusink may become a limitation to higher
yield. The approach in this study has been to increasepgasize with early water availability

and to determine its effect on source supply ankl development.

The main objective of the work was to study thee# of soil water deficits of varying severity
during the pre-flowering stages of Bt cotton, oepblogical development, dry matter production
and partitioning, so that high yield in well watéreotton prior to flowering (Chapter 3) is

explained in terms of the source supply and simgaciy.

4.3 Materials and Methods
4.3.1 Experimental sites and growth conditions

The experimental methods have been described ail detChapter 3. Four experiments were
conducted over a two year period; Exp.1 sown 6 kmt@006; Exp.2 sown 16 November 2006;

Exp.3 sown 21 November 2006; and Exp.4 sown 16 l§@ct@007 at the Gatton campus of the
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University of Queensland, (91m, 38'S, 15220'E) in the Lockyer Valley, southeast

Queensland, Australia. The soil type in the arethefstudy is a Lawes clay loam (Powel, 1982).
The average annual rainfall is 760 mm with a sumade@ninance, whilst evaporation rate is high,
about twice the annual average rainfall. Howederjng 2007/08, more rain was recorded in

terms of amount and frequency, than during 2006/07.

4.3.2 Cultural practices

The Bt transgenic Bollgard [I®™ variety Sicot 71BRroducing the Monsanto CrylAc and
Cry2AB proteins) was sown in all the experimentee TTow spacing was 1 m and final plant
density was 140,000 plantshél2-15 plants i). The land was prepared a month before sowing
using conventional tillage practices. The plots eviartilized with 100 kg Ha of N spread on

surface at sowing.

4.3.3 Experimental design and water deficit treatments

Irrigation water was applied using overhead spergl based on the following schedules for the
different treatments:

I (Irrigation throughout the growth): Irrigation wagplied to meet the crop water requirements
that is 100% deficit replacement, calculated asptioeluct of daily class “A” pan evaporation by
a crop coefficient depending on the phenologicdetof the crop (CRDC, 2003).

NIS (No irrigation until squaring): No water appliesin establishment to squaring (water stress
period), followed by irrigation through to maturity

NIF (No irrigation until flowering): No water from edtlishment to flowering (water stress
period) and then irrigation through to maturity.

For Exp.1, 3 and 4, water stress was achieved enntin-watered treatments by intercepting

rainfall with the use of plastic covers which wetaced on the ground between the rows within
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1lcm of the plant stems, with the covers then baegured using wire pegs. The water stress
treatments were covered from the two first truevésaup to beginning of squaring (NIS) and

beginning of flowering (NIF). The covers were reradvwhen the treatments periods were
finished and irrigation commenced.

For Exp.2, an automatic rainout shelter was useshsoire the exclusion of rainfall in water stress

treatments (NIS and NIF).

4.3.4 Measurements

Volumetric soil water content was measured per@tlicusing a neutron probe as described in

Chapter 3.

The date of first squaring was defined as when B0%lants in a plot had one square; a square
was considered ‘present’ when the subtending leaf unfolded. Dates of first flower and first
open boll were defined as when 50% of plants hadftmwer or an open boll. The nodes above
the uppermost first position white flower (NAWF) rgecounted on the same five plants in each
plot at approximately weekly intervals from the ¢irof first flowering. Cut-out or ‘last effective
flower’ was defined as when NAWF < 4 (Bourland &f #992). Maturity was defined as the

time with 60% open bolls.

Total dry matter production and partitioning wereasured at 51, 75, 105 and 135 DAS in
Exp.1; at 43, 64, 95 and 127 DAS in Exp.2; at 51,188 and 138 DAS in Exp.3; and at 51, 82,
112 and 145 DAS in Exp.4. These periods equatedoajppately with - £' square, ¥ flower,
cut-out and physiological maturity-60% open bolief(ned open bolls when two sutures had
dehisced), respectively. Plants from a 4area in each plot were harvested for total frestyht

determination. A sub-sample of 3 plants was usedetermine fresh weight, leaf area, dry
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matter and partitioning of DM into leaves, stemetjigles, squares, flowers, green bolls and open
bolls (two sutures on the boll dehisced). Samplesevdried at 80°C for three days to determine
dry matter content. Leaf area was measured usibigcar planimeter (Model LI-3100, LiCor
Inc., Lincoln, NB, USA). Specific leaf area (SLA)aw calculated, and then leaf area index (LAI)
was calculated as the product of SLA and the amotieaf dry matter in the 1harea.

Using a line quantum sensor, solar radiation imfetion was measured around midday 3-4 times
for each experiment. Incident radiation was recor@ddove each plot. Three readings of
transmitted radiation were recorded at ground la@vedach plot. The proportion of intercepted
photosynthetically active radiation (PAR) was céted as: (incident radiation — transmitted

radiation)/ incident radiation.

Stomata conductance was measured on the youndigsexpanded leaf between 11 and 13 hrs

using a calibrated portable porometer LICOR 1600.

A pressure chamber Model 1000 was used to measafemMater potential at the end of each
water stress period, immediately before irrigatisas resumed in all experiments. For these
measurements, the youngest fully expanded leafusad, with the measurements being made

between 9 and 10.30 am on non-cloudy days. Alsdgwn data was collected for Exp.1.

4.4 Results
4.4.1 Soil water content

Changes in total soil water content between 20 &8@ cm are shown in Fig. 4.1 for all
experiments. For I, a total soil water content efween 500 and 550 mm (85 to 93% of field
capacity) was maintained during the first seasoxp(E 2 and 3), but it was slightly higher
during the second season (Exp.4). For | in Expd EBxp.4, the soil water content was closer to

field capacity (586 mm) compared with | in Exp.2idExp.3.
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For NIF, the rate of change in soil water contefilected the size of the plants being slower at
the beginning of the monitoring period due to lowarels of extraction by younger plants, and
faster towards the end of the stress period alier plants flowering. The decrease in soil
water content for NIS followed a similar patterneditraction to NIF, but the stress period was
shorter. The lowest soil water content in the N#atment was found in Exp.1, Exp.2 and Exp.4,
while slightly higher water content prevailed ing=3 for the NIF treatment.

In both stress treatments in Exp.1, 2 and 3 duthegfirst year, when the stress period finished
and irrigation commenced, the soil water contenteased slowly in response to the amount of
water applied. The water applied was calculatechftbe evapotranspiration rate estimated for
the phenological stage of development, withouilheg the full profile. For the NIS treatment in
Exp.4, the soil water content after the stressoplereached similar values to I. For both NIF and
NIF, the water content increased rapidly aftergtress period in this experiment, with the final
value exceeding those in NIS and NIF in Exp.1 and 2

The two methods used to prevent rainfall infilati that is, rainout shelters and covering the soil
with plastic sheeting, were of similar effectivesewith the soil water contents in Exp.2 and
Exp.3 being similar for the same dates (Fig 4¢; anly difference was at the end of the stress
period in NIF and after the stress period where.Exyad lower soil water content. | had a higher
soil water at the beginning of the cropping peliod&Exp.3, but the soil water content of | in both
experiments decreased later in the season poskiblyo insufficient irrigation. In a comparison
of results from Exp.1l from the first season, ando.Bxin the second season where both
experiments used plastics to exclude rainfall impad planted at the same time, the irrigated (I)
treatment in Exp.4 maintained a higher soil watertent throughout the season, than for Exp.1.
The second season was wetter, with higher watert iinpm rain bringing the soil closer to field
capacity in the | treatment in Exp.4 than in ExNIS also showed a better recovery after the end

of stress period in Exp.4 compared with Exp.1.therNIF treatment, similar water deficits were
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reached in both experiments. The duration of th® Bihd NIF treatments was similar for both
Exp.1 and Exp.4, with the severity of NIS being ilmduring the stress period but there was
better recovery in Exp.4. The severity in NIF wésoasimilar in both experiments, and both

showed similar levels of water recovery later ia feason.
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Figure 4.1 The effect of early water availability on changes in total soil water content (20-180 cm
depth) for I (irrigated) (o), NIS (no irrigation until squaring) (o) and NIF (no irrigation until flowering)
(V) in 2006/07 (Exp.1, 2 and 3) and 2007/08 (Exp.4) at Gatton, SE Queensland. Arrows indicate the
end of the stress period. Bars are two standard errors of the mean.
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4.4.2 Leaf water potential and stomata conductance

Changes in leaf water potential at 9 - 10.30 amshmevn in Table 4.1. At the end of the stress
period, just before commencing irrigation in NIS)VP differed significantly between the | and
stress treatments in Exp.1l. For NIF, the LWP deopm -2.29MPa at the end of the stress
period, while for I it was maintained at -0.28MRad for NIS went from -1.29 to -0.54MPa (as

the treatment was irrigated).

For Exp.2, at the end of the squaring stress peP was high in all treatments without
significant differences among them, after which thgP decreased for NIF. Treatments effects
in Exp.3 were similar to those in Exp.1l. During thecond season (Exp.4), the results were

similar to those obtained during the first season.

Predawn data was also collected during the firase for Exp.1, with higher LWP values in all
the treatments during the night (I -0.20, NIS -Oa5@ NIF -0.59 MPa) compared with daytime

at the end of the NIS period (P=0.003).

Table 4.1 Changes in leaf water potential (MPa) at the end of the stress period around squaring
(NIS) and flowering (NIF) in all three treatments | (irrigated), NIS (no irrigation until squaring) and
NIF (no irrigation until flowering) during 2006/07 and 2007/08 at Gatton, SE Queensland.

Exp 1 End of End of Exp 2 End of End of
squaring flowering squaring flowering
stress period stress period stress period stress period

I -0.25a -0.28a I -0.15a -0.15a

NIS -1.29b -0.54a NIS -0.25a -0.25a

NIF -1.34b -2.29b NIF -0.20a -1.79b

Significance * * Significance NS *

Exp 3 End of End of Exp 4 End of End of
squaring flowering squaring flowering
stress period stress period stress period stress period

I -0.11a -0.16a | - -0.07a

NIS -1.03b -0.36a NIS - -0.11a

NIF -0.98b -1.24b NIF - -1.74b

Significance  * * Significance - *
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In linking the soil water content to plant growtny decrease in soil water content had a direct
effect on plant water status. For example, in Exgnél Exp.2, the soil water content of NIF
dropped to 410 mm at the end of the stress pecmidciding with the lowest value of LWP (-
2.29 and -1.79MPa respectively). In another conspatifor the | treatment during the second

season, the period of highest soil water contestliméed to the highest LWP value.

Table 4.2 Changes in stomata conductance (cm s'l) at the end of stress period around squaring
(NIS) and flowering (NIF) in all three treatments | (irrigated), NIS (no irrigation until squaring) and
NIF (no irrigation until flowering) in 2006/07 (Exp.1, 2 and 3) and 2007/08 (Exp.4) at Gatton, SE
Queensland.

Exp. 1 End of mild  End of Exp. 2 End of mild  End of
stress period severe stress stress period severe stress
period period
[ 1.44a 1.95a [ 1.12a 1.76a
NIS 0.94b 0.25b NIS 1.00a 1.67a
NIF 0.94b 0.23b NIF 1.11a 0.34b
Significance  * * Significance NS *
Exp. 3 End of mild  End of Exp. 4 End of mild  End of
stress period severe stress stress period severe stress
period period
[ 1.13a 1.42a [ - 2.08a
NIS 0.94a 1.39a NIS - 2.02a
NIF 1.13a 1.41a NIF - 0.54b
Significance NS NS Significance - *

For Exp 1, the stomata conductance (SC) measuredt abidday on the same day as LWP,
followed a similar trend to changes in LWP (Tabl2)4In I, SC showed a slight increase in all
experiments (1 to 3) as the plants got older. The¥ee no significant differences between NIS
and NIF, either at the end of the period of milets$ or end of severe stress in Exp.1, although
the stomata conductance in the stress treatmeméslawer than in I. There were no significant
differences at the end of the NIS stress period&Es@.2 and Exp.3, and the end of the NIF stress
period in Exp.3. However, there were significarffestences at the end of NIF stress period in
Exp.2, there being a decline in stomata conductaasseciated with increasing soil water deficits.

For Exp.4 in the second season, stomata conductarice | treatment was higher than for the |
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treatments in the 3 experiments undertaken initeeseason, and also differed significantly from

that of NIF at the end of the stress period.

4.4.3 Phenology

The timing of all reproductive development stages wlelayed in the treatments (Table 4.3).

This delay was generally small for first squareéd(@ays), but increased with time to maturity (9-
20 days), when compared with the water stressntieas, NIS and NIF. Differences between
seasons and sowing dates in the days to the diffeeproductive development stages reflected

temperature differences.

Table 4.3 Phenological development: days from sowing to 1st square, 1st flower, 1st open boll and
maturity, for I (irrigated), NIS (no irrigation until squaring) and NIF (no irrigation until flowering) in
2006/07 (Exp.1, 2 and 3) and 2007/08 (Exp.4) at Gatton, SE Queensland.

Expl £ Square 1 Flower t'Open Boll Maturity
I 46.0a 75.0a 128.2a 154.5a
NIS 42.2b 71.5a 119.2b 142.7b
NIF 42.5b 65.5b 116.8b 141.2b
Significance * * * *

Exp2 ' Square 1 Flower t'Open Boll Maturity
| 44.7a 69.5 127.2a 150.2a
NIS 40.0b 68.7 120.7b 141.5b
NIF 40.5b 68.2 120.5b 141.0b
Significance * NS * *

Exp3 £ Square 1 Flower £'Open Boll Maturity
| 44.2 72.5 133.5a 156.2a
NIS 44.0 72.5 128.5b 144.7b
NIF 42.2 70.2 128.0b 144.5b
Significance NS NS * *

Exp4 £ Square 1 Flower £'Open Boll Maturity
I 50.5¢ 80.8a 145.0a 186.2a
NIS 470hb 79.1a 142.0a 181.0b
NIF 41.6¢C 71.5b 129.7b 166.7c
Significance * * * *

The differences in phenological development betweater treatments were higher in 2007/08
(Exp.4) than in 2006/07 (Exp.1). The boll growthripd (from anthesis to maturity) was

significantly longer in the second season (Expatpgared with the first season (Exp.1). For I,
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the boll growth period in Exp.1 was 79 days, wimiléxp.4 it was 106 days. For NIS the periods
were 71 and 102 days, for Exp.1 and Exp.4, respaygti Soil water content during the second
season (2007/08) was higher in all treatments coadpwith the first season (2006/07), which
may have affected the vegetative and reproductvegs. For NIF, the boll growth period was

also shorter in Exp.1 than in Exp.4, 75 days in.Exgnd 95 days in Exp.4.

4.4.4 Dry matter production

In Exp.1, the accumulation of total dry matter whaghtly higher for | at 51 DAS (P=0.019), then
becoming much greater at 75 DAS (<0.001), 105 DA&(Q01) and 135 DAS (<0.001), when
compared with the soil water deficit treatmentg(#i2). TDM production in all the treatments in
Exp.1 reflected differences in soil moisture contevith | producing the greatest TDM. NIS
with an early deficit was followed by a recoveryTiDM production, while NIF with the greatest
water deficit had the lowest TDM and had not recegidoy the end of the season. For NIF, TDM
declined earlier on maturity when compared with MI&l I, with a correspondingly earlier (by
about 12 days) maturity.

In Exp.2 with controlled conditions under the raihghelter, TDM production was lower in all
treatments when compared with Exp.1. TDM in Expaswreater for | than for NIS and NIF,
especially at 95 DAS (<0.001) and 127 DAS (<0.0&Dx. Exp.3, there were highly significant
differences (<0.001) between treatments in TDMIlaMm@asurements occasions, despite small
differences in soil water content. For Exp.4, thes&s significantly higher TDM values in |,
while NIS recovered in response to improved sotlewaontent following the stress treatment, as
did NIF at a still later stage of growth. The relatdifferences in final TDM among the irrigation

treatments were less in Exp.4, particularly atl#ds¢ measurement occasion.
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Figure 4.2 Changes in total dry matter for | (irrigated) (o), NIS (no irrigation until squaring) (o) and
NIF (no irrigation until flowering) (V) in 2006/07 (Exp.1, 2 and 3) and 2007/08 (Exp.4) at Gatton, SE
Queensland. Bars are two standard errors of the mean. Note: Exp 4 has a different scale.

In a comparison across years (Exp.1 in 2006/07Exmd4 in 2007/08), TDM was higher for the
full period of experimentation in the second yehis result was not unexpected, due to the drier
conditions in the first year. The pattern of TDMbg@uction was similar in both years for I, while
for NIS and NIF, TDM recovered after the periodstess in the second year.

In a comparison of Exp.2 and Exp.3 which used aor#i shelter and plastic soil covering,
respectively and were sown on similar dates, TDMyath cases did not recover following the
end of the stress period, even for Exp.3 in whinétré were no high water deficit differences
between the treatments. For the irrigated treatrfiemt Exp.2, TDM production was not as great
as for the same treatment in Exp.3; this may refiefailure in achieving complete irrigation as
illustrated in Fig. 4.1The NIF treatment in Exp.2 had the large stressceffn TDM, associated

with a severe soil water deficit.
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4.45 Leaf area index and solar radiation interception

In all the experiments, leaf area index (LAI) wasager in response to full irrigation prior to firs
flower, relative to no irrigation up to first sqeesor first flower (Fig. 4.3). | developed its cayop
sooner than NIF and NIS. Peak LAl was produced neapout (120 DAS) for all the treatments,
then decreasing to maturity. In all experimentsgdched a peak LAl in excess of 4, the one
exception being in Exp.2, which also showed lowadugs in soil water content. Treatments NIS
and NIF in Exp.4 recovered in response to irrigatmore than in other experiments, with the
LAI reaching 4.1 and 3.1 respectively, associatétl Wigher inputs of water after the period of
stress ended.

In Exp.1, the differences between the | and stiesgments were significant during the season.
However, in Exp.2 the differences in LAl betweegr threatments were not significant at 43 days,
after which there was a significantly larger LAllinfollowed by NIS. NIF had the lowest LAI
during the growing season in Exp.2.

For Exp.3 and Exp.4, the LAI followed a similarriteamong the treatments with 1> NIF>NIS,
which reflected the duration and timing of moistateess.

Comparing LAI across both years (Exp.1 and Expsdine differences were also found. In the
first year, in the NIS and NIF treatments, LAl aidt improve after the stress period, while in the
second year when weather conditions were wettel,shAwed more improvement following the
end of the stress period.

The increase in the proportion of solar radiatintelicepted (Fig.4.4) by the crop followed a
similar trend to LAI (Fig.4.3). In Exp.1, | intengeed a higher proportion of solar radiation
sooner than the stress treatments. None of theaNdSNIF plots in all experiments reached 95%
interception levels. The percentage of radiatigaroeption in Exp.4 was higher and earlier for |,
reaching 95% interception at about 80-95 DAS, wiide NIF the highest interception was
achieved at the last measurement occasion.
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Figure 4.3 Changes in leaf area index for | (irrigated) (e), NIS (no irrigation until squaring) (o) and
NIF (no irrigation until flowering) (¥) in 2006/07 (Exp.1, 2 and 3) and 2007/08 (Exp.4) at Gatton, SE

Queensland
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Figure 4.4 Percentage of photosynthetically active radiation (PAR) intercepted for | (irrigated) (e),

NIS (no irrig

ation until squaring) (o) and NIF (no irrigation until flowering) (¥) in 2006/07 (Exp.1, 2

and 3) and 2007/08 (Exp.4) at Gatton, SE Queensland. Bars are two standard errors of the mean.
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4.4.6 Dry matter partitioning

The distribution of TDM into vegetative and reprotiue components over the period of crop
development is shown in Fig. 4.5 and Fig. 4.6. Vatjee dry matter production in the |
treatments was significantly greater than in théewdeficit treatments in the early stages of crop
growth for all the experiments in both seasons.

There were no significant differences among thattnents around first flower at 71 (Exp.1), 64
(Exp.2), 84 (Exp.3) and 82 (Exp.4) DAS for repraiies dry matter production (squares, flower
or green bolls), but the production of vegetativatter by | was significantly higher in all
experiments.

Significant differences among the three treatmevese found around cut-out in production of
vegetative and reproductive biomass (flowers angasss) at 105 (Exp.1l), 95 (Exp.2), 118
(Exp.3) and 112 (Exp.4) DAS, with significantly hey vegetative biomass in the | treatments.
Exp.1 showed lower production of vegetative biomask NIS and NIF than in Exp.4. In the
latter experiment, the production of reproductivevgh resumed in all the stress treatments
following the period of stress. Exp.4 had a longae-to-maturity than the other experiments

Fig. 4.7 shows the relationship between total daytemn (TDM) production and total reproductive
dry matter during the crop growth (the final hatwebkere cotton seed yield was determined was
not included in the figure because of loss of lsavBuring the stress period, TDM production
was affected by the stress but the partitioningegdroductive organs was greater, so that
reproductive DM was similar among the treatmentsweler, the | treatment, with higher TDM,
was able to increase partitioning to reproductivgans later, resulting in a higher reproductive

yield at the last measurement occasion, in Exp.1-3.
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Figure 4.5 Changes in dry matter production of vegetative organs (leaf, stem and petiole) (e),
square and flower (o) and bolls (V) for | (irrigated), NIS (no irrigation until squaring) and NIF (no
irrigation until flowering) for Experiments 1 and 2. Bars are two standard errors of the mean.
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Figure 4.6 Changes in dry matter production of vegetative organs (leaf, stem and petiole) (e),
square and flower (o) and bolls (V) for I (irrigated), NIS (no irrigation until squaring) and NIF (no
irrigation until flowering) for Experiments 1 and 2. Bars are two standard errors of the mean. Note:
Exp 4 has a different scale.
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Figure 4.7 Relationship between total dry matter production and total reproductive dry matter
during the period of crop growth for I (irrigated) (e), NIS (no irrigation until squaring) (o) and NIF
(no irrigation until flowering) (V) in all experiments. Lines are shown for Irrigation (solid line), NIS
(dotted) and NIF (long dash). Note: Exp. 4 is on a different scale.
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4.5 Discussion

The aim of this research was to study the effeictoib water deficits of varying severity (varying
duration and amounts of water available) during ghe-flowering stages of Bt high retention
cotton, on the phenological development, dry matteduction and assimilate partitioning, so

that yield advantages of minimizing early soil wateficits (Chapter 3) can be fully understood.

Development and growth was affected under the rdiffieregimes of different water availability
during the early stages of crop growth. The earligated treatment was able to continue the
production of new vegetative growth and fruitingesithus the longer reproductive phase and
later maturity. Cut-out and maturity was delayed early irrigated, high retention cotton,
affecting the production of assimilates and theirtifoning into reproductive retained organs.
This is consistent with the nutritional hypothesfsMason (1922) and later studies of Hearn

(1972).

Phenological development

Water availability affected the time to reach diéfiet key crop growth stages, with cut-out and
maturity occurring earlier with a decline in soiater content. Irrigation (I) produced a greater
source of assimilates during the early stages @b growth, delaying the time to cut-out and
maturity, compared with NIF and NIS. A longer perito maturity associated with early
irrigation was translated into a higher number pém bolls and a high boll retention rate by the
end of the crop. This may be explained as a réfleaf more assimilates being available from a
larger canopy to meet a higher demand from the igiw&nd developing fruit. It is not only
temperatures and solar radiation that has the patén affect maturity time, but also the balance

of supply and demand for assimilates for the dexebp bolls and growing points (Bange and
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Milroy, 2000). Therefore, the balance of assimsad®ailable for boll production determines lint
yield and time to maturity (Hearn, 1972; Hearn, 499

Across both seasons (2006/07 and 2007/08) therelifites in DAS to reach various growth
stages were larger than within seasons. The baibge(from anthesis to maturity) was
significantly longer in the second season (Expathgared with the first season (Exp.1). For I,
the boll period in Exp.1 was 79 days, while in Exji.was 106 days; for NIS it was 71 (Exp.1)
and 102 (Exp.4) days, respectively. This differen@s not related to boll load or cotton seed
yield as they were higher in the first season (ExpChapter 3). Soil water content during the
second season was higher in | and NIS when competkdhe first season, a factor which have
affected the vegetative and reproductive periods. NHF, the soil water deficit was similar in
both Exp.1 and Exp.4, but in the second year wafart for recovery was higher, resulting in a

boll period of 95 days compared with 75 days infilst season (Exp.1).

Dry matter production and partitioning

Many significant differences in plant growth compats were found in the course of the field
studies, most of which were related to the impadiiberences in soil water deficits among the
treatments and between seasons. TDM productioarddfamong I, NIS and NIF treatments in
the early stages of plant growth, and increaset tite after the end of the stress period in the
first season. This was particularly the case foalfDM harvest in the first season (Exp.1 to 3);
while in the second season (Exp.4) the differenatde maintained, were smaller at the time of
final DM harvest (which was earlier than crop magyunarvest).

In a comparison across years (Exp.l in the firgisese and Exp.4 in the second), TDM
production was higher in the second year for th@levlperiod, this difference reflecting the
wetter conditions, lower evaporative demand andero@mperatures in the second year. The

pattern of TDM production was similar in both ye#os|. However, the recovery after the stress
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period in both NIS and NIF was only in the secoedry coinciding with higher inputs of water
in the form of rainfall, after the stress periodthasoil water content approaching close to field
capacity. This happened despite similar soil mogstieficits for the NIF treatment and similar

duration of NIS and NIF in both years.

Determination of LWP and stomata conductance ineicéhe plants were severely affected by
prolonged stress period. As the water stress duraticreased LWP declined, and in most cases
NIS and NIF reached LWP values of -1.9 to -3.5M&ayhich photosynthesis starts to decline
(Turner et al., 1986). Previous studies of Turrd&70) concluded that processes dependent on
cell expansion such us leaf area developmentery sensitive to water deficits. This studyaal
found a large response in LAI to the stress treatmparticularly in NIF. However, processes

associated with stomata closure were also affdnydtie end of the stress period in NIF.

During the stress period, TDM production was a#ddby stress, but partitioning was higher, so
that reproductive DM was similar among the différeaatments. However, the | treatments with
higher TDM were able to increase partitioning tprogluctive organs later, resulting in higher

reproductive yield at maturity.

Leaf area index and light interception

The irrigated (I) treatment developed its canopgngw and light interception reached 95% in
most of the irrigated plots earlier than in theessrtreatments. LAI differed significantly between
the irrigated conditions and soil water deficitatients. | in all the experiments reached a peak
LAI higher than 4, the only exception being in EXgvhich also had lower soil water content. A
high LAI is usually associated with a higher numbérfruiting sites. This association is well

studied and is due to the assimilate supply byi¢hees being primary determinant of yield, and
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essential to support vegetative and reproductiesvtlr. Thus the radiation interception by the

canopy is a major factor affecting crop growth giedd (Monteith, 1977).

Bt cotton with additional mechanisms for the plémtretain earlier fruiting structures with an

earlier cut-out, may improve the retention of oiggdny an earlier increase of assimilates and
longer vegetative stage. Early season water marageim such cotton, should encourage the
development of sufficient vegetative biomass amgelaanopy to produce more assimilates later

in the season to support a higher number of radai@eroductive organs in high retention cotton.

In summary, a delay in maturity for | may be expél as the result of a higher biomass
production, available per plant, to supply a gneaak capacity or greater number of
reproductive organs increasing final seed cottetdy{Chapter 3). Major differences were found
between years (Exp.1 and Exp.4), while there weirgommdifferences between early and late
sowing dates (Exp.1 and Exp.3). There were no réiffees between the use of plastic covering
and rainout shelters (Exp.2 and Exp.3) for exclgdime effects of natural rainfall. TDM was
affected during the stress period, as well as duevery after the stress period, with greatest
differences between treatments during the firss@eaA better TDM recovery came after the
stress treatments in the second season (Exp.4)yasdssociated with the recovery in soil water
content. 1in all the experiments reached a peakHigher than 4, the only exception being in
Exp.2 which had lower values associated with lowell water content. The production of
reproductive dry matter recovered after the peabdtress only in Exp.4 in the second season,
while none of the stress treatments in the firasea showed such a recovery.

The assimilate source supply associated with aetapiant size may explain the differences
between | and stress treatments in relation tordlte of reproductive site production, organs

retention in cotton yield, which have been repodgeparately (Chapter 3).
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Chapter 5 Sink-source relations in high retention cotton: efécts of early
irrigation, flower removal and canopy exposure afte flowering on boll

distribution, fruit retention and yield

5.1 Abstract

The low assimilate availability after flowering Imgh retention cotton may risk early cut-out and
reduce final yield. Two years of experiments withcBtton producing 2 insecticidal Cry proteins
(variety Sicot 71BR) were conducted at Gatton, Beast Queensland, Australia, to study the
effects of early water availability on source sypf fill in developing bolls and dynamics of
fruit development, distribution and retention, afmtal yield in high and low fruit retention.
Bollgard 11, a high fruit retention cotton varietyrown without interference, was compared with
the same variety but with early flower removal &ngrate lower retention (the simulation of
conventional varieties). The water treatmentsudet! - irrigation (I) over the whole cropping
season; water stress until squaring (NIS) followgdull irrigation to maturity; and water stress
until flowering (NIF) followed by full irrigation atil maturity. A further experiment was
conducted with light exposure to the lower partshef canopy under well irrigated conditions,
the aim of which was to determine if increased sew@vailability can increase yield.

The number of fruits increased under the irriggtgdonditions (high availability of resources),
with these fruits being mainly in first lateral paosn and concentrated in the middle and upper
parts of the canopy. The absolute number of flolugds and bolls, and the percentage fruit
retention, were higher in | than in the stresstitneats in high retention cotton. Without flower
removal (Bt), the effect of early water stress \@hsut 20-25% reduction in seed cotton yield.

However, with flower removal (simulation of conviemtal varieties), the yield reduction in
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response to the stress was about 5-8%. This sggthedtearly irrigation of Bt cotton increased

the supply of assimilates (before flowering) whialas important for high retention cotton,

whereas for conventional varieties (low retentiarijere the source-supply is relatively large,
compensation can take place following the periostiass.

Light exposure to the lower parts of the canopyincrease assimilate source supply for the
periods longer than 42 days from the time of flangrwere associated with increased fruit
retention and seed cotton yield by about 10%. Tistsgies show the advantages of improving
the canopy development in Bt cotton at pre-flowgria supply increased assimilate source to

support a higher sink demand resulting in incredisegield.

5.2 Introduction

The recent release of Bollgard Il cotton varietiad)ich contain two genes from Bacillus
turigensis (Bt) that express proteins toxicHelicoverpa spp, has reduced the impact of such
pests. Bollgard Il has higher early fruit retentidmster accumulation of boll weight and lower
leaf area than their conventional variety equivtddiYeates et al., 2006). Compared with non-Bt
varieties, Bt varieties has a shorter vegetativdecgnd higher early fruit retention rates at the
first and second positions of fruiting brancheshvhitgh availability of resources to support boll
growth (Ahuja, 2006; Hofs et al., 2006). The edrlyit retention and growth may not be so
critical in non-Bt cotton, due to cyclic compensgtgrowth of vegetative biomass and fruit, in
response to early loss of fruit caused by bioti@loiotic factors, such as water deficits or insect
attack (Sadras, 1996). Sadras (1995) based mamlth@ plant carbon partitioning and the
dynamics of resource allocation defined some plasponses to the loss of reproductive organs.

Four types of compensatory responses have beeiedtiog many people (Brook et al., 1992b;
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Hearn and Room, 1979; Kletter and Wallach, 1982alr&s, 1995). One response is passive and
instantaneous, in which the reproductive structwéch are damaged, are shed. A second
response is passive and time dependant, in whieheproductive organs were supposed to be
aborted but, instead, are retained and replaces thasmaged previously, resulting in a delay in
fruit setting. A third response is active and insémeous, in which resources are partitioned to
undamaged organs instead of damaged ones, inggdasimg weight but without an increase in
the number of fruiting sites. A fourth responsadtive and time dependent, in which the loss of
reproductive organs prolongs flower bud productimereasing the rate of late flowering and
number of fruiting sites. These four responses reoe mutually exclusive and not easy to
separate, but may provide the key to some agrongarameters, such as time-to-maturity
(Sadras, 1995) and to understand the responséswarfouds removal under different watering
conditions used in this study. Removal treatmergsewised to simulate conventional varieties
with low fruit retention, to provide a comparisonthw Bollgard Il cotton, with high fruit

retention.

The manual removal of squares has been successishyl to simulate pest damage in
conventional cotton (Brook et al., 1992a; Sadr@96). Many studies using flower bud removal
in conventional cotton (Kletter and Wallach, 1982howed that cotton plants are able to
compensate final yield after severe damage levatyy én the season with good growing
conditions later in the season. Artificial flowends removal causes many factors to be affected
such as time to cut-out (Guinn, 1985) and bollnete (Guinn, 1982; Kletter and Wallach,
1982b). Some studies showed that compensationfeftezr bud removal in conventional cotton
included increases in vegetative growth (Brookletl®92b), increases in flower production and

boll retention (Guinn, 1985).
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The results of previous experiments showed in exa@ihapters support the general hypothesis
that insufficient early growth as a result of se@ter deficit during the pre-flowering phase of
development, reduces the supply of assimilatesafge number of bolls retained in Bt cotton.
Even modest early soil water deficits were founcatiect seed cotton yield in high retention
cotton. Measures aimed at improving pre-floweriragev availability had a significant impact on
the crop, with changes in boll distribution pattean increase in boll retention and increased final
yield, when compared with water stressed cottontpldn the previous studies (Chapters 3 and
4) the irrigation applied after the stress peridd$ not refill the soil profile, whereas in these
current experiments the amount of water that cragueived after the water stress periods

finished was greater and refilled the soil profile.

For this study it was assumed that the higher gsimkand on a smaller plant in Bollgard Il
cotton, may risk early cut-out and reduce yield mwtell irrigation is not supplied prior to
flowering as it is the current practice in the oatbelt of NSW, Australia. However, it may be
possible to increase water supply before flowerarg] thereby increase the vegetative biomass
to enhance the supply of assimilates for the deweémt and maturation of bolls. For
conventional cotton varieties, a soil water defatitpre-flowering is usually maintained within
recommended limits, for optimizing growth (Constlbihd Hearn, 1981; Hearn and Constable,
1984). However, for Bollgard Il Bt cotton, the earlprovision of water may encourage more

vigorous growth and thereby increase final yield.

The main objective of this work was to study théeelf of early water availability on the
dynamics of fruit development, fruit distributiomdaretention, and final yield in high and low
fruit retention cotton. A hypothesis is that edrlygation should help increase boll number and

yield in Bt cotton, but this may not be the caseewlfilower number is artificially reduced to
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simulate traditional cotton varieties. A relateddst examined the effects of light exposure of the
lower part of the crop canopy to increase sourgplyuand its impact on boll retention and final

yield under irrigated conditions.

5.3 Materials and Methods
5.3.1 Experimental sites and growth conditions

Four experiments were conducted over a two yeaogdExp.4 from early October 2007 to
April 2008; Exp.5 from mid October 2007 to April @®; Exp.6 from mid October 2008 to April
2009 and Exp.7 from late October 2008 to April 200Ehe experiments were undertaken at
Gatton (91m, 2°B3'S, 15220°E) in the Lockyer Valley of Southeast Queens|ahastralia. The
soil type in the experimental area was a Lawes tayn (Powell, 1982), with heavy dark
cracking clays. Average annual rainfall is 760 mithva summer dominance; evaporation rates
are high, almost double the average rainfall. Softhe treatments from Exp.4 were used in

previous Chapters.

5.3.2 Cultural practices

The Bt transgenic Bollgard ll®™ variety Sicot 71BRoducing the Monsanto CrylAc and
Cry2AB proteins) was sown in all the experimentgpB, 6 and 7 were sown using a Nodet
Gougis vacuum planter, while Exp.5 was sown by ha&hgh seeding rates were used at sowing
with seedling numbers being later reduced to obgapropulation of 140,000 plants hél2-15
plants in 1 m rows). The experimental area was gegb one month before sowing using
conventional tillage practices. N fertilizer at ater of 100 kg had was applied at sowing.
Herbicides were used to control weeds pre-plan{ippgndimethelin), and post emergence

(glyphosate). Insects were regularly controlledtigh monitoring the presence of insects in the
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crop and applying insecticide sprays when threshol@ére reached for temperate Australia

(Farrell, 2006).

5.3.3 Experimental design, water deficit and flower budgemoval treatments

In all experiments, overhead sprinklers were usqardvide the following irrigation treatments:

I (Irrigation): Irrigation was applied to meet thater requirements for a cotton crop, calculated
as the product of daily class “A” pan evaporation & crop coefficient depending on the
phenological stage of the crop (CRDC, 2003).

NIS (No irrigation until squaring = mild water stresb)o water was applied from establishment
to squaring (water stress period), followed byyfuifilling the soil profile and further irrigation
as for | through to maturity.

NIF (No irrigation until flowering = severe water . No water from establishment to
flowering (water stress period) followed by fullgfitling the soil profile and further irrigation as
for | through to maturity.

In these experiments, the soil profile was fullfilked after the stress period finished which
differed from stress treatments in previous Chapedrere the water applied was not enough to

refill the soil profile after the stress periodighed.

Flower removal. In each water treatment there were two levelsafdlr removal starting from
the time of early flowering, (i) non-removal (NRpByard Il representing high retention cotton
and, (ii) Bollgard Il with 30 flowers removed peretre (30R). This second level of removal
simulated conventional low retention cotton. Theeniér buds were removed three times a week
over a two week period from early flowering at fivet positions on the lower fruiting nodes of

the plant.
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5.3.3.1 Experiment4
Sowing was done on £60ctober 2007. The total area of the experiment %460 M. The

water treatments were randomized as main plotdlaemd sub-plots were NR and 30R with four
replications on split-plot design. The buffer areeere sufficient to ensure that there was no
lateral water movement between plots. Water stnessachieved in the non-watered treatments
by intercepting rainfall with the use of plasticveos which were placed on the ground between
the rows within 1cm of the plant stems, with the@ers then being secured using wire pegs. The
water stress treatments were covered from the insbtfue leaves up to beginning of squaring
(NIS) and beginning of flowering\IF). The covers were removed when the treatmentsgeeri
were finished and irrigation commenced. This experit was fully described earlier under NR
conditions (Chapter 3).

5.3.3.2 Expeiment5

Sowing was undertaken off ®ctober 2007 with NIS and NIF under rainout shislend | under
normal field conditions. Removal treatments (NR &@R) were used in all three levels of
watering. The rainout shelters were used to crtbatevater stress treatments. The rainout shelters
were 12 m by 15 m in area, while the experimentah ainder normal field conditions was 24 m
by 30 m.

5.3.3.3 Experiment 6

Sowing was done on {50ctober 2008. The total area of the experiment W&60 M. The
treatments were laid out in a randomized complébekbdesign with four replications. This
experiment was conducted under well irrigated comal, with the following treatments:

CEO = no lower canopy exposure to sunlight (contr@j20 =lower canopy exposure for 20
days after first flowerCE40 = lower canopy exposure for 40 days after firetvitr; CE9Q =
canopy exposure from first flower for 90 days whieal harvest took place. Lower canopy light

exposure was achieved by pushing the plants imaWws immediately adjacent to the ‘test’ row
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(the row to be harvested) to a 45 degree inclinagiod then holding the plants in position using
wires tied to steel posts (Fukai et al., 1991).th& end of the lower canopy exposure treatment
period, the wire was removed and the plants allorgagning to their original canopy structure.
5334 Experiment?7

Sowing was done on #70ctober 2008. The total area of the whole expertmeas 1,600

The design was the same as described for Exp.i laudifferent season with water treatments as
main plots and removal treatments as sub-plotstiPleovering of the whole plot area was used
to ensure the water stress treatments as desdobé&kp.5. The plastic was removed when the

treatment period was completed and full irrigatt}mmenced.

5.3.4 Measurements

5.34.1 Meteorological conditionsand soil water
Daily temperature, relative humidity, precipitatiopan evaporation and solar radiation were

measured in a weather station adjacent to the ixeetal field.

5.3.4.2 Mapping

The dynamics of reproductive organ development attoa plants was studied in the
experiments. One of the most important componenfsuits number as well as total scars or
abortions and retention of fruits. Mapping of frugétention was undertaken for the different
phenological stages of crop development (flowermg;out and maturity) on a 1 m row (Kerby
and Hake, 1996). Vegetative branches were notdeclun the study. Plant height and number of
nodes were also collected. The retention rateshieet different lateral fruiting positions on
branches were studied - FS1, the first positiosedbto the main stem; FS2, the position adjacent
to FS1; and FS3+, FS3 and beyond, a position fumle on the branch. The distribution of
retention rates for fruiting positions on the wveati positions (nodes) of the plant was also
collected. In the case of 30R treatment, the flomets removed were counted as aborted or shed
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as all others caused by other factors (insect, boam etc). Height, number of nodes and
retention was also measured around key stage® afdip.

5.3.4.3 Lintyield

To measure final yield, in both seasons, 2007/G8 2608/09, all open bolls in a 4?reection

from the central rows of each plot were hand picked

5.4 Results
5.4.1 Meteorological conditions

Daily maximum and minimum temperatures, solar raoiia and evaporation during the
experimental period are shown in Fig. 5.1 (a b & @ymulative solar radiation, cumulative
degree days and total rainfall during the two seasre summarised in Table 5.1. Total solar

radiation was similar during both seasons (200782011 2008/2009).

Fig. 5.1b shows the levels of evaporation measuredr the experimental site, based on
Australian tank evaporation during both seasonsalTman evaporation in 2007/2008 was 942
mm in Exp.4 and 1,042 mm in Exp.5, for the wholases, with daily averages of 5.1 and 5.2
mm respectively. The total evaporation during teeosid season (2008/09) was 1,090 mm in
Exp.6 and 1,018 mm in Exp.7, with a daily averaf§é.6 mm in both experiments. During the

second season of these experiments the tempegatdrthe pan evaporation was higher than in

the first season.
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Figure 5.1 (a) Daily minimum and maximum temperatures (°C); (b) daily evaporation (mm); and (c)
daily incident solar radiation (MJ m day'l) during 2007-08 (left) and 2008-09 (right). Arrows
indicate sowing date in all experiments at Gatton, SE Queensland

Table 5.1 Cumulative degree days, mean maximum and minimum temperatures, total rainfall and
cumulative solar radiation during the period the four experiments (2007/08 and 2008/09) at Gatton,
SE QLD. Base temperature of 12°C is used (Constable and Shaw, 1988)

Variable Exp4 EXp5 Exp6 Exp7
Cumulative degree day (bas€’@p 2163 2236 2026 1924
Average maximum temperatufi€j 28.7 295 308 310
Average minimum temperatur&) 155 151 171 176
Total rainfall (mm) 606 582 631 616

Cumulative solar radiation (MJ 3544 3910 3896 3581
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5.4.2 Water received from irrigation and rainfall.
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Figure 5.2 Cumulative water input (irrigation and rainfall) for | (irrigated) (o), NIS (no irrigation until
squaring) (o) and NIF (no irrigation until flowering) (V) during 2007/08 (Exp. 4 & 5) and 2008/09
(Exp. 7) at Gatton, SE Queensland

During 2008/09, about 68% of rainfall during crowth was received during the pre-flowering
stages of development, while in 2007/08 only 41%s weceived in the same period. The
remaining 32% and 59%, respectively, for the twassas, was received after flowering towards
the end of growing season. During the early phaseop growth, the use of the rainout shelters
and plastic covering prevented the rainfall fronvihng any impact on the soil water deficit
treatments, however, later in the season all treatsnreceived the benefit of the rainfall and
supplementary irrigation as required (Fig. 5.2Jightion water after the stress periods was
greater in the stress treatments than in | in treesponding time and hence the difference in
total amount of water supplied between the irrigatreatments at the end of the growing season

was smaller than at the end of the stress period.

5.4.3 Squares, flowers and boll number

The components of fruit production subject to asalyncluded numbers of squares and flowers,
green bolls and open bolls. These components wtezrdined during key stages of crop growth

(Fig. 5.3).

88



In Exp.5 (2007/08) at 48 DAS the number of squaesplant was not significantly different
among |, NIS and NIF. This stage (48 DAS) coincigth commencement of squaring, and the
end of the water stress period of NIS. Significdifferences were exhibited at 77 DAS, with
higher numbers of squares and flowers for | redatorNIS and NIF. At this stage of crop growth,
the water stress period in NIF had ended with tmarnencement of flowering. At 110 DAS, in
squares/flowers number was significantly greateit Bnd NIS than NIF. At 156 DAS there were
significant differences in green boll number amamg treatments, with the largest number being
in I; however, the number of open bolls at thigstavas higher in the stress treatments (NIS and
NIF) due to the accelerated phenological developmiemad a higher number of open bolls by

181 DAS when compared with the stress treatments.

During the second season (2008/09) the trend waitasito that observed during the first season.
There were no significant differences among thattnents for squares and flower number at the
first measurement occasion around 50 DAS (Exp.4 @ndAt 82 DAS a significantly higher
number of squares and flowers (P = 0.013) was decbin | in Exp.4 but the number of green
bolls was higher (P = 0.001) in the stress treatméman |, probably due to their accelerated
phenological development. No significant differeh@eere found in squares and flowers in Exp.7
at 75 DAS. At 121 DAS (Exp.7), squares/flowers nemiecreased significantly in all the
treatments, but | had a significantly higher numbérgreen bolls compared with the stress
treatments. At 155 (Exp.4) and 140 (Exp.7) DASrehgere significant differences in green boll
number among the treatments, with the greatest artsneing in 1. However, the number of
open bolls at this stage was higher in the stresérents. | had a higher number of open bolls by

175 (Exp.4) and 165 (Exp.7) DAS when compared withstress treatments.
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Figure 5.3 Change in number of squares and flowers, number of bolls and number of open bolls
for I (irrigated) (o), NIS (no irrigation until squaring) (o) and NIF (no irrigation until flowering) (V)
for Exp. 4, 5 and 7. Bars are two standard errors of the mean.

5.4.4 Fruit production and retention

5.4.4.1 Plant height and number of nodes
Plant height and number of nodes were recordeleatime of each harvest. Plant height, main

stem node production (as potential production ksigesl fruit retention during early stages of

growth are summarised in Table 5.2.
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Table 5.2 Plant height (H), number of nodes (N) and retention fraction (Ret fr.) at all positions for I,
NIS and NIF, early and mid season in three experiments (Exp.4, 5 and 7) at Gatton, SE Queensland
during 2007/08 and 2008/09.

Treatment Y (cm) N Ret fr. H (cm) N Ret fr.
Exp.4 51DAS 82DAS

I 37.0 11.1 0.917 117.5 17.1 0.878
NIS 30.6 11.0 0.903 106.7 15.6 0.862
NIF 27.0 11.2 0.911 96.8 15.1 0.828
Significance ** NS NS *x * NS
Exp.5 48DAS 77DAS

I 36.3 10.5 0.875 97.7 15.5 0.839
NIS 325 10.0 0.878 75.2 14.7 0.794
NIF 27.6 10.1 0.842 55.3 14.3 0.788
Significance * NS NS *x * NS
Exp.7 53DAS 75DAS

| 35.3 10.2 0.902 75.3 15.1 0.853
NIS 33.0 10.5 0.905 68.7 14.2 0.830
NIF 43.7 10.2 0.901 67.2 14.2 0.832
Significance NS NS NS * * NS

* = significant at P=0.05

** = gignificant at P=0.01

NS = non- significant

In terms of plant height, in Exp.5, plants in theedatment were significantly taller (P <0.001)
than in the water stress treatments early and mudAf) stages (48 and 77 DAS); there were also
significant differences between NIS and NIF (P €Q@)0in plant height. Node production
increased throughout the season, with some difteebetween | and the stress treatments at 77
DAS. Even when considering differences in node nremds representing in the production of

reproductive sites, there were no differences necgrgage fruit retention among the treatments at

48 and 77 DAS.

Similar results were obtained in the other expenitmgExp.4 and 7), although the height

difference was not significant at the first measuwgat occasion in Exp.7.
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Table 5.3 Height (H cm), number of nodes (N) and retention fraction (Ret fr.) at all positions for I,
NIS and NIF combined with NR and R30 during mid-late season of the crop in three experiments
(Exp.4, 5 and 7) at Gatton, SE Queensland during 2007/08 and 2008/09. WT-water treatment. RT-
removal treatment.

Mid-lateseason  Exp.4 Exp.5 Exp.7

145DAS 145DAS 140DAS
Treatments H (cm) N Retfr. H (cm) N Retfr, H(m) N Ret fr.
I + NR 142.5 20.2 0.848 147.2 20.7 0.807 139.2 18.2 0.833
| + 30R 139.2 195 0.733 149.5 20.7 0.761 131.4 18.3 0.802
NIS + NR 123.7 20.0 0.815 137.0 20.5 0.790 1223 16.3 0.777
NIS + 30R 130.0 18.7 0.731 131.7 21.2 0.748 121.9 17.2 0.701
NIF + NR 122.7 18.2 0.795 100.0 18.7 0.775 117.2 155 0.712
NIF + 30R 132.0 18.7 0.675 113.5 19.5 0.726 117.8 16.9 0.691
Signif. WT - * * - - * - * *
Signif. RT * * * NS NS * NS NS *
Signif. WT*RT  0.046 0.032 NS NS NS NS NS NS NS

* = significant at P=0.05
** = gignificant at P=0.01
NS = non- significant

Statistical analysis was conducted with water tnesits as the main plot and removal as the
subplot for mid to late growth stages (Table 5I8).Exp.4, significant responses to water
treatments were found in relation to plant heighumber of nodes and retention fraction, with
higher levels in the | treatments. Similar respengere found in response to the removal
treatments. The water x removal interaction wasiiggnt for height and number of node (P =

0.046, P = 0.032, respectively), but not signifidamn the retention fraction.

For Exp.5, significant differences were found feidght and number of nodes among I, NIS and
NIF (P <0.001), with | having significantly highéevels of both than in the NIS and NIF
treatments. Significant responses in terms of #tention fraction were found for the removal

treatments (P = 0.024), with lower values in R3¢ €apected) being associated with the early
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removal of fruit. There were no significant interans between flower removal and irrigation in

relation to plant height (P = 0.295) and node nunjBe= 0.236).

In Exp.7 results were similar to those obtaine@xp.5. None of interactions between irrigation
and removal treatments were significant for anyialde (P = 0.312, P = 0.311, P = 0.801),
however significant responses to the water treatsneere found in terms of height (P = 0.001)
and number of node (P = 0.021). Retention fracti@s significantly higher in | treatments
compared with stressed treatments. There were sitpauficant responses to the removal

treatments in relation to the retention fractiorn=(P.012) with higher values in NR than 30R.

5.4.5 Dynamics of reproductive organ development

5.4.5.1 Lateral fruiting positions and retention
Table 5.4 shows the number of fruit retained (fruhat still existed at maturity) on a plant as

well as the proportion of the total number of fingt sites retained. Fruit number as well as the
retention fraction, increased in response to tleeflpmwering irrigation treatments (1), relative to
the water stress treatments. Percentage retergmmeased from the first to third positions within
the sympodial branch for all treatments.

In Exp.4, the total fruit number (TFN) was signéitly higher in | than in stress treatments.
Total retention was only significantly affected WJT being higher for I. FS1 was significantly
higher in | than in stressed plants. The respoimsES1 were significant for WT*RT (P = 0.026),
while Retl responded significantly (P = 0.014) tolr Wy increasing in the higher water
availability treatments. At the second fruiting pios, WT significantly affected FS2 and Ret2.
At the third fruiting position, FS3 and Ret3 weignsficantly affected only by WT and not by

RT being higher under irrigated conditions.
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Table 5.4 Total fruit number (TFN) and retention fraction (TRet) per plant at maturity and different
fruiting sites (FS 1, 2, 3+ and total) for I, NIS and NIF combined with NR and R30 in three
experiments (Exp.4, 5 and 7) at Gatton, SE Queensland during 2007/08 and 2008/09.

Exp.4 TFN TRet FS1 Retl FS2 Ret2 FS3+ Ret3+
I + NR 40.1 0.595 17.1 0.797 14.9 0.456 7.9 0.445
I + 30R 39.4 0.574 16.0 0.753 14.7 0.515 8.6 0.355
NIS + NR 34.3 0.584 14.9 0.697 12.5 0.536 6.9 0.417
NIS + 30R 33.0 0.558 14.4 0.663 10.7 0.457 7.0 0.504
NIF + NR 28.9 0.523 12.1 0.712 11.7 0.356 6.4 0.433
NIF + 30R 29.4 0.465 12.1 0.642 11.9 0.376 6.6 0.294
Signif. WT * * *k * * * * *

Signif. RT NS NS NS NS NS NS NS NS
Signif. WT*RT * NS * NS NS NS * NS
Exp.5 TFEN TRet FS1 Retl FS2 Ret2 FS 3+ Ret3+
I + NR 36.7 0.620 14.9 0.816 13.9 0.640 7.7 0.409
I + 30R 35.5 0.575 14.9 0.680 14.0 0.505 6.4 0.472
NIS + NR 23.0 0.585 114 0.670 10.9 0.531 4.5 0.416
NIS + 30R 33.2 0.563 14.7 0.640 11.5 0.520 6.9 0.467
NIF + NR 31.7 0.552 12.7 0.647 11.4 0.588 7.5 0.326
NIF + 30R 29.2 0.488 12.0 0.585 11.0 0.458 6.2 0.361
Signif. WT * * * o NS NS NS NS
Signif. RT NS * NS * NS NS NS NS
Signif. WT*RT * NS * NS NS NS NS NS
Exp.7 TFN TRet FS1 Retl FS2 Ret2 FS3+ Ret3+
I +NR 37.0 0.651 14.7 0.769 13.9 0.627 10.9 0.476
I + 30R 36.9 0.624 15.2 0.691 14.7 0.560 10.7 0.578
NIS + NR 325 0.584 13.0 0.619 12.5 0.566 7.0 0.492
NIS + 30R 33.0 0.563 13.7 0.614 11.9 0.532 9.9 0.506
NIF + NR 29.5 0.568 12.9 0.663 10.9 0.580 11.2 0.404
NIF + 30R 30.4 0.583 12.7 0.675 11.0 0.489 8.5 0.506
Signif. WT * * * NS * NS * NS
Signif. RT NS NS NS NS NS NS NS *
Signif. WT*RT NS NS NS NS NS NS NS NS

* = significant at P=0.05
** = gignificant at P=0.01

NS = non- significant
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In Exp.5, the differences in total fruit number N)Facross water treatments (WT) were
significant, while there were no significant dié@ices across removal treatments (RT). The WT
and RT interaction was also significant as NIS + NRduced much lower fruit number.
Percentage total retention was significantly highed than the stress and in NR than 30R;
however, there was no significant interaction betw&/T and RT (P = 0.376). For FS1 there
were significant differences among the water treatisy | had a higher number of FS in position
1 compared to NIS and NIF. There was an interadbemveen WT*RT (P = 0.024) for FS1 as
NIS + NR produced much lower fruit number. In FS®d &FS3+, there were no significant
differences in fruit retention. The higher percegetaf retention was mainly concentrated in first

position rather than the second position.

In Exp.7, the total fruit number (TFN) and totalifrretention responded significantly to WT

with higher values for | than stress conditionsl s significantly higher in | than stressed
treatments. In the first position there were npoeses to RT and WT*RT for FS1. In the second
and third fruit positions the number of FS was éased under irrigation conditions, with no

responses to RT and WT*RT.

5.4.5.2 Vertical fruiting positionsand retention
The distribution of fruits per node per plant givess idea of the vertical retention at maturity

under the different water treatments. The numbdruifs per node and number of abortions are
shown in Fig. 5.4, 5.5 and 5.6 and the verticanton in the different treatments is illustratad i

Fig. 5.7, 5.8 and 5.9.
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The | treatments produced more fruits at the togitipms in both Bt and conventional (flower
removal) than in stressed treatments. | 30R pratlucere total fruits positions (including

aborted ones) in the middle but lower retentiothatlower positions.

For Exp.4 (Fig. 5.4 and 5.7), at the lower nodekthre retention was higher in NR than 30R but
with a similar distribution on mid-upper nodes bétplant. From node 20 to the top of the plant,
30R showed a higher fruit retention compared witR. Nn the NIS treatments, the vertical
distribution among the removal treatments was wéffe for the lower nodes, with decreases in
30R. As in Exp.4 NIF showed a similar trend betw®&#R and R30, with a decline in fruit

retention in the upper nodes when compared witidINIS.

In Exp.5 (Fig. 5.5 and 5.8), the vertical distribat of retention at different fruiting nodes
exhibited different trends, reflecting the levelvaditer availability (I, NIS or NIF). In the case of
[, high retention was concentrated in the middle pathe canopy with 10 nodes showing around
60-70% of retention. There were also a few moréifig sites at higher levels (up to node 23)
with lower levels of retention. Although NIS showadimilar trend in the lower positions as |,
the number of fruiting nodes in the middle parttlé canopy with high retention was reduced
(around 8 nodes) when compared with I. NIF hadferdint distribution, with higher retention in
lower fruiting nodes, and more variability for theper nodes, followed by a decrease to zero
retention on node 20. Earlier cut-out and matufitsther reduced the production of fruiting
branches in NIF, followed by NIS and I. 30R shoveedecline in fruit retention in the lower
nodes for all the water treatments due to earlianumal flower bud removal; however, fruit

retention increased significantly in the uppertfing nodes when compared with NR.
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Figure 5.4 Number of fruits retained (black) and aborted (grey) per fruiting node in Exp.4 for I, NIS

and NIF in combination with NR and 30R
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Figure 5.5 Number of fruits retained (black) and aborted (grey) per fruiting node in Exp.5 for I, NIS

and NIF in combination with NR and 30R
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Figure 5.6 Number of fruits retained (black) and aborted (grey) per fruiting node in Exp.7 for I, NIS

and NIF in combination with NR and 30R
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Figure 5.7 Retention fraction per fruiting node in Exp.4 for I, NIS and NIF in combination with NR
(e) and (o) 30R. Bars are two standard errors of the mean.

100



1.0

0.8 —

0.6 —

0.4 —

0.2 —

25

1.0

Retention (fraction)
o
N
|

0.0 —

1.0

25

0.8 —

0.6 —

0.2 —

0.0 —

5 10 15
Node number

25

Figure 5.8 Retention fraction per fruiting node in Exp.5 for I, NIS and NIF in combination with NR

(e) and (o) 30R. Bars are two standard errors of the mean.
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Figure 5.9 Retention fraction per fruiting node in Exp.7 for I, NIS and NIF in combination with NR
(e) and (o) 30R. Bars are two standard errors of the mean.
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Fig. 5.6 and 5.9 shows the levels of retentionxp.E. Differences in retention at the lower nodes
were found between NR and 30R under | conditiorfslena compensatory higher level of fruit
retention was recorded on the upper nodes for OR.3or NIS, the differences between the
removal treatments were lower than for I. A deceda®tention was found in the lower nodes in
30R. NIF produced fewer nodes with fruiting sitesnpared with | and NIS. Most of the retained
fruit was concentrated on the lower nodes (betw&and 14), with gradual decline in levels of
retention towards the top of the plant. For NIFg thifferences between NR and 30R were lower

than for | and NIS.

5.3.6. Seed cotton yield

Seed cotton yields are shown in Fig. 5.10.

Statistical analysis in Exp.5 showed significarftedences in seed cotton yield in response to the
water treatments (<0.001) with higher values ihdrn stressed treatments; however, there were
no significant differences in response to the remhdreatments (P = 0.196). For Exp.4 and 7,
seed cotton yield was also increased in | thatr@ssed treatments and the results were similar in
those in Exp.5. Interaction WT*RT was also not gigant in all three experiments, but the
effects of irrigation tended to be larger in NR (@&ttton) than in 30R (about 19% difference
between NR and 30R under irrigation, while theatéhces between NR and 30R was about 7%

under stress conditions).

Gin-out % was significantly different among thagation treatments only in Exp.5 (P = 0.003)
with 43.66% in I, 41.89% in NIS and 41.56% in NIFhere were no significant differences
between the treatments in Exp.4 and Exp.7 (P =00&id P = 0.312, respectively). No

significant responses to removal treatments waraddor gin-out % (data not presented).
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Figure 5.10 Seed cotton yield (g m-2) for I, NIS and NIF combined with NR (black) and 30R (grey)
for each case in Exp.4 and 5in 2007/08, and Exp.7 in 2008/09. Standard errors of the mean are also
showed.

5.4.6 Canopy light exposure experiment (Exp.6)

5.4.6.1 Fruit number and lateral retention
Fruit number and retention at the first positios{Fand Retl) and the third position (FS3 and

Ret3+) were not significantly different among tieatments (Table 5.5). However, FS2 showed
a significant increase in CE40 and CE90 when coetpaiith CEO and CE20, but there were no

significant differences in Ret2. Total fruit numk@FN) was increased from 22 to 27 and total
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retention (Tot.Ret) was also increased from 0.60.7® in CE40 and CE90 compared with CEO

and CE20.

Table 5.5 The effect of lower canopy light exposure on total fruit number (TFN) and retention
fraction (Ret) in different fruiting sites (FS 1, 2, 3+ and total) per plant at maturity at Gatton, SE
Queensland during 2008/09

Exp.6 TFN Tot. Ret FS1 Retl FS2 Ret2 FS 3+ Ret 3+
CEO 22.2a  0.604a 9.7 0.711 8.2a 0.606 4.2 0.428
CE20 22.0a  0.604a 9.5 0.705 7.7a 0.553 4.7 0.481
CE40 27.2b  0.709b 10.5 0.737 10.0b 0.733 6.7 0.628
CE90 27.0b  0.698b 11.2 0.774 10.2b 0.718 5.5 0.545
Significance * *x NS NS * NS NS NS

* = significant at P=0.05
** = gignificant at P=0.01
NS = non- significant

5.4.6.2 Retention at different node positions
The vertical retention illustrated in Fig.5.11 slsothe pattern of distribution and competition

throughout the plant in the different canopy expestreatments. Increases in retention of
between 0.20 and 0.25% were found in the first 4 t@productive nodes in CE40 and CE90

when compared with CEO and CE20.

5.4.6.3 Seed cotton yield
CE40 and CE90 produced significantly higher sedtbnoyields (P = 0.014) than CEO and CE20

(Fig.5.12). Yields increased by about 11% in respoto 42 days exposure after flowering, as
well as canopy exposure until maturity. However, @&fys of exposure did not have any

significant effect on final yield.
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Figure 5.11 Retention fraction per fruiting node in Exp.6 for CEO, CE20, CE40 and CE90 at Gatton,
SE Queensland during 2008/09. Bars are two standard errors of the mean.
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Figure 5.12 Seed cotton yield (g m'2) for CEO, CE20, CE40 and CE90 in Exp.6 at Gatton, SE

Queensland during 2008/09. Bars are standard errors of the mean.
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5.5 Discussion

This research reported in this Chapter establishetearly soil water availability increased lint
yield in high retention cotton when compared witle-flowering water stress treatments. This
result is consistent with the previous findings @@ter 3) and supports the general hypothesis
that insufficient early growth as a result of egohe-flowering soil water deficits, reduces the
assimilates supply needed to meet a higher bollademn high retention cotton. Seed cotton
yield was reduced by 41-44% in late sowing datesa80% in early sowing dates under water
stress conditions at pre-flowering during 2006/02007/08. In the present experiments during
2007/08 — 2008/09 which were planted early in thasen, early water stress reduced the seed
cotton yield of Bt cotton by about 20% comparedhwitre-flowering irrigated cotton. Under
water stress conditions (NIS and NIF), the diffeesnin seed cotton yield between high retention
(Bt) and low retention (flower removal) cotton wesraaller, but in well irrigated conditions, high
retention Bt cotton tended to produce higher vyielthese results support the common
agronomical practice in Australia that use a lomgiqu of water stress until squaring and
flowering followed by irrigation that was developéat conventional varieties, may not be ideal
for Bt cotton. Some of the variables studied insthexperiments are described in the followings
paragraphs to better understand these differencageld between water treatments for high

retention (Bt) and low retention (flower removadtton.

Comparing both sets of experiments (Chapter 3 iap€r 5), the differences produced in terms
of seed cotton yield between the two stress treatsrege small (7-10% in Chapter 3 and 4-7% in
Chapter 5) considering the different amount of wateplied after the stress period finished,
being greater in the second set of experiments.edewy these differences in water applied for
recovery were not reflected in differences in yjéddt in TDM for all the cases (About 37% of

increment of TDM in the second set of experimeptagared with the first one).
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Three different levels of water availability wersed in these studies to help the manipulation of
early biomass in Bt cotton. It was hypothesized #haigger plant from the early pre-flowering
stages, would potentially produce assimilates dliitevering that are sufficient to meet the large
sink demand in Bt cotton, resulting in higher frugtention and higher seed cotton yield. |
(Exp.5) produced a higher number of flower bud3aDAS compared with the soil moisture
stress treatments (a result similar to that in Ex@hese increases in flower buds were translated
later in the season into a higher number of gredls betained for all experiments. The stress
treatments on the other hand resulted in earlevdting, producing bolls earlier than I. Similar

trend was found in previous studies in ChaptertB wsoil water deficits at pre-flowering.

The relationship between plant height and numbenades was considered as part of the
reproductive site production analysis. When conside fruit removal treatments, different
responses to pre-flowering water stress were fotttwlver bud removal, which simulated low
retention cotton, significantly reduced fruit retien in Exp.4 and 5. The removal treatments did
not affect internode elongation in Exp.4 and 7. ideer, in Exp.5, significant responses were
found in relation to plant height and node numlvath the low retention cotton showing an
increase in plant height and number of nodes isdhoeatments associated with low levels of
available resources (NIS and NIF). However, witghhavailability of resources (I), Bt cotton
showed an increase in plant height and node numhen compared with conventionabtton
(i.e. treatments with fruit removal). Other resé@rs have reported that bud removal treatments
have resulted in longer internodes, and more inth¥a and branches (Holman and Oosterhuis,

1999; Sadras, 1996).
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During the mid-late season, all the experimentsvgliosignificant differences in fruit retention,
with the | treatment being associated with higtesels of retention, compared with the water
stress treatments. The flower removal treatmersts significantly affected fruit retention, with
levels of retention higher in Bt cotton comparedhwow retention cotton. Most of the removed
fruits were in fruiting position 1, and contributéal the differences in final seed cotton yield

between water treatments.

The distribution of fruits on lateral branches aetention of these fruits showed effects of the
water and removal treatments. The retention deedefiem the first to third positions within the
sympodial branch for all treatments as was alsaddn previous Chapters. This may reflect the
effects of lateral competition for assimilates betw the fruiting sites, with the sites closer t® th
main stem having an advantage over those furtloen it. This advantage of the first fruiting
position in competition for assimilates has alserbeeported by several other authors (Constable
and Rawson, 1980b; Kerby and Buxton, 1981; Wullsght and Oosterhuis, 1990a;
Waullschleger and Oosterhuis, 1990b).This competifar assimilates is also reflected in the age
of bolls in FS1 and FS2. Bolls at FS 1 were usudltg 12 days older than those at SF 2 and SF

3+, respectively.

Not surprisingly total fruit number was higher undelly irrigated prior to flowering. Final
levels of retention were mainly affected by wateatments. Differences between conventional
and Bt cotton in retention were smaller in treattaemth limited levels of water (NIS and NIF),
than in treatments with higher levels (I). Cotteed yields followed similar trends. In Exp.4 and
7, for example, without flower removal, early watgress reduced the seed yield of high
retention cotton by about 20%; however, with flowemoval in low retention cotton, there was

only a 5-8% yield reduction in the water stresattreent. This suggests that early irrigation
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resulted in the development of a larger canopy,clwhwas important for high retention (Bt)
cotton, whereas plants can be stressed during @aHg stages in low retention cotton where

source-supply is relatively large and compensatamoccur.

Manipulating the crop biomass through lower candigit exposure under fully irrigated
conditions, showed some responses in terms of retéintion, boll distribution and yield. Long
period of exposure for 40 days or longer after #awg increased fruit number in the second
position by 20%, with an associated 18% increaséotal fruit number. The increases were
associated with a marked increase in the numbéwuifretained in the lower part of the plant
canopy, relative to the control and the 20 dayosye treatment. It is likely that solar radiation
and photosynthesis in low position fruiting sitescbme a limitation, with a bigger plant and
complete canopy closure resulting in fruit aborsioand decreasing the yield potential in
conventional cropping systems. The experimentallrés consistent with the results of studies
reported by Constable (1981), who concluded thatldimg of young bolls happens when the
radiation levels decrease, despite the plant hagimaugh assimilates to support growing bolls.
The light penetration and interception within tleopy changes as the crop grows, with the new
leaves higher in the canopy shading the older kavee older leaves in the bottom of the
canopy then reduce the production and supply dméases for growing bolls (Constable and
Rawson, 1980a; Constable and Rawson, 198i% result indicates that high retention cotton
has a capacity to respond to increased sourceysapeh after flowering and that yield is limited

by source availability.

In summary, the number of fruiting sites increasgaler conditions of high availability of
resources in the | treatments relative to the séieedreatments (NIS and NIF), mainly in first

lateral position and concentrated in the middle apger parts of the canopy. The absolute
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number of flower buds and bolls, and percentage fetention, were higher in | compared with
stress treatments in high retention cotton. Withitmwer removal (eg. Bt), early water stress
reduced seed cotton yield by about 20%; howeven flawer removal (eg. Non Bt) the stress
treatments reduced seed yield by only between 58%ad relative to the | treatments. This
suggests that early irrigation increased the supplgssimilates (before flowering), which was
important for the high retention Bt cotton, whergénts can be stressed during the early stages
development in low retention cotton varieties inichhsource-supply is relatively large, potential
yield is rather low and where post-stress compensas possible. These studies show the
advantages of improving source development in Btonocompared with low retention (fruits
removal) during the pre-flowering phase of cropvgig to support a higher sink demand for

assimilates which can result in higher lint yieldsler field conditions.
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Chapter 6 Sink-source relations in high retention cotton: efécts of early
irrigation, flower removal and canopy exposure afte flowering on biomass

production and assimilate partitioning

6.1 Abstract

Compared to non-Bt varieties, Bt cotton has a sharégetative cycle due to higher early fruit
retention rates. In Chapter 5 it was reported ¢laally water availability increased final yield and
fruit retention rates particularly in high retemtiootton. Four experiments over 2 years using Bt
cotton producing 2 insecticidal Cry proteins, werenducted at Gatton, SE Queensland,
Australia, to study the effects of early water &lality on the dynamics of biomass
accumulation and partitioning, and development loérlogical stages in high and low fruit
retention situations (the latter was simulated wé@moval of 30 flowers in 1 m row). A related
study examined the effects of light exposure of Ibwer part of the crop canopy to increase
source supply and its impact on biomass accumulaitial partitioning.

Water availability affected the time taken to readiferent key crop growth stages. Cut-out and
maturity occurred earlier in the stress treatmehtgal biomass, vegetative production and LAI
were significantly higher under irrigated (I) conains. The total biomass production was higher
in the | treatment in all 3 experiments when coragawith treatments with soil water deficits
during the early stages of plant growth. Howeverboth the water stress treatments (NIS and
NIF) there was a recovery in total biomass productfter the stress period in response to
refilling of the soil profile. The various vegetasi dry matter production components showed an
increase in simulated low retention cotton (R30ewltompared with Bt (NR). However, the

differences between low retention and high retenBocotton in the water stress treatments (NIS
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and NIF) were smaller than those in the | treatseoting the second year (Exp.7). In reference
to the lower canopy light exposure study, significaifferences were found at maturity in
vegetative dry matter production following long ipels of exposure (about 40 days after
flowering and until the end of the crop), when cangal with control treatment and a short period
of exposure (20days). Boll dry matter and TDM were also higher in thendoexposure
treatments compared with the non-exposed control.

The higher assimilate source supply of larger glanith longer period after flowering in
response to early irrigation may explain the yieiiflerences recorded between the irrigated and
stress treatments, particularly in high retenti8t) (cotton when compared with low retention
cotton. The higher assimilate supply was refledteligher rates of production of reproductive

sites, higher organ retention and higher finalaoteed yield, as described in Chapter 5.

6.2 Introduction

In Chapter 5 it was reported that early water adity increased lint yield in high retention
cotton, which supports the general hypothesisehdly growth of the crop is critical to meeting
assimilate demands for developing bolls from efiolyering. The responses to early irrigation in
terms of final yield tended to less in low (convenal cultivars simulated by early flower
removal) than in high retention (Bt) cotton. Theesults support the view that early fruit
retention and growth may not be so critical in mineotton cultivars due to the cyclical
compensatory growth of vegetative shoot and fruitsyesponse to the early loss of fruit.
However, this compensatory mechanism seems to bk ineBollgard (Bt) cotton varieties. Also
it was found that the yield was increased whenltiveer canopy was exposured to sunlight

suggesting that the assimilate availability forl®at lower canopy is also important for high
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yield in high retention cotton. This Chapter aimskplain the basis for differences in final yield
and fruit retention and distribution reported inapter 5 through an analysis of the physiological

parameters involved in growth and development.

During vegetative growth, the production of carldiayes as a result of photosynthesis increases.
Correspondingly, as plants grow, the demand fdoataydrates by the different plant organs increases.
this way, a balance is achieved between carbolg/dtgiply and demand. The initiation of reproductive
growth and its timing with respect to vegetativevalepment may also have a large effect on root
development. Once the reproductive stage has betated with the development of flower buds or
squares, several factors affect the processesviewah the control of flower bud number and boll
retention, with a potential significant impact antlyield (Guinn et al., 1981; Heitholt et al., 99
During the squaring stage, it is more likely thatadl flower buds will be shed than larger and
fully expanded squares, especially in the ten dayod immediately before anthesis. Shedding
during the early stages of squaring is be explaimgedwo possible and conflicting hypotheses
(Heitholt, 1999a). The first hypothesis is thatddiieg of small squares is strictly due to biotic
stresses like insect damage, rather than in resptmgphysiological causes. Supporting this
hypothesis is the fact that small squares requisenall supply of assimilates, which is not a
resource limitation at this early stage of develeptn The second hypothesis is that either
physiological, abiotic (Ungar et al., 1989) or madtresses (Sadras, 1996) can cause shedding of
small flower buds. Constable (1981) concluded t¢ideér squares and flowers are less likely to be
shed due to the fact that 50% of their assimilatpirements can be produced from the bracts of

the flower buds. A similar conclusion was madelfolls older than 10 days.

Boll retention and distribution within a plant play important role in determining final yield,

and is linked to the allocation of assimilates et during the vegetative growth by the plant.
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If the level of available assimilates is adequatsupport the developing bolls, then these bolls
will be retained (Constable, 1991; Jenkins et90a; Jenkins et al., 1990b). However, if the
demand from growing bolls exceeds the supply oinakges from the current photosynthesis
and some stored carbohydrates in the vegetativetstes, the retention of bolls will decline on

account of an increase in the number of boll abostior shedding (Guinn, 1998; Mason, 1922).

In the first series of experiments (Chapter 3 apdatithe end of water stress period, the soll
water deficit was not fully replaced with irrigatiavater and controlled deficit irrigation schedule
followed. This may be the reason for TDM productiat fully recovering after the stress period
in these experiments. While in the current serfesxperiments, the soil water deficit was fully
replaced to the drained upper limit after the stygsriod, then irrigation was applied to replace
the daily crop water use. However, the effect @-fowering water stress on cotton yield was
similar in the two sets of experiments. Thus, drgtter growth of different organs will be
investigated to explain the variation in growth gadtitioning of assimilates. The objective of
the work reported here was to study the effectsasfy water availability on the dynamics of
biomass accumulation and partitioning, and devebtgnof phenological stages in high and low
fruit retention cotton (the latter simulated by waal of 30 flowers per m row). A second
objective was an examination of the effects oftlighposure of the lower part of the crop canopy

to increase source supply on biomass accumulatidrpartitioning, under irrigated conditions.
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6.3 Material and Methods
6.3.1 Experimental sites and growth conditions

The experiments were described in details in Chndatd o summarise, four experiments were
conducted over a two year period (Exp.4 and Exmi fOctober 2007 to April 2008; Exp.6 and
Exp.7 from October 2008 to April 2009). The expents were undertaken at the Gatton campus
of the University of Queensland (91m,°23'S, 15220'E) in the Lockyer Valley of Southeast
Queensland, Australia. The soil type in the expental area was a Lawes clay loam (Powell,
1982), with heavy dark cracking clays. The averagmfall is 760 mm with a summer

dominance, whilst evaporation rate is high, abate the annual average rainfall.

6.3.2 Cultural practices

The Bt transgenic Bollgard Il®™ variety Sicot 71BRjoducing the Monsanto CrylAc and
Cry2AB proteins) was sown in all the experimentgyiHseeding rates were used at sowing with
seedling numbers then being reduced to obtain alatipn of 140,000 plants Hg12-15 plants

in 1 m rows).

6.3.3 Experimental design and water deficits, flower budemoval and canopy exposure
treatments

For Exp.4, 5 and 7, overhead sprinklers were usgudvide the following irrigation treatments:

I (Full irrigation): Irrigation was applied to me#te water requirements for a cotton crop,
calculated as the product of daily class “A” pama@wation by a crop coefficient depending on
the phenological stage of the crop (CRDC, 2003).

NIS (No irrigation until squaring = mild water stresBjo water was applied from establishment
to squaring (water stress period), followed byyfu#filling the soil profile and further irrigation

as per the | treatment through to maturity.
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NIF (No irrigation until flowering = severe water ss¢: No water from establishment to
flowering (water stress period) followed by fullgfitling the soil profile and further irrigation as
per the | treatment through to maturity.

Flower bud removal In each water treatment there were two levelsafdr removal, starting
from the time of early flowering (i) non-removal R) Bollgard Il representing high retention
cotton and, (ii) Bollgard Il with 30 flowers rema¥@er meter (30R) or about 4 flowers per plant.
This second level of removal simulated conventidoal retention cotton. The flower buds were

removed three times a week over a two week perad tarly flowering.

6.3.31 Expeiment4
Sowing was done on f60ctober 2007. The water treatments were laid ow randomized

complete block design with four replications. Thefer areas were sufficient to ensure that there
was no lateral water movement between plots.

6.3.3.2 Experiment5

Sowing was undertaken on3October 2007, using a split-plot design layout hwiour
replications in three different environments (twodar a rainout shelters and the third under
normal field conditions). The rainout shelters wesed to create the water stress treatments.
6.3.3.3 Experiment 6

Sowing was done on 80ctober 2008. The treatments were laid out innaenized complete
block design with four replications. This experihemas conducted under well irrigated
conditions, with the following treatments:

CEO =no lower canopy exposure to sunligbt=20 =lower canopy exposure for 20 days after
first flower; CE40 = lower canopy exposure for 40 days after firswwir; CE90 = canopy
exposure from first flower until final harvest (whi was approximately 90 days after first

flower). Lower canopy light exposure was achieved pgushing the plants in the rows
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immediately adjacent to the ‘test’ row (the rowht® harvested) to a 45 degree inclination and
then holding the plants in position using wiresltie steel posts (Fukai et al., 1991). At the end
of the canopy exposure treatment period, the wie memoved and the plants allowed to return
to their original canopy structure.

6.3.34 Experiment7

Sowing was done on $70ctober 2008. The water (irrigation) treatmentgenaid out in a
randomized complete block design with four replmag. The stress period (NIS and NIF) started

10 days later than the experiments of the firssgealue to rainfall at early stages.

6.3.4 Measurements

Volumetric soil water content was measured peritliausing a neutron probe calibrated in the
fields where the experiments were being condudde®.m long x 50 mm diameter access tube
was placed within a row at the center of each pMéasurements were made at soil depths of 30,
50, 70, 90, 110, 130, 150 and 170 cm. The caltravas done after crop establishment and
emergence, when the soil profile was near fieldacap in every plot. The bulk density at each
depth was used to convert gravimetric soil waterteat into volumetric water content.

Total dry matter and partitioning were measured®asquare (48-53 DAS),*1flower (75-82
DAS depending on experiment), cut-out (110-121 DABJY physiological maturity-60% open
bolls (145-161 DAS) (open bolls defined as suchmtveo sutures on the boll dehisced). Plants
in 1 nt area were harvested from each plot. Total freembss was measured and a-sub sample
of 3 plants were used to determine leaf area, dayten and partitioning of DM into leaves,
stems, petioles, squares, flowers, green bollsap@h bolls. Samples were dried at 80°C over

three days to determine dry matter content.
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Leaf area was measured using a LiCor planimeterd@1al1-3100, LiCor Inc., Lincoln, NB,
USA) and then drying the leaves at 80°C for thr@gsdSpecific leaf area (SLA) was calculated
and the product of SLA and the amount of leaf dater in the 1rharea was the leaf area index

(LAV).

6.4 Results
6.4.1 Soil water content

Changes in total soil water content between 201&@dcm are shown in Fig. 6.1.

In Exp.4, the duration of the stress period andstheerity of NIS and NIF were similar to Exp.5,
but the soil water content of | treatment was higimeExp.4. In both stress treatments, full
irrigation after the period stress brought the smilisture content levels back to values similar to
l.

Exp.5 was conducted under rainout shelter conditimnproduce the early stress period. Soil
water content in NIS decreased slowly until 55 D&®1 NIF until 69 DAS, after which full
irrigation brought the soil moisture content backhe values of the | treatment.

During the second season (Exp.7, 2008/2009), tHeo&hlIS was 10 days beyond dquare due
to the higher soil water content in the profiletive early stages of crop growth. The end of NIF
was also extended by 12 days aft&rlbwer, unlikely the same treatment in the firsison’s
experiments. The severity of water stress in yeara® similar to year 1. After the end of the
stress period, full irrigation restored the soilt@racontent to levels close to that of the |
treatment.

In all experiments, the lowest soil water contemisweached at the end of the stress period in
NIF. The recovery from the soil water deficit carffmem the combined water inputs from

irrigation and rainfall.
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Figure 6.1 The effect of early water availability on changes in total soil water content (20-180 cm
depth) for I (irrigated) (o), NIS (no irrigation until squaring) (o) and NIF (no irrigation until flowering)
(V) in 2007/08 (Exp.4 and 5) and 2008/09 (Exp.7) at Gatton, SE Queensland. Arrows indicate the
end of the stress period. Bars are two standard errors of the mean.

6.4.2 Phenological development

Periodic mapping and visual inspections were usatktermine the date each phenological stage
of development was achieved. The effect of floneneoval on phenological development was
not significant and hence not included in Table &le timing of all reproductive development

stages was delayed in | when compared with thesstreatments, particularly in Exp.5.
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Table 6.1 Phenological development: number of days (DAS) from sowing to 1st square, 1st flower,
1st open boll and 60%open bolls, for | (irrigated), NIS (no irrigation until squaring) and NIF (no
irrigation until flowering) in 2007/08 (Exp.4 and 5) and 2008/09 (Exp.7) at Gatton, SE Queensland.

1*' Square £' Flower 1° Open Boll 60% Open Bolls
Exp.4
Treatment
I 50.5 80.8 145 186
NIS 47.0 79.1 142 181
NIF 46.0 78.0 141 180
Significance * NS NS *
Exp.5
Treatment
I 48.6 77.7 15 182
NIS 43.0 75.1 142 175
NIF 44.1 71.6 138 172
Significance * * ** **
Exp.7
Treatment
I 49.0 69.1 130 161
NIS 49.1 69.3 127 154
NIF 49.1 69.1 126 152
Significance NS NS * *x

For Exp.4, significant differences were recordeddsponse to the treatments dtshuare and
maturity; a delay of 6 days was recorded at matimit compared with NIF. In Exp.5, a delay of
4-6 days was recorded &t 4quare and®iflower, but the delay was increased to 15 day4°by
open bolls. NIF was associated with earlier mag(i#2 DAS), followed by NIS (175 DAS) and
then | (182 DAS). No differences were found betw#ee treatments in Exp.7 for' $quare and
1% flower. This may have reflected high soil watentemt even in water stressed treatments
during early growth stages, although delays in temecorded for *1 open boll and maturity,
with a 9 day difference for the latter parametamieen | and NIF.

Considering the boll period from first flower to tudty, in Exp.7 it was 9 days longer in the |
treatment when compared with NIF, while in Exp.4l &xp.5 the difference was only 5 and 4

days, respectively.
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6.4.3 Dry matter production and partitioning

6.4.3.1 Total dry matter production
The effect of flower removal on total dry matteiDW) was rather small, and hence means TDM

across the flower removal treatments is shown g62. The trend of TDM accumulation during
the season was similar in all the treatments wighdr means in | compared with NIS and NIF.

In Exp.4, at 82 DAS, significant differences weoarid among the treatments, with higher values
for I, followed by NIS, and significantly lower foMIF. In Exp.4, after the stress period NIS and
NIF showed a recovery in TDM in response to fuligation. Although by 112 and 145 DAS,
there were significant differences (P = <0.001 Bred <0.001) between | and stress treatments,
TDM in the NIF treatment had responded to the atign post-stress and was not significantly
different from in the NIS treatment at 112 and I&S. In Exp.5, TDM for | was the highest
followed by NIS and then NIF at 77 DAS abolt flower stage. At this stage, the NIS stress
period had ended by about three weeks ago andtheater profile had been restored through
irrigation, allowing time for some recovery in dmyatter in the NIF treatment. TDM growth
recovered well after 77 DAS in response to fullgation in both stress treatments, and the
difference in TDM from | became smaller. There wer@ significant differences in TDM
between NIS and NIF at 110 and 158 DAS, but it sigsificantly higher for | (P = <0.001 and P

= 0.022, respectively).
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Figure 6.2 Total dry matter versus days-after-sowing for | (irrigated) (o), NIS (no irrigation until
squaring) (o) and NIF (no irrigation until flowering) (¥) in 2007/08 (Exp.4 and 5) and 2008/09 (Exp.7)
at Gatton, SE Queensland. Bars are two standard errors of the mean. Stress period: long arrow-
NIF and short arrow- NIS
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In Exp.7 significant differences were not found Td®M at 53 and 75 DAS between | and the
stress treatments. This may be linked to highwatker content in NIS and NIF during the early
stages of crop growth with high rainfalls. Howew&gnificant differences were found at 121 and
161 DAS with higher TDM accumulation by | in comjzan with the stress treatments. Unlikely
other experiments where the difference in TDM amaongation treatments decreased as the

crop approached maturity, in Exp.7 the differenc&DM increased to maturity.

6.4.3.2 Dry matter partitioning
The partitioning of TDM into vegetative and repratiuve components over the period of crop

development for high retention cotton and simuldt@dretention cotton is shown in Fig.6.3.
Vegetative dry matter produced in the early stagesrop growth in the | treatments was
significantly greater than in the water deficitatiments, over all experiments in both seasons.
For most organs DM at any measurement occasioral iexperiments, water treatments had
significant effect, but not flower removal treatrteemot water and removal interaction.
Significant removal effects were found for boll D& 112 DAS in Exp.4 (RT P <0.001) and
121DAS for Exp.7 (RT P=0.038). At the stage of cut-(112DAS Exp.4, 110DAS Exp.5 and
121DAS Exp.7) NR produced significantly higher bbM than 30R. This reflected the impact
of the earlier flower bud removal. At 145 DAS (E&p 156 DAS (Exp.5) and 161DAS (Exp.7),
boll dry matter production was significantly diféet in the water treatments (P = 0.011) and
removal treatments (P = 0.010), but there were ignifgant interactions. For all the water
treatments, R30 produced lower bolls dry matten tN&, but the differences between NR and
R30 in boll dry matter production in the water sré¢reatments was lower than in the | treatments
(No significant interaction WT*RT). The Fig.6.4 she the dry matter production of different
vegetative organs under different water conditi(iep.5), with higher values of leaf and stem

DM for the | treatment compared with NIS and NIF.
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Figure 6.3 Dry weight of vegetative organs (leaf, stem and petiole), early reproductive organs
(squares and flowers) and late reproductive organs (bolls) for NR (m) and R30 (o) versus days-
after-sowing for I, NIS and NIF for Exp. 4, 5and 7. Error bars are two standart of the mean.
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Figure 6.4 Dry matter production of different vegetative organs (leaf, stem and petiole) over the
season: 48 (A), 77 (B), 110 (C) and 156 (D) DAS for I, NIS and NIF in Exp.5. Note: Scales differ
between A-B and C-D.

6.4.3.3 Reationship between leaf dry matter and total dry matter production
Significant differences between treatments wererded for leaf dry matter production over the

whole season. Assimilate use for the productionleaives was related to total dry matter
production during the cropping season, and was tesedlculate the distribution ratio shown in
Fig. 6.5. | treatments had a higher leaf/TDM rattdhe beginning of the cropping season over

squaring. No significant differences for the le®@M ratio were found between the stages of
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flowering and cut-out. However, as the season azhdndifferences were found, with a higher

ratio produced by NIF relative to | and NIS.
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Figure 6.5 Changes in leaf DM/TDM for | (irrigated) (e), NIS (no irrigation until squaring) (o) and NIF
(no irrigation until flowering) (V) in 2007/08 (Exp.5) at Gatton, SE Queensland. Bars are two
standard errors of the mean.

6.4.3.4 Reationship between reproductive dry matter and total dry matter production
Fig.6.6 shows the relationship between total drytengTDM) production and reproductive dry

matter (RepDM). During the stress period, TDM prctthn was affected by the stress treatments
but the partitioning was higher so that reprodwctM was similar among the treatments.
However, the | treatments with higher TDM were atdencrease partitioning to reproductive
organs at a later stage. The trend during the $estson’s (2007/08) experiments (Exp.4 and
Exp.5) was quite different to that during the seteeason (2008/09). In Exp.7 the effect of
treatments was small during the stress period| prgduced more TDM and reproductive DM at

maturity.
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Figure 6.6 Relationship between reproductive dry matter (RepDM) and total dry matter (TDM) for |
(irrigated) (o), NIS (no irrigation until squaring) (o) and NIF (no irrigation until flowering) (V) in
2007/08 (Exp.4 and 5) and 2008/09 (Exp.7) at Gatton, SE Queensland

6.4.4 Leaf area index

Fig. 6.7 shows the change in the mean LAl acrossdl removal treatments for each water
treatment. Responses of LAl to water levels (I, i NIF) were consistent across the seasons.
In Exp.4 LAl was significant higher for | relatite the water stress treatments. At about 80DAS
LAl in NIS and NIF were similar and much lower theml. At 53 and 77 DAS (Exp.7), there
were no significant differences between the treatmé = 0.935 and P = 0.097, respectively),
the responses being similar to those obtained fprntatter production. However, significant
differences were found at 121 (<0.001) and 161 P#®001) between water treatments.

In Exp.5, significantly higher LAI values for | wemeasured at all measurement occasions when
compared with NIS and NIF. At 77 DAS, LAI for Nl&dreased, showing a recovery from the
water stress period. At 110 DAS, LAI had also reed for NIF, in response to the end of the
water stress period and the provision of full mtign. Peak LAI was recorded at 110 DAS,
which was near cut-out for all the treatments,raftieich it then declined to maturity.

The results of statistical analysis of LAI for teects of water treatments and flower removal

treatments are summarised in Table 6.2. In alldhses, | produced significant higher LAI
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compared with stressed treatments. No effects voemed by removal treatment except for 154

DAS in Exp.4, where all the 30R produced higher ti#dn NR (P = 0.010).

Table 6.2 Mean leaf area index (LAI) during the season for I, NIS and NIF and NR and R30 in
2007/08 (Exp.4 and 5) and 2008/09 (Exp.7) at Gatton, SE Queensland.

Exp.4 112 DAS 154 DAS
I+ NR 5.18 4.14

| + 30R 5.32 4.23

NIS + NR 4.02 2.88

NIS + 30R 4.25 3.23

NIF + NR 3.88 2.74

NIF + 30R 3.80 3.23
Signif. WT <0.001 <0.001
Signif. RT 0.119 0.010
Signif. WAT*REM 0.219 0.040
Exp.5 110 DAS 158 DAS
I+ NR 4.53 3.06

| + 30R 4.34 3.26

NIS + NR 3.43 2.76

NIS + 30R 3.20 2.54
NIF + NR 3.19 2.72
NIF + 30R 3.27 2.49
Signif. WT 0.001 0.009
Signif. RT 0.181 0.753
Signif. WAT*REM 0.457 0.498
Exp.7 121DAS 161 DAS
I+ NR 4.36 2.16

| + 30R 4.22 2.43

NIS + NR 3.75 1.87

NIS + 30R 3.65 1.48

NIF + NR 3.15 1.12
NIF + 30R 3.25 1.66
Signif. WT 0.001 0.001
Signif. RT 0.743 0.490
Signif. WAT*REM 0.771 0.040
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Figure 6.7 The effects of early water stress on leaf area index for | (irrigated) (e), NIS (no irrigation
until squaring) (o) and NIF (no irrigation until flowering) (V) in 2007/08 (Exp.4 and 5) and 2008/09

(Exp.7) at Gatton, SE Queensland. Bars are two standard errors of the mean
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6.4.5 Response to lower canopy light exposure (Exp.6)

The results of the lower canopy light exposurettneats in Exp.6 are summarised in Table 6.3.
First flower occurred at 78 DAS in Exp.6. The cap@xposure treatments (CE20, CE40, and
CE90) commenced at this time. At 120 DAS when C&4fiosure treatment was just completed,
leaf dry matter production was significantly higltBr= 0.028) in CE40 and CE90 compared with
CEO (the control) and CE20. However, there weraignificant differences between treatments
for stem (P = 0.271), petiole (P = 0.221) and totetative dry matter (P = 0.908). Significant
differences were found in boll reproductive dry tegtwith higher values in CE40 and CE90,

but no differences for squares and flowers dry eng® = 0.845).

At 152 DAS, vegetative dry matter and its compose@gclined in all treatments. Leaf dry matter
was significantly higher in CE40 and CE90 compasith CE20 and CEO. Stem dry matter and
total vegetative biomass were also significantlifedent between the treatments, with higher
values in CE40 and CE90. Boll dry matter productwas also higher in long exposure

treatments (CE40 and CE90) compared to CEO and CE20

Table 6.3 Leaf, stem and petiole dry matter and vegetative and reproductive (squares + flowers and
bolls) dry matter per m-2 produced by CEO, CE20, CE40 and CE90 treatments at 120 and 152DAS in
Exp.6 during 2008/09 at Gatton, SE Queensland.

120DAS Leaf Stem Petiole Vegetative Sqg/Flo (g m Bolls (g i)
Treatment (g m?) (g m?) @m?  (gm?) )

CEO 338 440 115 894 51 660
CE20 341 434 121 897 61 642
CE40 363 404 132 901 62 763
CE90 365 404 147 917 64 781
Significance * NS NS NS NS *

152DAS Leaf Stem Petiole Vegetative Sq/Flo (gm  Bolls (g ni?)
Treatment (g m?) (g m?) (@m?  (gm?) %)

CEO 229 271 72 573 0 824
CE20 230 263 83 576 0 768
CE40 258 333 90 682 0 898
CE90 272 342 86 701 0 900
Significance * * NS * - *

131



Figure 6.8 shows TDM accumulation and LAI for dllettreatments in Exp.6. At 120 and
152DAS, CE20 did not produce significant differeée TDM and LAI, when compared with
the control. However the responses to longer camxposure in CE40 and until maturity in

CE90 were significant, and increased biomass pitaziuand LAI.
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Figure 6.8 Changes in total dry matter and LAl versus days after sowing for different canopy
exposure treatments CEO (o), CE20 (o), CE40 (V) and CE90 in Exp.6. Bars are two standard errors
of the mean. The arrows show the period of the canopy exposure in each treatment

6.5 Discussion

The objective of this work was to study the effeatgarly water availability on the dynamics of
biomass accumulation and partitioning, and cropebiggment of phenological stages in high and
lower fruit retention conditions, so that yield advages of minimizing early soil water deficits at
pre-flowering particularly in high retention cottshown in Chapter 5, can be fully understood. A
second objective was an examination of the effecight exposure of the lower part of the crop
canopy to increase source supply and its impatti@mass accumulation and partitioning, under

irrigated conditions.
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Comparison of different sets of experiments

In Chapter 5, early availability of water produaditferences in responses in terms of seed cotton
yield, fruit distribution and fruit retention, cqrared with water stress treatments for both high
(Bt cotton) and low retention (conventional cottoifhe increased yield and improved fruit
retention associated with early irrigation may e tb greater biomass production and increased
assimilate available to assist development of nibmiés (Fig.6.2 and Fig.6.3). Comparing both
sets of experiments (Chapter 3 vs. Chapter Skmdiffces in yield increase due to early irrigation
were small considering the different amount of watpplied after the stress period finished,
which was greater in the second set of experimeéfasever, these differences in water applied
for recovery were not reflected in differences @l¢ (20 to 25%), but in TDM (about 45%) for
all the cases. In this study the differences irpoase between early irrigated and water stress
treatments prior to flowering for high and low mien cotton were examined, using a
framework based on the physiological determinarit€rop growth, as conducted earlier in

Chapter 4.

In the current experiments, total biomass produactias significantly higher in | treatments

when compared with soil water deficits during tlaely stages of crop growth. However, after
the stress period was finished and moisture leirelthe soil profile were restored through

irrigation and rainfall, both stress treatments§Nind NIF) recovered, increasing total biomass
production in Exp.7. This trend was different frahe results in Chapter 3 and 4 due to the
amount of water applied after the stress periogtied. In the first set of experiments (Chapter 3
and 4) the TDM in stressed treatments did not reca@s much as in the second set of
experiments (Chapter 5 and 6), because the sdilepmas not refilled after water stress. In the

first set of experiments (Chapter 3 and 4), biomassvery was not complete and this reduced
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biomass partitioning to reproductive organs, bdtention and final yield. In the same

experiments differences in DAS to reach specifierqiogical stages of development were
significantly more pronounced in comparison witle turrent work (about 6 days vs. 20 days
delayed to maturity in I, comparing both sets gbemxments), where there was no water deficit
after the stress period. This may have reflectegdnced early growth with fewer fruit positions

in response to the marked pre-flowering water defiath a resulting shortened boll period and
earlier crop maturity in NIS and NIF in earlier Exg! (first set of experiments) compared with
the current set of experiments. This interpretatddnthe demand determining phenology is
consistent with the nutritional hypothesis of Magd®22) and later studies of Hearn (1972,

1994).

In the current experiments, LAl increased afterdtiess period to a level of 3-4 which would be
sufficient to intercept most incident solar radati Then, this contributed to increased DM
production which was similar to that in I, exceptBxp.7 where LAI declined sharply towards

maturity and the DM production was reduced in N8 allF.

The aim of increasing water inputs early in thesseawas to increase the production of
vegetative biomass to achieve a bigger canopy wdtential source of assimilates supply

(vegetative shoots) to meet the high sink dematat #bwering. The | treatments developed a
significantly higher proportion of vegetative biossain the early stages of crop development,
than was the case for the stress treatments (Ejg.bhese differences were more pronounced
during the first season experiments (2007/08) we¢mnpared with the second season (2008/09).
This difference between seasons may have reflettiglences in profile soil water content, with

higher rainfall in the second year delaying theebrud the period of moisture stress, and thereby

delaying the period when reduced availability cfowrces affected crop growth.
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Later in the growth (110 DAS Exp.4, 112 DAS Exprdd 21 DAS Exp7), all the treatments
were under full irrigation (continuing irrigation il since early growth, and recovery from stress
in NIS and NIF as a result of full irrigation follang the end of the stress period), increasing the

soil water content in all the cases.

Effects of flower removal

In terms of DM production, removal treatments optgduced significant effects on boll DM. In
30R the production of boll dry matter (reproducthiemass) was reduced compared with NR
under the different water treatments. However, xp.E the differences between NR and R30
were lower in the stress treatments (NIS and Nt@htthe | treatment, although there was no
significant interaction between removal and wateatiments. Sadras (1996) found that under
favorable growing conditions (low plant density dmdh nitrogen), the manual removal of fruit
resulted in increases in dry matter productionluidiag the tap root. However under unfavorable
conditions (high plant density, low nitrogen), fruiemoval did not increase dry matter
production. Although plants in this study receiv@ recommended nitrogen inputs and the
density was the same in all the cases, the watessstreatments may have constrained the plant

capacity to recover from early flower bud loss.

Leaf area is one major variable affected by fro#sl (Brook et al., 1992b) through an extension
of the period of canopy expansion and growth. TWas the case in all stress treatments for the
three experiments (Exp.4, 5 and 7) where leaf dagten production increased following fruit
removal (R30) compared with fruit retained (NR),il@hn the fully irrigated treatment (1), leaf
dry matter always was slightly higher in NR tharRB0.The other vegetative components were

slightly higher in NR than R30 for all the wateedtments in all experiments. The removal of
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flowers or simulated low retention cotton induckdge assimilates which were otherwise used

for developing bolls were used for canopy develapme

Canopy exposure

In reference to the canopy exposure experiment, Tl reproductive dry matter increased in

response to long term exposure (CE40 and CE90) amdwith short exposure (20 days and the
control). It is likely that solar radiation may loece limiting in | cotton due to the larger canopy,

earlier closure, and an increase in the propoxictine lower canopy that is shaded, leading to a
decrease in of fruit retention and final seed cottield, as was reported in Chapter 5. The higher
reproductive DM as a result of lower canopy expesmray have resulted in greater fruit

retention. This increased source supply at lowappg position, increased boll number and seed
cotton yield, indicating the cotton yield is comrhofimited by assimilate availability at lower

positions of the canopy.

In summary, the assimilate supply of larger plamith longer vegetative cycle in response to
early irrigation, may explain the differences betwe and stress treatments in relation to the rate
of reproductive site production, fruit retentiondancreased cotton yield, which were reported in
Chapter 5. Water availability affected the timeaeach the different key crop growth stages: cut-
out and maturity occurred earlier in the stresattnents due to the associated decline in soil
water content and assimilate availability. Totalrbass production was higher in the | treatments
in all experiments, compared with those treatmentis a soil water deficit in the early growth
stages. However, both NIS and NIF recovered aockased total biomass production after the
period of stress ended and the soil profile watored. Considering the first set of experiments
(Chapters 3 and 4), the TDM production was smaltempared with the current results due to

differences in water applied after the stress pilished.
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In relation to the lower canopy exposure treatmeatsmaturity significant differences were
found in vegetative, boll and total dry matter protion in response to long exposure (42 days
after flowering, and until the end of the cropppeyiod) compared to the control (CEO) and short

exposure.
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Chapter 7 Responses of high retention cotton to pre-floweringater deficit

using furrow irrigation

7.1 Introduction

Seventy per cent of Australian’s cotton is growrNiew South Wales and the rest in Queensland
(CRDC, 2005), and the growing area extends fromr&lien Queensland to Hay in New South

Wales (Fitt, 1994). In Australia, less than 20%tloé crop is rainfed, and the rest is irrigated
(CRDC, 2005). The environmental conditions of tlo&tan area in New South Wales are quite
different to those in Queensland with tropical dtinds. Cooler temperatures are found further

south in the Australian cotton belt, as well asedé@nces in rainfall.

Narrabri is the center of cotton research in Adistrand it is located in the main Australian
cotton growing area next to the Naomi Valley in N&auth Wales. Cotton is planted around
mid-October and most farmers use furrow irrigattonprovide water to the crop during the
cotton season. Furrow irrigation is the most popated widely investigated in Australian cotton
systems compared with alternative irrigations sushsprinkler or drip. It has been associated
with high yield and some great returns per megahlind machinery is designed and built around

the system and many others.

In previous Chapters it was found with high retemticotton that increased early water
availability increased early biomass production andrge canopy supported a higher number of
fruits retained resulting in increases in finatk §meld compared with water stress treatments until
squaring and flowering. All the experiments weraducted with sprinkler irrigation at Gatton,

Southeast Queensland. The aim of this chapter wastudy the responses of pre-flowering
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irrigation in high and low retention cotton undarrbw irrigation at Narrabri, New South Wales.

The results are compared with those obtained d@b@aboutheast Queensland.

7.2 Material and Methods
7.2.1 Experimental sites and growth conditions

A field experiment was conducted from October 2008April 2009 at the Australian Cotton
Research Institute (ACRI) (303'S 14947’E) 24 km west of Narrabri, New South Wales,
Australia. The annual rainfall is 650 mm with a m@aaximum temperature of 286G and mean

minimum of 11.7C (BOM, 2008). The soil type is a Grey Vertosob@h, 2002).

7.2.2 Cultural practices

The Bt transgenic Bollgard ll®™ variety Sicot 71BRoducing the Monsanto CrylAc and
Cry2AB proteins) was sown by machine on th& d8§October 2008. Row spacing was 1 m and
plant density was 70,000 plants’h-8 plants rit). Land preparation and fertilization rate was
done one month before sowing using conventionlalgil. Fertilizer was consistent with cotton
on this soil type, that is, with 200 kg N has anhydrous ammonia and 9 kg P laa single
superphosphate. Herbicide to control weeds waseapglring pre planting (pendimethelin), and
post emergence (glyphosate). Insects were regutarirolled through monitoring the presence
of insects in the crop and insecticide spray densiwere made according ttresholds derived

in temperate Australia (Farrell 2006).

7.2.3 Experimental design and water deficit treatments

The experiment was furrow irrigated on single roiNshusing a split plot design with four
replications and had the treatments shown belootsRVere the length of the field (165m) by 18
rows (1m) wide. Measurements were made in a 25 mn5 row (centre rows) wide area
within these plots where rain was excluded usirgtt sheeting (described below).
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I (Full Irrigation) : Irrigation was applied when the plant availablatev content (PAWC) was
65 to 75% of the drained upper limit, or a 50mn1 s@ter deficit at maximum rooting depth.
Irrigation was applied nine times: 12/12/08, 24082/7/01/09, 15/01/09, 25/01/09, 2/02/09,
10/02/09, 3/03/09 and 16/03/09 and the soil proéfdled to 100%+5% of PAWC.

NIF (No water until flowering — 90DAS). No irrigation was applied from establishment to
flowering (water stress period), when the soil wadeficit was 100mm or 48% of PAWC
remained in the profile and then the crop was ated five times: 16/01/09, 25/01/09, 2/02/09,
10/02/09 and 3/03/09 using the same deficit asl ttneatment and the soil profile refilled to
100%+5% of PAWC. Water stress was achieved by ptevg rain falling in the plots using
plastic covers placed on the ground between the mgithin 1cm of the plant stem and secured
with wire pegs. The covers were removed at the @dnithe stress period. However, the plastic
covers were not as efficient in excluding rainfadl in Gatton experiments; due to strong wind
conditions and heavy rains during the early stajebke crop lifting and ripping the covers. The
stress period was delayed as the soil water atsfirgaring was 90% of PAWC. In addition the
full irrigation treatment received rainfall with#d8 hrs of the first irrigation and water logging
symptoms were observed.

In each water treatment there were two levelsaidr removal, starting from the time of early
flowering (i) no-removal (NR) representing highenetion cotton and, (ii) Lower retention cotton
where 30 flowers removed per metre (30R) or aboflbwers per plant. This second level of
removal simulated lower retention cotton. The flowads were removed from early flowering at

the first positions on the lower fruiting nodestioé plant.
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7.2.4 Measurements

Meteorological conditions during the crop seasomewecorded. Plant height, main-stem node
number, number of squares, flowers and bolls, enagurity and number of nodes above white
flower (NAWF) were recorded. Total dry matter anartjiioning were measured at abodit 1
square, 1 flower, cut-out and physiological maturity (defihepen bolls when two sutures had
dehisced), respectively. Plants from a4area in each plot were harvested for total freshylat
determination. A sub-sample of 4 plants was usedetermine fresh weight, leaf area, dry
matter and partitioning of DM into leaves, stemetjigles, squares, flowers, green bolls and open
bolls (two sutures on the boll dehisced). Samplesevdried at 80°C for three days to determine
dry matter content. Leaf area was measured usibiCar planimeter (Model LI-3100, LiCor
Inc., Lincoln, NB, USA). Specific leaf area (SLA)aw calculated, and then Leaf Area Index
(LAI) was calculated as the product of SLA and élneount of leaf dry matter in the frarea (g
m?). Using a line quantum sensor, solar radiatidergeption was measured around midday
Incident radiation was recorded above each plote@headings of transmitted radiation were
recorded at ground level in each plot. The proparif intercepted photosynthetically active

radiation (PAR) was calculated as: (incident radrat transmitted radiation)/ incident radiation.

Maturity picking for seed cotton yield commencedewhabout 20 to 40% of bolls had opened
(bolls were defined as having opened when two eaton the boll had dehisced) and continued
weekly from 3 from the center rows of each plot until the lasli had opened. Seed cotton

yield was measured by hand picking 2 by 5m lengtirsw in each plot (10 ).
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7.3 Results

7.3.1 Meteorological conditions

Daily average maximum and minimum temperaturesars@diation, rainfall and evaporation
during the experimental period are shown in Fig.Fdr the 2008/09 season comparing with
Gatton experiments, the average maximum temperat@® 31.6C (Narrabri) and 31T
(Gatton) and the average minimum temperature waga6gNarrabri) and 176 (Gatton).
There were no major differences between the exgeriah sites in terms of temperature in the
current study, except slightly colder nights at ddbri during the first 50-60DAS. The rainfall

recorded was 416 mm at Narrabri and 616 mm at Gatto
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Figure 7.1 (a) Daily minimum and maximum temperature (°C), (b) daily incident solar radiation (MJ
m-2 day-1), (c) rainfall (mm) and (d) daily evaporation at Narrabri NSW during 2008/09.
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7.3.2 Dry matter production

The production of total biomass is shown in Fig. AR early stages of the crop growth, there
were no significant differences in total biomasedurction between treatments. At 118DAS, |
NR produced significantly higher total biomass tllaa rest of the treatments. At 168DAS, the
early irrigated treatments (I NR and | 30R) prodlsggnificantly higher biomass compared with
early water stress treatments (NIF NR and NIF 30R) there was no significant effect of flower

removal.
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Figure 7.2 Total dry matter production for | NR (e), | 30R (o) and NIF NR (V¥), NIF 30R during
2008/09 at Narrabri, NSW. Error bars are two standard errors of the mean. Arrow shows the period
of water stress.

7.3.3 Leaf area index and radiation interception

The changes in LAI during the crop growth is shawiirig.7.3. No significant differences were
found at early stages of the crop growth. At 118Aarly irrigated treatments produced a

slightly higher LAI than stress treatments, but thiéerence was not significant. The peak LAI
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reached by I NR was 3.4. At 168 DAS, LAI decreaged\R treatments under both early
irrigated and water stress conditions, while theses an increase in 30R under both water

treatments. The differences in LAl were not sigrdfit.

LAl

Days after sowing

Figure 7.3 Changes in leaf area index for | NR (e), | 30R (o) and NIF NR (¥), NIF 30R during 2008/09
at Narrabri, NSW. Error bars are two standard errors of the mean
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Figure 7.4 Percentage of photosynthetically active radiation (PAR) intercepted for | NR (e), | 30R (o)
and NIF NR (V¥), NIF 30R during 2008/09 at Narrabri, NSW. Error bars are two standard errors of the
mean.
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The solar radiation interception is shown in Fig. At about 70DAS, the full irrigated treatment
intercepted less solar radiation than the stressadiment, coinciding with a high rainfall period
that may have produced water logging in the irgdatreatment. At 84 DAS, most of the
treatments intercepted more than 80% of solar tiadiaAt 98, 105 and 112 DAS, the irrigated
treatments increased the light interception assetiavith higher LAl and canopy closure

compared with stress crops but there were no sffgfatemoval treatments.

7.3.4 Dry matter partitioning

The distribution of TDM into vegetative and reprotiue weight over the whole crop growth is
shown in Fig.7.5. Vegetative dry matter productiorihe | treatments was significantly greater
than in the water deficit treatments mainly at H®l 168 DAS. Significant differences were
found for green bolls dry weight, being higher iR lteatments (irrigated and stressed) compared
with 30R. At 168 DAS, the green bolls dry weightsasgnificantly higher under full irrigation
treatments (I NR and | 30R) compared with watersstrones (NIF NR and NIF 30R). In terms of
open bolls, there were no significant differencesuveen treatments at 168 DAS, however it was
slightly higher under water stress conditions comagawith full irrigated treatments due to
earliness of stressed crops associated with a thigjeen boll weight produced in full irrigated

treatment at the last measurement occasion.
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Figure 7.5 Dry matter production of vegetative organs (leaf, stem and petiole) (o), early
reproductive organs (flower) (o), green bolls (¥) and open bolls versus days after sowing for | NR,
| 30R, NIF NR and NIF 30R at Narrabri. Error bars are two standard error of the mean

7.3.5 Squares, flowers and bolls number

The total fruit production was segregated into sesiand flowers, green boll and open boll
number, during key stages of the crop (Fig.7.6)e Thmber of squares and flowers were not
significantly different between treatments, howeitewas slightly lower at 80DAS in those
treatments that flowers have been manually remavedrly flowering (30R) compared with NR

treatments under irrigated and stress conditions.
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The number of green bolls at 118 DAS was signitigahigher in early irrigated treatments (|
NR and | 30R) than under early stress (NIF NR anié BDR). At 168 DAS, there were still
green bolls to be mature in | treatments, whileenomstressed ones due to their earliness. No

significant differences for number of open bollsrevéound at 168 DAS.
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Figure 7.6 Number of flowers (e), green bolls (o) and open bolls (¥) versus days after sowing for |
NR, I 30R, NIF NR and NIF 30R at Narrabri. Error bars are two standard errors of the mean

7.3.6 Height - node production and total fruit retention.

Measurements of plant height and main stem nodguptmn (as a potential site production) are

shown in Fig.7.7. No significant differences weoeirid between treatments in terms of height
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and number of nodes over the time. The stressnmieds had significantly lower NAWF

compared with | (Fig.7.8).
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Figure 7.7 Changes in height and number of nodes for | NR (e), | 30R (o) and NIF NR (V), NIF 30R
during 2008/09 at Narrabri, NSW. Error bars are two standard errors of the mean.
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Figure 7.8 Changes in the number of nodes above white flower versus DAS for | NR (e), | 30R (o)
and NIF NR (V) during 2008/09 at Narrabri, NSW. Error bars are two standard errors of the mean.
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7.3.7 Seed cotton yield and quality

The time change to maturity is shown in Fig.7.9e Tiercentage of cotton picked at each time
was slightly higher under stress conditions thdhiriigated conditions, and the time to maturity
(60% of seed cotton pickable) occurred about 1@ @aylier in stressed than the in full

irrigated treatments.
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Figure 7.9 Picked seed cotton (%) at different days after sowing (DAS) for | NR (e), | 30R (o) and

NIF NR (V¥), NIF 30R during 2008/09 at Narrabri, NSW. Error bars are two standard errors of the
mean.

There was a significant increase in seed cottold yaeder full irrigated conditions compared
with stressed treatments (Fig. 7.10). For the difie parameters of cotton quality, no significant

differences were found between treatments.
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Figure 7.10 Seed cotton yield for I NR, | 30R, NIF NR and NIF 30R during 2008/09 at Narrabri, NSW.
Treatment means with the same letter are not significantly different, Lsd0.05=39.8 g m™.

7.4 Discussion

The results of this study indicate that early swdgter availability impacted positively on crop
growth and development in high retention Bt cottdren furrow irrigated on a heavy clay soil,
compared with water stress that commenced pridtoteering. The results support the same
approach that was found during three years expetsnat SE Queensland which refers that
insufficient early vegetative growth can have aateg impact on the high assimilate demands
needed for boll development associated with a latgaber of bolls developed in high retention

cotton.
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In the previous chapter the fully irrigated treati@) at Gatton (Exp.7, sowed about the same
date) produced an increase of 22% in seed cotteld gompared with stressed treatment. The
differences between water treatments at Narralomgusirrow irrigation were also significant and
increased yield by 9 to 16% compared with the prexring water stress treatments. As was the
case at Gatton using sprinkler irrigation earlydwur irrigation increased boll number at maturity.
With rather a small effect of irrigation treatmetitere was also no significant effect of flower

removal in this experiment.

However, this experiment highlighted some of tlalé-offs with increased early season furrow
irrigation in the sub-humid climate with highly valole rainfall where about 75% of Australia’s
cotton is grown. The risk of water logging, eittfi|mm poorly applied irrigation or by rainfall, is
greater with more frequent irrigation and wateringgcan significantly reduce yield (Hodgson
and Chan, 1982) and could negate any benefitsrbf isagation. More frequent early irrigation
will also reduce the effectiveness of any in-cramfall that occurs prior to flowering and reduce
water use efficiency. The risk of soil borne dise@sgreater where rain is associated with cool
temperatures and an already wet soil from irrigatiBurther research is required to evaluate

these risks.

Biomass production after flowering was increasedhwearly irrigation at pre-flowering.

However, it is possible to mention that | treatnsergceived excessive water from rainfall at
early stages inducing waterlogging symptoms whichy rhave had negative effects on crop
growth. Comparing with Exp.7, with similar sowingtd but at Gatton, SE QLD, the production
of biomass was similar, increasing the TDM by 25f6ler irrigated conditions compared with
stressed treatment. In both experimental sitespthemum TDM was reached about 160-170

days after sowing. LAl was greater in Exp.7 comgangth Exp.8. In addition, the irrigated
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conditions increased LAI to 4.3 and 3.5 for Exmd &xp.8, respectively. In contrast, the LAl in

stressed treatment was about 3.15 (Exp.7) andEXj2.§). For both experiments, the | treatment
increased the number of nodes and plant height aedpwith stressed ones. However, plants at
Gatton tended to grow taller with longer internodlean those at Narrabri under both water

conditions.

The irrigation system used in each place is an rapb factor to understand this study.
Numerous research results concluded that furragaition produce a different pattern of growth
for roots and aerial biomass, as well as fruit meétm and yield compared with sprinkler
irrigation (Carmi et al., 1993; Cetin and BilgeQ@; Constable and Hodgson, 1990; Sagarka et
al., 2002). Those differences are due to many bsainvolved such us: larger amount of water
applied with less frequency under furrow irrigatioompared with sprinkler, different type of
soils with changes in dry-wet cycles, or in thisedimitations related to meteorological

conditions like excessive rainfall.
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Chapter 8 General conclusion and future research direction

The introduction of high yielding GM cotton variesi to Australian farming systems is one of
those technological advances that has improvedatude to insect pests and better control of
weeds. Nevertheless, issues related with wateageanent at early stages of the crop to develop
a bigger sized plant that would produce a largeowrhof assimilates post flowering to meet a
higher demand from an increased number of fruitgimed in high yielding cotton are still not
investigated due to its short history since it waleased. Thus, there is strong interest in the
Australian cotton industry to improve the efficiemse of water as it is currently a limited

resource for a better and sustainable productistesywith higher yields.

Over the last 30 years, the Australian cotton itrgubas grown dramatically increasing the
potential yield with new varieties and intensive@duction systems compared with the 1970’s
cotton systems, becoming the highest yielding cotiooducer in the world under intensive
production systems (G A Constable, 1998). The Botigl cotton varieties, which containing
two genes fronBacillus thuringiensis var kurstaki (Bt) that express proteins toxic kelicoverpa
spp., which were recently released in Australisg imcreased insect protection compared with
conventional (non-Bt) varieties with similar gewetackgrounds, leading to increased early
retention and hence boll load, faster accumulatiomoll weight, while they have lower leaf area
than their conventional equivalents (Yeates et24l06). Using new GM varieties some issues
such us management of water at pre-flowering it refievant to be explored to improve the

sustainability of cotton systems.
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This study was the first step to understand theemi@l of pre-flowering irrigation, as a
production practice in Australian systems, thatali@ys higher biomass at early growth stages to
support a higher rate of retained fruits producgdhiigh retention Bt cotton compared with long
periods of water stress at pre-flowering and lomgetative cycles in conventional cotton

varieties, which have a lower fruit retention daegyteater susceptibility to insect pests.

8.1 Conclusions

Seed cotton yield

This study found that even modest early soil wdedicits affected lint and other components of
seed cotton yield in high retention cotton (Tahl&)8The | treatment increased final seed cotton
yield in all 8 experiments over the last three saasompared with stressed treatments (increase

calculated over NIF).

Considering the first set of experiments (2006/007208) the | treatments increased final cotton
seed yield by 44% in November sowing dates and taPo% in early sowing dates, compared

with stressed conditions (NIF). In the second $e&txperiments (2007/08 — 2008/09), | increased
final seed cotton yield by 25-28% (Exp.4 and 7peesively) compared with stressed treatments
(NIF). These differences may be associated witfeidihces in soil water content after the water
stress period finished. In the first set of expemts at Gatton, SE Queensland (2006/07-
2007/08), the amount of water applied after thesstiperiod had finished was not enough to re-
fill the soil profile and plant growth was not reesed compared with the second set of
experiments Gatton, SE Queensland (2007/08-2008@@)e rainfall was higher and the soll

profile was refilled after the stress period.
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Finally, considering the experiment (Exp.8) at Marr, NSW, final yield was also affected by
early water availability. However the increase @@ cotton yield of 15% was smaller than that
in all the experiments at Gatton, SE Queenslands Was related to heavy storm rainfall
resulting in soil water saturation in the | treatihand the failure of the plastic covers reducing

the number of water stress days in NIF treatment.

Table 8.1 Comparison of seed cotton yield (g m-2) for all the experiments

I NIS NIF Increases (%)

Exp.1 580 508 462 20
Exp.2 472 286 270 44
Exp.3 507 320 281 44
Exp.4 583 440 421 28
Exp.5 542 450 327 40
Exp.6 627 - - -

Exp.7 645 497 486 25
Exp.8 666 - 571 15

Mechanisms for increased yield in high retention cotton

These variations in yield and components of yiedds mainly explained through a better
understanding of growth and development during ghason. Increased pre-flowering water
availability impacted significantly on the cropcmeasing retention of boll load, with changes in

boll distribution on lateral and vertical fruitsgptons increasing final yield.

The variation in number of reproductive organs wssociated with duration and severity of the
stress period. NIF with longer stress period tha8 produced fewer reproductive organs in all
experiments. After the stress period, recoveryh@a production of reproductive organs, site
production and retention was insufficient in thestfiset of experiments (Chapters 3-4) compared
with a better recovery in the second set (Chafieéss The level of fruit retention was 85 - 92%

for all treatments at early flowering stage andreased to 65 - 68% by the irrigated treatment
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and 53 - 59% in the stressed treatments at thedinceop maturity. The total of fruits number

increased with the | treatments relative to thessted treatments (NIS and NIF), mainly in first
lateral position and concentrated in the middle apger parts of the canopy. The absolute
number of flower buds and bolls were higher in mpared with stress treatments in high

retention cotton.

Total biomass and vegetative production, LAl andiyezanopy closure, were significantly higher
under irrigated (I) conditions. The total biomassduction was higher in the | treatments in all
the experiments by 20-48% when compared with treatswith soil water deficits during the
early stages of plant growth. Thus increased LAd assult of early irrigation produced sufficient
assimilates to fill in a larger number of bolls. Wever, in the water stress treatments (NIS and
NIF) there was a recovery in total biomass producifter the stress period in response to
refilling of the soil profile in the second set ekperiments compared with the first set of
experiments. Nevertheless the yield of previousilgssed plants was lower, indicating increased
sink size as a result of early irrigation contrdalitto a higher yield in high retention cotton.
Similar patterns of growth and development werentbat using furrow irrigation at Narrabri,

NSW.

These results support the general hypothesisrbatficient early growth as a result of early pre-
flowering soil water deficits, reduces the assitegasupply needed to meet a higher boll demand

in high retention cotton, producing reductionseed cotton yield.

Phenology

Water availability affected the time taken to readiferent key crop growth stages. Cut-out and
maturity occurred earlier in the stress treatmentsje time-to-maturity by | was significantly

delayed in all experiments. The differences in plhagical development between water
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treatments were higher in 2007/08 (Exp.4) than0d&207 (Exp.1). For example, the boll growth
period was significantly longer in the second seafexp.4) compared with the first season
(Exp.1). For 1, the boll growth period in Exp.1 w&® days, while in Exp.4 it was 106 days. For

NIS the periods were 71 and 102 days, for Exp.1Eqml4, respectively.

This increased boll growth period in | ensuredilicaflarger number of bolls produced. However
it should be noted that increased growth duratimeh extra irrigation prior to flowering requires

increased water inputs, and hence this is sigmificast to the growers.

Smulated low retention cotton

Under water stress conditions (NIS and NIF), thiféetBnces in seed cotton yield between high
and low retention (simulated by removal of 30 flosvper meter at the early stage of flowering)
cotton were smaller. However under irrigation ctinds yield tended to be higher in high than
in low retention cotton. In high retention cottdst), early water stress reduced seed cotton yield
by about 20%; however in low retention (flower reqal) cotton the stress treatments reduced
seed yield by between 5 and 8%, relative to thedtinents at Gatton experiments. This suggests
that early irrigation increased the supply of adlsites (before flowering), which was important
for the high retention Bt cotton, whereas plants dme stressed during the early stages

development in low retention cotton.

In 30R the production of boll dry matter (reproduetbiomass) was reduced compared with NR
under the different water treatments. Leaf dry ergtroduction increased in R30 compared with
NR in all stress treatments for the three expertmé@axp.4, 5 and 7), while in I, NR always was
slightly higher than R30. In some way, the remafadlowers or simulated low retention cotton
utilized those assimilates, which were otherwiseedudor developing bolls, for canopy
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development. The various vegetative dry matter gpetdn increased in low retention cotton
(R30) when compared with Bt (NR), in the secondr yd#astudies (Exp.4 and Exp.5). However,
the differences between conventional and Bt catiathe water stress treatments (NIS and NIF)
were smaller than for conventional and Bt cultivarsthe | treatments during the third year

(Exp.7) at Gatton experiments.

Source availability after flowering limiting yield

The artificial canopy opening to exposure to highght showed that the longest period of
exposure of 42 days after flowering and until thd ef the crop, increased vegetative dry matter
production, boll dry matter and TDM, and fruit neien in second position by 15% and total
fruit retention by 10%, with a much larger numbéfraits being retained in the lower part of the
plant. The treatments increased significantly fiseéd cotton yield compared with control (no
canopy exposure). This result indicates that hgflention cotton has a capacity to respond to
increased source supply even after flowering, agmlitating the importance of increased source

supply to increase cotton yield.

8.2 Future research direction

These observations show the advantages of earfraadilability in high retention cotton under
field conditions in order to improve final lint yo& and support the general hypothesis that
insufficient early growth at pre-flowering, produceinder soil water deficits, reduces the
assimilates supply to a higher boll demand aftexdring in high retention cotton.

Further research is needed to continue understgrttie effects of early irrigation in high
retention cotton. Most of these experiments usesthead sprinkler irrigation on a relatively well

drained soil at Gatton, Southeast Queensland andutd be ideal to further test the concept in
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major cotton growing areas in Southwest Queenstartti Northwest New South Wales where
cotton is furrow irrigated on heavy clay soils. &lamost experiments were conducted under
sprinkler irrigation, and because most growersfus®w irrigation system, the concept need to
be tested under alternative irrigation systems sischurrow or drip irrigation.

Further studies to compare Bt cotton with convergiovarieties where fruit removal is due to
insect damage and not simulated by hand removah dkese studies. In addition non — Bt
varieties are very susceptible to damage to thetaéige growth point and are often tipped-out,
which if occurs early in growth stimulates the protion of multiple fruiting branches that can
change the timing of boll load and light interceptpattern.

Cost benefit analysis also need to be investigatdtkther increasing inputs of water for
irrigation produce enough returns for farmers. T$heuld consider not only the pre-flowering
irrigation, but also the cost of growing crops #otonger period. As the Narrabri experiments
demonstrated rain may fall after pre-flowering gaiion and negate the positive effect of
irrigation to some extent. Thus a simulating stiglyequired to determine the chance of success
and the risk of extra irrigation before flowering.

Finally, further studies are needed for issuedirgjao physiological and morphological factors
influencing time to maturity and cotton yield esjdlg in terms of boll size, as this was not
studied in the present work, but it may explaimaeme differences in yield found in the current
study. Another important area of research woulddm growth and development under high
inputs of water at pre-flowering in relation to neht uptake in high retention cotton. Additional
irrigation may reduce effective root depths, ang thould have further effect on water and

nutrient uptake during boll growth.
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Appendix

Plate 2. View of experiments using plastics betweeows at Gatton, SE Queensland.
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Plate 4: View of experiments at Narrabri, New SouthVales.
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