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Abstract

The reintroduction of cotton to the Australian semi arid tropics (SAT) was prevented by insect pests
that are dominant during the wet (summer) season and a perception that the crop could only be
grown in the wet season. Growing cotton during the dry (winter) season could avoid these pests
provided an integrated pest management system was adopted. However the photothermal pattern of
the dry season is the reverse of the wet season and that of spring sown cotton in temperate
latitudes. Cold night temperatures are possible mid season and high temperatures are likely early
and late in the season. Solar radiation is 20% less than at temperate latitudes mid season and
could also limit crop growth. It was not known what yield or fibre quality was possible or whether

the crop could be reliably sown and picked within the confines of the dry season.

Over three seasons two Gossypium hirsutum (upland) Bt transgenic cultivars and one Gossypium

barbadense cultivar were sown from March to June in field experiments at the Ord River (15.5°S)
in Western Australia. A pot experiment was conducted at Katherine, Northern Territory (14.5°9
where biotic stresses were removed and over two seasons. ambient and ambient plus 5 to 6 °C night
thermal conditions were imposed from 1 wk prior to first flower to 2 wk after last effective flower.
Day temperatures were the same. Average ambient minimum temperature for the treatment period
was 2 to 4 °C less than the Ord River at the same growth stage. The OZCOT cotton simulation
model was validated then applied to simulate gross margin, yield and quality, with enhancements to
predict fibre length and colour grade developed in this thesis, at the Ord River using 53 years of

historic climatic records for sowing dates from March 1% to May 25™.

Experimental results at the Ord found for the upland cultivars, the highest lint yields of 1900 to
2300 kg/ha were for March and April sowings and were at the high end of Australian and

international benchmarks. The lint yield of the Gossypium barbadenseitivar was highest at a

March sowing, at least 87% of the upland cultivars, which is comparable with temperate climates.
For the March and April sowings both the lower temperatures and radiation during early boll
growth reduced the crop growth rate during this phase compared with cotton grown at temperate
latitudes. However, assimilate supply was adequate because boll demand was also lower due to
early flowers having slower boll development, lower retention and smaller bolls. Increasing late
season temperature and radiation permitted yield compensation via an extended flowering period
and a greater contribution to yield from later pollinated flowers on the top and outside of the plant.
The number of temperatures >35°C and or <11°C affected time to squaring, requiring modification
of development models derived in temperate climates. Radiation use efficiency (RUE) was similar to
Gossypium hirsutumgrown at temperate latitudes. The RUE measured for the Gossypium
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barbadenseultivar was the first reported for this species. The linear decline of RUE with average
temperature up to first flower has not been reported previously in cotton and explains some of
variation in RUE measured here and elsewhere. Due to cool temperatures during fibre devel opment
fibre length and strength at March and April sowings were low to marginal compared with market
preference values. The cultivar differences observed here suggest wider screening may identify

upland cultivars with suitable fibre length and strength in these conditions. The commercial

prospects for Gossypium barbadensae doubtful unless longer and stronger fibre types are
identified.

The pot experiment confirmed that flowers were damaged by low ambient minimum temperatures
near anthesis which led to shedding or reduced boll size due to lower seed number. The latter could
be due to poor pollination and competition for assimilates. Importantly this experiment
demonstrated that full yield recovery from minimums <11°C during flowering and boll growth is

possible provided they are episodic.

The OZCOT cotton simulation model was validated for lint yield and average time-to-maturity in
response to sowing date and N fertiliser rate. Further research was required to reduce the
variability of maturity predictions. There was only a 14 day sowing period from March 19th where
the simulated gross margin (GM) was maximised at $2378/ha. Poor trafficability combined with the
Bt resistance sowing window, reduced the number of sowing days in the optimum period. Hence to
reliably sow a commercial area it was likely sowing would extend beyond April 3 and reduce
median GM by 9-15% due to lower fibre quality. Future research should apply this type of analysis
throughout the Australian SAT.

Cotton management in the dry season should aim to increase the flowering period, to ensure yield
compensation from later flowers and to adopt practices that can improve trafficability within the

optimum window e.g. minimum tillage.

Keywords

Cotton, semi-arid tropic€0ssypium barbadense, minimum temperature, radiation, biomass,
development.
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(P<0.01). Fitted lines are shown. n= 120 uplandnRima S7.

Fig. 4.6: The effect of sowing month on early plant heigh?® nodes, average of 3 years for L23 55
and S50. The standard Acala height at 7.5 nodespfimg sown cotton in temperate USA is adapted
from (Constable 1995). Where analysis of varidiocevariety x sowing month was not significant
(p<0.05).

Fig. 5.1: The change in boll numbers used to determine afilg dohort of bolls that was set. Using 67
the March 1997 sowing of Siokra L23 as an exampleow this calculation was made. Each daily
cohort is calculated between the start of boll nembcrease and the first arrow. This arrow shows
the first date when the boll number equalled balhber at maturity, that is, the date when the last
cohort of bolls was pollinated. The second arrowk®ahe final boll number at maturity. Any bolls
pollinated between the arrows were assumed to slaed. Where x = Marciy= April, ¢ = May

ando = June sowing months. Bars are tse.

Fig. 5.2: Daily maximums and minimum temperatures for A) 3,98) 1996, C) 1997. Solid line is 68
long term average.

Fig. 5.3: Effect of sowing date and cultivar on fibre lengtim). A) shows the sowing month main 69
effect where: x = 1995%) = 1996,0=1997. B), C), D), show the sowing date by cultivdgeraction

for 1995, 1996 and 1997 respectively. Where:L23,0 = S50,A = Pima S7. Bars are Lggi when
significant.

Fig. 5.4: Effect of sowing date and cultivar on fibre string?) shows the sowing month main 70
effect where: x = 1995, = 1996,0=1997. B), C), D), show the sowing date by cultigeraction
interactions for 1995, 1996 and 1997 respectivaliiere:¢ = L23,0 = S50,A = Pima S7. Bars are
Lsdy 05 When significant.

Fig. 5.5: Significant quadratic relations fitted for the exft on fibre length (cm) of minimum 73
temperature weighted (WTmn) for daily contributminboll cohorts and calculated for the first 30%

of the boll period for each cohort. A) L23, B) S&0d C) Pima S7. Fitted equations are shown.
*=p<0.05, ** = p<0.01.

Fig. 5.6: Significant quadratic relations for the effect oelative gin turnout of minimum 74
temperature weighted (WTmn) for daily contributiainboll cohorts and calculated for the first 30%

of the boll period for each cohort. A) L23, B) S&Ad C) Pima S7. Fitted equations are shown.
*=p<0.05, ** = p<0.01.

Fig. 6.1: Observed daily minimum and average maximum tenpess; where the box shows the 84
period when the temperature treatments were impasédthe average minimum for this period.
Broken line = ambient minimum temperature and stifid = glasshouse minimum temperature.
Arrows show the period before, during and aftertdraperature treatments were imposed, average
maximum and minimum temperature for each perich@avn above the arrows.

Fig. 6.2: Total seed cotton yield (g / 8 plants) and thepprtion of seed cotton yield on P1 = first 86
position bolls, P2 = second position bolls, P3 #dtlposition bolls and MP+ = monopodia +
adventitious + P4 bolls for A) 2003 and B) 2004.e@ars is warm treatment, filled bars is cool
regime. Where * = significantly different for albposition (p<0.05). Note: totadeed cotton yield

was not significantly (P<0.05) different for theaweatments in each season.

Fig. 6.3: The median anthesis date for P1, P2 and P3 floaermain-stem nodes. Horizontal lines 87
show the range of anthesis dates for monopodids IP) and the percentage of the total mature
MP bolls that flowered within these dates. For:2803 and B) 2004. Note: all adventitious bolls
that produced seed cotton were located on noded 8 and flowered on the same day as the P2 boll
at that node. Mature P4 bolls were only producedhan‘cool’ treatment on nodes 5 to 7 with
anthesis coinciding with anthesis of the P1 flowerodes above. NB the range in anthesis dates for
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any fruiting position was * 2 to 8 days from thediaa.

Fig 6.4: The accumulation of seed cotton yield by the asthdate of pickable bolls. Average 88
minimum temperatures for each range of anthesesdagi to 30 July is also shown.

Fig. 6.5: Seed cotton weight, boll number and average belight on the first position (P1) 89
sympodium flower at each main-stem node. Where dyaes are warm nights, filled bars are cool
nights and * indicates a significant difference @®B5) at a boll position.

Fig 6.6: Combined seed cotton, boll number and weight peit or P2, P3 and MP+ 90
(monopodia+P4+adventitious) bolls. Where open laeswarm nights, filled bars are cool nights
and * indicates a significant difference (p<0.06adoll position.

Fig. 6.7: The effect of minimum temperature (Tmn) near anghes the proportion of flowers from 94
all fruiting sites surviving to produce pickablellsoWhere minimum temperature was calculated as
the average for the day of anthesis plus two dagthesis dates after the P1 flower on node 11 were
not included to avoid natural shedding due to cditipe from older bolls.

Fig. 7.1: Mean observed and OZCOT predicted yields for sgwdate and nitrogen experiments 104
conducted at the ORIA, WA. Where: (A) Sowing datsponse for the cultivar L23; (B) Sowing
date response for the cultivar S50; (C) Responsg¢ fertiliser. Bars = standard errors of observed
data.

Fig. 7.2: Prediction of days after sowing (DAS) to matur{0% open bolls) compared with 105
observed. Where solid circles are L23 and openesirare S50 and solid line is 1:1, RMSD = root
mean square deviation. Average time to maturityli®d8 observed = 154 DAS, predicted = 150
DAS; for S50 observed = 154 DAS, predicted = 1543DA

Fig. 7.3: The relationship between pre-picking weatherin@sneed as modified lint colour grade 108
and cumulative rainfall. Regression fitted for oudts L23 and S50 combined up to 58 mm of
cumulative rainfall (p<0.01).

Fig. 7.4: The percentage of seasons (1957 to 2009) whemsdsture permitted at least 1 sowing 111
day at different dates with and without the Bts&sice management window. It was assumed that
the crop was established using minimum tillage @ewinanent beds.

Fig. 7.5: Comparison of minimum tillage + permanent beds 8T and conventional tillage (CT) 114

for different two weeks commencing at March 1 otlee 53 years 1957 to 2009 for: A) the
proportion of seasons when sowing was possibleh&median number of sowing days within the
Bt window. Bars = 10 to 90% of seasons. The Bt wimadvas enforced for both tillage systems. The
median starting date for the Bt window was MarcHdrf@TPB and April 2 for CT.

Fig. 7.6: The simulated average and median lint yield (Baésfor weekly sowing periods for 115
seasons when the MTPB sowing rule was met: Erroslbaws yield for 10 to 90% of seasons. One
bale = 227 kg of lint.

Fig 7.7: The percentage of seasons when simulated fibggHemould have been below preference116

due to temperature extremes during fibre elongdtosowing dates from March 1 to May 30.

Fig. 7.8: The effect of sowing date on the median dateHerstart of picking. The time from sowing 117
to picking was simulated by OZCOT. Bars show 1®®% of seasons. Vertical lines indicafé 1
October, 18 October and*iNovember.

Fig. 7.9: The impact of prompt picking on the simulated petage of seasons (1957 to 2009) whert1?
fibre of different colour grade is produced. Whiak is a two week and right a month delay after
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the first picking date.

Fig. 7.10: The effect of sowing date on median gross margioutated from simulated yields, fibre 118
length and colour grade. Where A) is for a 14 dekipg period and B) is for a 30 day picking
period.
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CHAPTER 1: Introduction and Justification for the R esearch

Improvements in regional infrastructure, opport@sitto expand trade in nearby Asia, and reduced
access to irrigation water in existing irrigatedbguction regions of Australia has stimulated
renewed interest in exploring the potential ofgated cropping in tropical Australia north of°31
(Map 1.1). Between 1990 and 2000 there had beesidmnable increase in the value and area
planted to irrigated crops in the region, with greatest increases (100 to 360%) occurring in the
western half (Yeates et al. 2002a). The region dst,vapproximately 30% of the Australian
continent, and largely unutilised for cropping ofysspecies. The climate for most of the region is
defined as semi-arid tropics (SAT) and containaualbé drainage basins or river catchments; these
account for around 60% of Australia’s surface wateroff, with significant ground water and
arable soils (NLWRA 2001).

Map 1.1: Northern Australia, where expansion of irrigatett@o is being considered. Kununurra in
the Ord River Irrigation Area and Katherine in thaly Basin marked in orange were sites for the
research reported here.

In the Australian SAT, broad acre mechanised fagnuwer the wet (summer) season has always
suffered operational challenges due to the raipfattern and soil limitations (Yeates et al. 1996).
In response to these operational challenges aret tabtors such as market niches the production
of many annual crop species has moved from theseason to fully irrigated during the dry
(winter) season (Bauer 1977; Done et al. 1985; [8filetd and Blackburn 1985; Mayers et al.
1991a; Chapman et al. 1996). Dry season producisno alleviates many other constraints to
cotton production in the wet season, such as watgging (Thomson and Basinski 1962) and

flower abortion due to rain (Burke et al. 2002).



While cotton has been evaluated previously in nragyons of the Australian SAT (Yeates 2001)
other than some test-farming in the Ord River &tign Area (ORIA) and Burdekin Irrigation Area
there is currently no commercial scale cotton potidn. The only significant commercial
production of cotton in the region occurred at@RIA between 1963 and 1974. Cotton was grown
during the wet season (November to April) withgation supplementing rainfall to finish the crop
early in the dry season (April to June) (Hearn 1913espite yields similar to south-eastern
Australia during the same period, cotton producbecame uneconomic due to poor fibre quality
and resistance aielicoverpa armigera to insecticides, which resulted in excessive peliusage.
(Hearn 1975).

The collapse of the ORIA cotton industry in the @87constitutes the most notable entomological
catastrophe recorded in Australia and its legasyH@anpered subsequent agricultural development
in the region. Consequently it was paramount éniidy the key factors which led to the failure of
the pest management system so that errors arepedted and strategies developed to overcome
predictable problems for future development.

The reintroduction of cotton to the Australian S&Tbeing assessed via a multidisciplinary study
that evaluates a novel production system designevaid the pest management problems of the
previous cotton industry. The new system involvgssgason cropping to avoid peak numbers of
the key pestdHelicoverpa armigera, Helicoverpa punctigera, Spodoptera litura, Pectinophora
gossypiella and Anomis spp., which characterise the wet seasamnd incorporates Integrated Pest
Management and Bt transgenic genotypes (Strickédral. 1998). A comparison of the proposed
system with the previous wet season system is showiable 1.1. Sowing of cotton crops from
March 1st is desirable in the ORIA and much of ghestralian SAT as they flower during the
cooler months of May to August avoiding key inspests (Strickland et al. 1998 & 2003). Once
the first field is sown in a valley all cotton mumst sown within five weeks of that date to minimise
the number of generations dElicoverpa armigeria exposed to Bt proteins (Monsanto and Cotton
Australia 2010). Pest management research to @éaermktrates effective insect management was
achieved by adopting this system, requiring onbyi8secticide sprays per crop (Strickland et al.
1998; Annells and Strickland 2003) compared witHatthe 1970’s industry (Hearn 1975).



Table 1.1. Key elements of a novel cotton production systemtlie ORIA contrasted with the

previously unsuccessful system of the 1970s (addpbden Stricklancdet al 1998).

1970s INDUSTRY

NEW INDUSTRY

Wet season planting window that w
long — November to February.

Flowering from wet season (Februa
to early dry season (May).

Conventional cultivars

Broad spectrum insecticides

No pesticide resistance managemen

ugust.

aBry season (winter) cropping, with
narrow planting window (5 weeks)
March — April.

nWhlowering in low pest months of May t

Bt transgenic cultivars

IPM systems

[ Pre-emptives&itance management

(0]

The key agronomic change in this proposed produdistem is the requirement for a five week

planting window that can commence on Maréh Hence it is pertinent to ask why sowing after

February was not practiced previously in the ORFRAfBtly, there was a perception that cotton

growth and development during the coldest monthslay-August would be poor, delaying boll

set until temperatures increased and pushing harirde the wet season. Results and

recommendations on sowing date were contradictboyn§ 1963; Stern 1965; Thomson 1965;

Hearn 1975) prompting the conclusion ‘the possipilof March sowings warrants further

investigation’ (Thomson 1965). Secondly, larger erod pickers combined with all weather

storage of seed cotton are now available and retheceossibility of a long harvest and ginning

season and UV light damage to fibre that occurnethé 1970’s (Hearn 1975). Thirdly, prior to

1972, water storage capacity was insufficient tigate large areas of a fully irrigated dry season

crop but the irrigation system capacity is now exje.

Growing cotton in the dry season creates new amgdie for crop growth and the timing of farming

operations. A possible growing season in the ORilAawing in April, when trafficability is least

affected by wet season rain, then picking in Oatabéhe reverse of temperate Australia in terms of

temperature and daylength where cotton is usuailynsn October and picked in April. Figure 1.1

compares the dry season in the ORIA (KununurréS)&ith temperate summer cotton at Narrabri,

NSW (30S), for monthly rainfall, maximum and minimum temgieire and solar radiation.

Growing season rainfall is much less at Kununufig.(1.1A), although rainfall prior to sowing is



higher and may cause difficulties with land prepiaraand sowing operations. It will be important

to pick promptly at Kununurra as rainfall increasgmificantly each month after October.
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Fig. 1.1: Climatic comparison the proposed tropical dry onter growing season in the Ord River
(April to October) and the temperate summer grovdéagson at Narrabri 3 (October to April)

A) Mean monthly rainfall; B) Average monthly tempaures, with possible development states
shown for the Ord River based on degree day surnasf@ble and Shaw 1988); C) mean daily
radiation for each month. Where — Narrabri, --- @ider.



Monthly temperatures (Fig. 1.1B) are higher eand date in the season, while mid season
minimum temperatures are cooler averagingClwith extremes below 2G (Cook and Russell

1983) which could be problematic for fibre quaktgd boll growth (Gipson and Ray 1969; Hearn
1994) and would delay crop development (Constabte Shaw 1988). High temperatures during
September and October could also be detrimentabiagrowth (Hearn 1994), but should enhance

boll desiccation and improve defoliant efficacy.

Potential daily photosynthesis is lower during fesimg and boll growth at Kununurra because
daily radiation is about 80% of Narrabri duringstiphase (Fig. 1.1C) (Hearn 1994). However, it is
not known whether reduced daily radiation will skate into lower yields as cooler temperatures
may compensate via slower development rate andchighs respiration. The effect of temperature

and radiation on cotton growth and developmentvserwed in more detail in Chapter 2.

There is very little literature reporting cottonogmn during the dry season in the SAT worldwide.
Cotton is known to be grown during the dry seasoseveral tropical regions, such as eastern Asia,
Central America, Colombia, Sudan, and Malawi. Instntases production is near the coast or large
lakes where temperature extremes are minimisedtlza®ke are developing countries which have
lower economic yield expectations than Australiadkh 1995). Hence, there is a need to develop
and evaluate the dry season production systermedtin Table 1.1 as a prerequisite to assessing the
feasibility of reintroducing cotton into the Audiean SAT. The ORIA is suitable for this evaluation
as it is one of the few valleys north of°31developed for irrigation and expansion of thepping

area was planned for the near future (Yeates 20€dtes et al. 2002a).

While insect management and crop husbandry reseaash being conducted separately to this
research (Strickland et al 1998; Annells and Staioct 2003; Yeates et al. 2002b, Moulden et al.
2006), the research reported here addresses tawifuy important crop adaptation issues relevant to

dry season cotton production:

1. Does the photothermal regime of the tropical dgsse affect crop development or limit the
conversion of radiation to dry matter and its piaming.

2. What yield and quality is possible using modernajgpes and management given the
potential limitations of temperature and radiatiothe dry season?

3. What is the optimum sowing window for yield and byagiven sowing must commence
after March 1 to avoid insect pests and there rhassufficient time to pick by before the

start of the wet season?



4. Can the above knowledge be integrated with othecwwent research and extrapolated to
assess the impact of seasonal variability on croghd,y quality and timely farming
operations on cotton production in tropical Ausaal



CHAPTER 2: Review of Literature and Research Appro&h

The research questions identified above necess#at®p down’ approach to the review of
literature. Firstly, the reasons for the previoadufe of wet season cotton in the ORIA plus
international and Australian experience with drgssmn cropping are reviewed. Secondly, the likely
climatic constraints of the tropical dry season pared to the temperate summer where all of
Australia’s cotton is currently grown are examin€Hirdly, specific adaptation issues of cotton are
reviewed, such as cotton morphology, yield compts)eand the effect of temperature extremes and
radiation on growth, photosynthesis and developnténglly, the modelling tools that are available
to extrapolate from field experiments to addressrafponal and seasonal variability issues relevant

to dry season cotton are reviewed.

2.1. The failure of previous wet season cotton ingtry in the ORIA

The history of the past Ord River cotton industag been reviewed in detail (Hearn 1975; Wood
and Hearn 1985). To summarise: Cotton was thedastmercial crop in the ORIA and was grown
between 1963 and 1974. Research that commencé&diédroceeded commercial production. The
intention was to sow in November — December befageseason rains inhibited trafficability then
pick in the early dry season (May-July). The apéanted to cotton peaked at 4,795 ha in the
1966/67 season and produced 17,408 bales. Lildsyiecreased each year with the highest yield
achieved in 1971 with 1082 kg/ha, which was equoalhtit from south-eastern Australia at that
time. Yields were increased by extending the flomgemperiod by delaying insect protection to
February so flowering occurred in the climaticdlyourable months of March to May, ratooning
about 30% of the crop, and increased N fertiliseage. Due to machinery and trafficability
limitations sowing extended from November-Decemlb@r November-February. Hence, the
calendar spraying of broad spectrum insecticidekided more generations 6f. armigera and
this increased the quantity of pesticides used saeson and the number of sprays applied per
season doubled between 1971 and 1974 when an aveird@ insecticide applications were made
per crop. By 1974H. armigera resistance overshadowed all other pest problemsnagedt damage
could not be prevented and yield declined to 66M&gin addition poor fibre quality may have
caused the economic failure of the industry irrespe of the insecticide resistance. The fibre was
severely weathered due to prolonged exposure tdighi and rainfall because insufficient picking
capacity combined with the extension of the flowgrperiod delayed picking until the high UV
months of August to October.



It is important to recognise that the insecticidsistance ofHelicoverpa armigera evolved from

the treatment ofSpodoptera litura (cluster caterpillar) andPectinophora gossypiella (pink boll
worm) which are in high numbers during the wet emaStrickland et al. 1998; Annells and
Strickland 2003). In fact, during the first fiveays of commercial production insecticide protection
was for the control of these pests and htHicoverpa armigera (Hearn 1975) Resistance
developed in the small populations exposed to tigde treatment because there was no dilution
of resistance genes from unsprayed populations, tdueery little migration ofHelicoverpa
armigera from the surrounding native flora (Annells and &tand 2003). Cluster caterpillar and
pink boll worm numbers fall significantly duringdhdry season with the senescence of native flora
hosts (Strickland et al. 2003). Hence, growingaroih the dry season will avoid peak numbers of
these pests and permit the implementation of aggrated pest management system that could

focus onHelicoverpa armigera.

2.2. International experience with dry season cotto

As mentioned in the Introduction, there is veridititerature reporting cotton grown during the
dry season of the SAT. Cotton is known to be graluning the dry season in several tropical
countries such as Thailand (Suriyapan et al. 19a8naneerat et al. 1997), southern India, Burma,
Luzon in the Philippines, Colombia, Lombok in Inésra, Sinaloa State in Mexico, and
Guatemala; while in Nicaragua the cotton cyclerdgnged by a double cycle that extends into the
winter (Hearn 1995). In all these countries wintigght temperatures are modulated by proximity to
the coast and do not fall to the ORIA winter levdlke countries with climates and production
most similar to the ORIA are the Sudan Gezird’)4the southern coast of Yemen {13 and
northern Malawi (125). In the latter two, temperatures are bufferegptmximity to water (Lake
Malawi and the Ocean). The temperatures of Gezgavary similar to the ORIA (Hearn 1975),
where the crop is sown in August (equivalent torkaty in the ORIA), which is 4 to 8 weeks
earlier than what is proposed in ORIA. It is alsoportant to recognise that the above are
developing countries which have lower economic dyi@xpectations than Australia (e.qg.

Saimaneerat et al. 1997).

2.3. Australian experience with dry season cropping
2.3.1.0ther crops

As was stated in the Introduction there has bewaral for annual cropping in the Australian SAT
to move away from wet season to irrigated dry segsoduction for a range of crops including
tobacco, sorghum, maize, vegetable crops, and (Gt@pman et al. 1996; Done et al. 1985;
Scholefield and Blackburn 1985; Bauer 1977). Tiecess of irrigated dry season tobacco in the
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Atherton Tableland of north Queensland since thd0Xdis of interest because it required
recognition of the ecological limitations of thetual environment. Prior to the 1940’s tobacco was
grown rain fed during the wet season, productios wareliable due to variable water supply and
radiation, while rain was an impediment to timelpg husbandry and the production of high

quality leaf (Bauer 1977).

However the photothermal regime of dry season kas ldetrimental to soybean and peanut yields.
Studies with soybean at the ORIA focused on thetq@esiod and temperature adaptation of
different genotypes when sown from mid - April tadrdune (Mayers et al 1991abcd). Inadequate
biomass production was considered a major limitatm yield in dry season soybeans because of
insufficient LAl and precocious flowering which veerinduced by the photothermal regime.
Similarly, sowing date studies with peanut at tHeI® (Bell 1986) found yields were reduced as
sowing progressed from the early wet season tee#ny dry season (November to March). Cool
temperatures combined with falling radiation redlicanopy development and the interception of
radiation at the March sowing date.

Muchow and Coates (1986) compared sorghum sowrpiil, May and June in the ORIA. Grain
yields ranged from 7.4 t/ha to 9.5 t/ha with thevdst yield at the April sowing and the highest in
May. Yield differences were attributed to partitiog and not the total amount photosynthetically

active radiation intercepted, the RUE or the tbtamass produced.

2.3.2.Cotton

Prior to 1961 sowing date studies in the ORIA fottan only covered the wet season months of
November to February. Yields of different sowingtedavaried each year, the variation being
associated with differences in water logging, diseacidence and rainfall pattern (Wood and
Hearn 1985). Sowing in late October to early Decembas considered most desirable because
land preparation and cultivation for weed contrould occur before the high rainfall months of
January and February (Thomson and Basinski 196#.0hly studies to compare sowings after
February were by Stern (1965) and Thomson (196bgir texperiments being conducted
concurrently in 1961 and 1962. These studies prdiucontradictory results. Stern (1965)
compared 17 sowing dates from September to July sandy loam soil. The March, April and May
sowings had most of their growth during the drysseaand supported the belief that cotton was
unsuited to the colder months. These sowings hadrlgields due to inadequate dry weight of 500
to 600 g nf compared to 1100 to 1200 g°nfor November and December sowings and a low
portion of this dry weight as bolls (< 30%). Howeyit was acknowledged that insect damage to
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the dry season sowings Bgodoptera litura had been very severe. Conversely the Thomson J1965
study, conducted on a heavy clay soil, comparedtinpisowings from the early wet to early dry
season that is November 22 to March 30. The Maoehng date produced equivalent yields to the
November to February sowings with 50% of this fida} weight as bolls and a canopy dry weight
of 800 g n¥ which were higher than the Stern (1965) March sgwlt was concluded that March

sowings warranted further investigation.

2.4. The growth and development of cotton
The climatic comparison with temperate Australigatdbed Chapter 1 (Fig. 1.1), points to a need
for a more detailed review of the growth and depelent of cotton including the effects of

temperature and radiation.

Four species of cotton are cultivated worldwidehvabout 90% of production using genotypes of
Gossypium hirsutum (upland cotton), 5%sossypium barbadense (Pima cotton) with the remaining
5% Gossypium herbaceum and Gossypium aboreum (ICAC 2002). The former two species are
grown in Australia with more than 95%. hirsutum (Fitt 1994). Due to the dominance of
Gossypium hirsutum, most published research covering the growth ameldpment of cotton has

been conducted using this species.

There have been many reviews on the growth anda@went of cotton, some with a physiological
focus (Eaton 1955; Hearn and Constable 1984; Coth899) and others covering morphological
development (Mauney 1986; Oosterhuis and Jernd&2f)). To summarise: In temperate or water
limited tropical climates cotton is a perennialrglgrown as an annual crop. The main-stem never
terminates in an inflorescence hence the cottont g morphologically indeterminate. A new
main-stem node can be produced every 2 to 4 dgysndeng on temperature. Most fruit develop
on sympodial branches that develop from the axisnafn-stem leaves. Figure 2.1 shows the
location of fruit on a cotton plant. A vegetativeogth phase occurs until the first sympodia is
initiated on the % to 9" node. The node of initiation is influenced by tergiure, photoperiod and
genotype, although modern genotypes grown in Alistaad the USA are not considered sensitive
to photoperiod. Sympodia also form on monopodiahbhes that grow out of the main-stem, and
the initiation of these branches is increased astppopulation is reduced and where there is
damage to the main-stem. In cultivated cotton inrttms and 9.5 plants per m of row 3 to 9% of

yield can occur on monopodial branches (Jenkiras. €1990).
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The first fruiting site on a sympodium is known thg first position (P1) and additional fruiting
sites are produced at each node on the sympodjeéP@2&tc) with the number of fruiting sites per
sympodia rarely exceeding 4 in crops grown in 1msravith 8 to 12 plants per m of row (Mauney
1986). Thus fruiting sites are generated verticalty the main stem produces new nodes and
horizontally as each sympodia produce new nodesefa#ly a P2 site will open its flower at the
same time as the P1 flower 2 to 3 nodes abové&hpugh this will vary with genotype (Hearn and
Constable 1984). A leaf is produced adjacent td dadting site, and these leaves account for

about 60% of total leaf area (Oosterhuis and Whlésger 1988).

Y S

PRIMARY SYMPOQIAL BRANCH

(FRUITING BIRANCH)
-_"_ﬂ\\\___ " /

MONOPODIAL BRANCH
(VEGETATIVE]

/ a 24— MAIN STEM (MONOPODIAL)
SECONDARY SYMPODIAL 2 }haun TED NODES
BRANCH - {
o= COTYLEDOMN NOODE (PAIRED)

* MONOPODIAL NODES (VEGETATIVE)
@ SYMPODIAL NODES (FRUITING]

Fig. 2.1: A representation of a cotton plant showing thatmn of P1, P2, P3 bolls on a sympodial
branch, a monopodial branch with secondary sympduanch (vegetative branch) and the main
stem with nodes numbered. Adapted from Oosterd@sQ).

2.4.1.The effect of temperature on cotton growth

As was shown in Figure 1.1, the thermal regimehef tropical dry season is the reverse of the
temperate growing season, being hot early in tlasaethen cool mid season with temperatures
rapidly rising late in the season. Cold night terap@res during June — August, (€0) can occur
(Cook and Russell 1983) and, importantly, theseptratures are likely to coincide with cotton
flowering. Because average monthly maximum tempegatof> 35°C are observed early season
(March — April) and late season (September — Nowmlihese temperatures may affect early

growth and boll size (Hearn 1994).
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Less is known about the impact of cold minimum terapures during flowering and boll growth of
cotton than on early growth (Mauney 1986; Cothrieal.€1999). Importantly the published research
may not be completely transferable to the field\grarops in the tropical dry season because most
studies have been conducted in controlled enviromsngvith fixed day or night temperature
regimes (e.g. Gipson and Joham 1968; Hesketh amd1968; Reddy et al. 1991; Reddy et al.
1992; McDowell et al. 2007). The impact of temperaton boll growth is reviewed in more detail

in Chapter 6.

Net photosynthesis in cotton is affected by temjpeeawith the optimum between 20 and®G0
(Ludwig et al. 1965; Downton and Slaytor 1972) denb to zero between 4 and°® and above
30°C there is a linear decline (Hearn and Constab8#1Ru et al. 1997). However the response of
photosynthesis to temperature is modulated by picolimation temperature (Downton and Slaytor
1972). Mild heat, that is a temperature increasenfB0 to 40C, reduced net photosynthesis by
30% in cotton when water was not limiting. Photdlgsis was limited by inhibition of the re-

activation of the enzyme, Rubisco, as temperanoeeased (Salvucci and Crafts-Brander 2004).

Net photosynthesis in cotton is negatively corexdatvith leaf starch concentration with a 10%
reduction for every 10 % increase in leaf starahcentration (Mauney et al. 1979). Photosynthesis
was lower the day following cooler nights at thensaday temperature. Reduced night respiration
due to cooler temperatures was implicated in reduthe export of starch from leaves (Warner et
al. 1995) although this response can be negatedh whelimation to low temperatures occurs
(Singh et al. 2005). Severe heat or cold will peremdly damage photosynthetic apparatus
preventing recovery (Berry and Bjorkman 1980). Caligd temperature studies on cotton found
permanent injury to leaves depended on the temperand its duration; e.g. fixed minimum
temperatures from 5 to 1 for 2 and 20 nights respectively did not redut®tpsynthetic
capacity, but only a Z& minimum for 2 nights of 16 hours duration caupednanent damage to
photosynthetic apparatus (McDowell et al. 2007)gHinight temperatures will reduce net
photosysnthesis as maintenance respiration is ddiubt each 1T increase in temperature (Hearn
and Constable 1984).

Low temperatures and humidity may inhibit pollebdgugrowth in the dry season if they coincide
with anthesis. Kakani et al. (2004) found for 12Zt@o genotypes that pollen germination was
prevented between 11.1 and %D and tube growth between 9.8 and 1%4 Pollen tube growth
was also reduced by low relative humidity (30%e(&irt 1986).
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Anthesis usually occurs in the morning (Bourke le2@02), but may be delayed following cool
night temperatures. Root growth increases withpemature and is optimum at 30 — %5 (Pearson

et al. 1970). Lint percentage is reduced at higdperatures (Hesketh and Low 1968; Gipson and
Ray 1976) although night temperatures ofCilso reduced lint percentage (Gipson and Ray
1976).

2.4.2.The effect of temperature on reproductive devel opment

Cotton is unlike many determinate crops becausérthieg of only some of the development stages
is linearly related to temperature. The time tstfisquare, first flower and the development of
individual bolls (boll period) are all proportionad temperature (Hearn and Constable 1984) as is
the production of main-stem nodes up to floweriHgdrn 1969). Hence all have a specific degree
day requirement (Constable and Shaw 1988; Heard)19Blowever, the length of the flowering
period and the time of maturity do not have a deglay requirement but are determined by the rate
of fruit setting, which is influenced by the balanaetween nutrient supply from photosynthesis, the
demand from developing fruit and the loss of fidiie to pests and other stresses (Hearn 1994).
When the nutrient supply is less than the demamh fleveloping bolls, the plant stops producing
new leaves and fruiting sites, some fruit are slaed, this stage is called ‘cut-out’ (Hearn 1994).
This is known as the nutritional hypothesis of frelhedding (Eaton 1955). When fruit retention is
reduced the demand for resources by bolls is aldoced, and the time of cut-out and maturity can
be delayed (Munro 1971).

Modern cotton genotypes are not sensitive to ptestog and the time to first square and first
flower is proportional to temperature (Mauney 198Bjedicting first square and first flower is
usually made using a heat sum (Hearn 1994; Viatoale 2005). However, the minimum
temperature for development or base temperaturé inséhese calculations varies from°C2in
Australia (Constable and Shaw 1988, Hearn 1994)3ft€ in South Africa (Dippenaar et al. 1990)
while in the USA 15.%C is generally accepted (Mauney 1968), althougtretrere regional
variations (Viator et al. 2005). The methods otakdtion also vary (see Constable and Shaw 1988;
Birkasville and Emin 1969; Unruch and SilvertootB9T). Presumably, the different regional
prediction methods have become adopted on-farm ateeptable accuracy and simplicity of

calculation.

The node of the first sympodia is lower at cootanperatures (Hesketh et al. 1972; Mauney 1966),

while high temperatures particularly at night aodd day lengths can increase the node of the first
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fruiting branch. These effects are greater Gossypium barbadense genotypes (Hearn and
Constable 1984).

It is assumed for all crop species that there isngue upper threshold temperature for crop
development (Ritchie 1991). For cotton an uppeeghold is not commonly used to predict crop

development, although Dippenaar et al. (1990) assiuan upper threshold of 35.

Boll period, the time from anthesis to boll openimgyproportional to temperature (Mauney 1986)
and has been predicted by heat sums, using sibake temperatures to squaring and first flower
(Viator et al. 2005) and by integrating rate of gness (day) as a function of mean daily
temperature (Hearn 1994).

Predicting crop development and maturity is crititaassessing the likelihood that cotton with
acceptable yields and quality can be grown withm ¢onfines of the tropical dry season. It is not
known if current models that predict crop developtrere valid under this photothermal regime.
Hence, the tropical dry season presents both amrtppty and challenge for predicting the

reproductive development of cotton. Firstly becamiseill be possible in a field environment, by

varying sowing date, to expose plants to a widgeaof minimum and maximum temperatures
without frost, and secondly, during the coolest therat the ORIA reproductive development will

occur when minima are around °C4 (Cook and Russell 1983), which is near to theebas
temperatures derived for summer grown cotton inpemate climates (Mauney 1986, Constable
1976; Constable and Shaw 1988; Dippenaar et aD;19@arn 1994; Viator et al. 2005).

2.4.3.S0lar radiation

Photosynthesis in a cotton canopy increases inoptiop to the radiation intercepted up to a
maximum irradiance level (Hearn and Constable 198dihce radiation drives potential growth and
yield. Cotton leaves acclimatise to the intensityaaliation with peak carbon fixation found to be
up to 3.5 times higher per unit of leaf surfaceaareleaves grown in high radiation (photosynthetic
flux density of 31.2 mol/Aid) compared with low (5.5 molffu) radiation (Smith and Longstreth
1994). The amount of intercepted radiation is deteed by leaf area development, which peaks
about 3 to 5 weeks after the start of flowering wiggown in temperate latitudes (Hearn and
Constable 1984). Radiation interception is enhanbgdthe diaheliotropic leaf movement
(Ehleringer and Hammond 1987), although the patbédight interception into the canopy is also
important as the earliest flowers open on lowerasaahd canopy development continues in parallel
with the growth of these lower bolls (Constable @98
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Long sunny days in the absence of temperature ragge moisture and nutrient stress are
favourable to dry weight accumulation (Hearn 19%4gnce the reduced daily radiation in the
tropical dry season (Fig. 1.1) should reduce ddilyweight accumulation in the absence of other

stresses.

Radiation use efficiency (RUE) is the dry matteodarced per unit of radiation intercepted and is
used as a measure of net photosynthesis in estimafi biomass in crop simulation models
(Sinclair and Muchow 1999). There has been no oreasent of cotton RUE in the tropics, but
temperature extremes and the reversed seasonatioadpattern may also affect RUE for dry
season cotton. Moreover, there appears to be nspetd RUE forGossypium barbadense. A more

detailed review is presented in Chapter 4.

2.5. Fibre growth and quality

Figure 1.1 suggested the extreme minimum tempest{low and high) that can occur in the dry

season could be detrimental to the important fiooperties of length, strength and micronaire. In
addition, depending on the timing of boll openiagiton fibre could be weathered by rainfall and

high UV radiation. A review of relevant literaturg presented in Chapters 5 and 7 which cover
fibre quality and weathering respectively. The breview that follows provides a background to

cotton fibre development that is not included ia #iorementioned chapters.

2.5.1.Fibre growth and devel opment

Cotton fibres are highly elongated epidermal celighe ovule with thickened secondary walls
containing a high percentage of cellulose (Lang8)98here are two main phases in the growth and
development of the cotton fibre. Firstly, the filel®ngates (primary wall formation) for 15 to 27
days after anthesis or 25-40% of the boll periodcdddly, fibre thickening (secondary wall
formation) occurs later, 15 to 55 days after anghes25 to 75% of the boll period (Schubert et al.
1973). The rate of fibre elongation is proportiottatemperature while the duration of elongation is
inversely proportional to temperature (Gipson aokain 1968 and 1969, Quisenberry and Kohel
1975, Xie et al 1993, Thaker et al. 1989). Consetiy@ slower rate of elongation as a result of
cool temperatures can be compensated for by anaedeslongation period.
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2.5.2.The effect of environment on fibre properties

At crop maturity the properties of cotton fibre aetermined by the combined effect of individual
bolls developing under varying climatic conditiahse the extended flowering period (Wanjura and
Barker 1985; Bradow et al. 1997). Many studies hstvewn that the key fibre properties length,
strength and micronair (fineness) are all affed¢tedemperature extremes (Gipson and Joham 1968
and 1969; Gipson and Ray 1970; Hesketh and Low ;1Q&&enberry and Kohel 1975; Wanjura
and Barker 1985; Liakatas et al. 1998; Xie et 893); this is reviewed in more detail in Chapter 5.

2.5.3.Weathering of fibre

Rain and humidity combined with leaf trash aftetidodave opened can discolour lint (Evenson
1967). Prolonged exposure to levels of ultra vidilgtt at maturity will degrade fibres and reduce
fibre strength and length (Basinski et al. 1973).

2.6. Genotype

Time-to-maturity, a capacity to produce acceptafglgetative and boll growth, and fibre properties
under the temperature extremes of the tropicalséigson are key traits required of a successful
cultivar. All these traits are known to be at lepattially heritable (Hearn and Constable 1984;
Wells and Stewart 2010). Maturity is determinedths node of the first fruiting branch and the
potential rate of fruiting site production, whicteaheritable (Moraghan et al. 1968) as well as the
rate of survival of early fruit and boll period, igh are more affected by environment and pests
(Hearn 1994). The node of the first fruiting branshconsidered to be the most reliable when
breeding for earliness (Munro 1971). New cultsvarhich flower earlier are more in phase with
vegetative development and have a higher partiigorio reproductive structures than older
cultivars (Wells and Meridith 1984a). When thersuéficient growing season length, the rapid fruit
setting associated with early maturity can resulbiver yields than for later maturing cultivarsedu

to assimilate demand exceeding supply leading teaty termination of flowering (Kohel and
Benedict 1987). Rapid fruiting is negated whentfare shed due to stress or pests as a result
maturity is later. Cultivar differences in fibreality in response to temperature extremes (high and
low) have also been measured (Gipson and Ray 19t@af morphology differences between
genotypes, that is, okra and normal leaf, providepportunity to help balance the need for light
interception for growth with greater air movemenddight penetration into the lower canopy
(Wells and Stewart 2010).
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2.7. Optimum sowing date

In temperate climates, sowing date and growingase&ngth is determined by temperature. That
is, sowing can commence when soil temperatures warththe size of the sowing window is
determined by the length of the growing seasotermperate climates, the optimum planting date is
usually the earliest permitted by soil temperat@®shis will exploit the available growing season
(Pettigrew 2002). However in tropical climates oattgrowth is often not limited by cool
temperatures and the growing season is determwethler factors such as water supply, avoidance
of wet season cloud or rain at critical stagesw@ong, picking) and avoidance of key insect or

other pests (Hearn and constable 1984).

2.8. The application of modelling to assess the dseason production system

Sustaining a viable cotton industry in tropical &aba will require confidence from potential
farmers and other infrastructure investors thanenuc returns can be sustained and past failures
will not be repeated. Only a modelling analysighef new production system, validated from field
experiments and large scale trials, can incorpasatesonal variability in yield, fibre quality, the
area sown, and the volume of production and itangymfor costing of picking and ginning

infrastructure.

The OZCOT model can simulate cotton yield, N uptdk@éting dynamics, evapotranspiration and
soil water extraction using climatic and agronomniguts (Hearn 1994). OZCOT has been used in
temperate Australia in decision support for cogpooduction (Carberry and Bange 1998) including
optimisation of irrigation allocation (Hearn 199%).addition OZCOT's capacity to simulate yield,
fruiting dynamics, N uptake and water use has hedidated at the Ord Valley for summer grown
cotton during the 1960’s and 70’s (Hearn 199%he OZCOT model is described in more detail in
Chapter 7. The agricultural production systems &tran model (APSIM) has been linked to
OZCOT, permitting simulation of production systeoesarios involving a range of crops that are
linked by a common soil module (McCown et al.19B6pbert et al. 1998). The APSIM-OZCOT
model would be an excellent tool for the assessmkmiteraction of cotton with the cropping mix
at the ORIA and elsewhere in the Australian SATwéweer due to intellectual property
arrangements the stand alone OZCOT model has ¢olenced and validated before it can be used
in the APSIM model.
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2.9. Conclusions and recommendations
The review of literature shows there is little kdedge on the performance of cotton in the tropical
dry season. The dry season, while avoiding insestsp presents new challenges at two levels for
cotton production:
1. Climatically, what effect will the reverse seasemperature and radiation pattern have on
crop growth, biomass partitioning, lint yield anagiadjty?
2. Operationally is there time to sow sufficient aresr the end of the wet within the 5 week
window required for the Bt resistance managemeant,ggrow, pick and gin cotton reliably

within the confines of the dry season?

Other crop species have been evaluated in thecabgry season in Australia and many are now
grown commercially during this season. The apprasdd to evaluate sorghum in the dry season
(Muchow and Coats 1986), which is not sensitivphiotoperiod like cotton, should be considered.
That is to measure, the efficiency of conversionradiation to biomass, the total dry weight
accumulation, the radiation interception and thetifi@ning of dry weight to yield. Varying sowing
date enabled an optimum to be identified and a midege of temperatures at different growth
stages, with only small variation in daily radiatioFor cotton additional issues need to be
considered; these are the time to maturity asishaetermined by nutrient demand by bolls and not
a heat unit requirement, and fibre quality as iaffected by temperature and rainfall. Moreover

crop development models were not created in thiggthermal regime and will require validation.
Finally a means to assess the likely success o$emgon cotton in the Australian semi-arid tropics

is required. Hence modelling tools require validiatand development and data from other relevant

disciplines needs to be integrated.
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CHAPTER 3: Irrigated Cotton in the Tropical dry Season - Yield, its
components and crop development

3.1. Abstract

Growing cotton during the dry (winter) season agawhny insect pests endemic in the wet season
(summer) and could permit the reintroduction oft@otto the semi-arid tropics in Australia. This
research addressed the questions: 1) what yigldsisible given the lower mid season radiation and
temperature of the dry season, 2) the predictiehraanagement of crop development using a range
of sowing months to assess whether cotton can @&ngand picked within the dry season. Over
three seasons tw@ossypium hirsutum L. (upland) cultivars and on@&ossypium barbadense L.
cultivar were sown from March, to June at the OideR (15.5S) in Western Australia. For the
upland cultivars, lint yields of 1900 to 2300 kgfwa March and April sowings were at the high
end of Australian and International benchmarks.hHigt yields were linearly correlated with a
greater proportion of bolls that were located ortepisites on fruiting branches than for high
yielding crops in temperate climates (< 84.). The change in boll position increased thegth of

the growing season which was also linearly coreelatith yield. Future research needs to confirm
if low minimum temperatures early in flowering cadshe change in boll position and to measure
the impact of extreme temperature seasons on wietttime to maturity. The lint yield of the
Gossypium barbadense cultivar was highest at a March sowing, at led@86®f the upland cultivars,
which is comparable with temperate climates. Tlegudency of temperatures > 35 and < 11°C
affected time to squaring, requiring modificatiof existing development models derived in
temperate climates. It was concluded sowing dubaych to April should achieve the dual
objectives of high yields and avoidance of raimaturity. The wide temperature range observed in
these experiments improved the prediction of belligd from mean temperature; this function

should be applicable outside the semi-arid tropics.
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3.2.Introduction

As described in Chapter 1 little is known of thelgi potential or length of growing season of
cotton grown in the tropical dry season where #mperature and radiation patterns are the
reverse of spring sown cotton at temperate latguéég. 1.1). That is higher temperatures early

and late in the growing season but lower mid season

Predicting crop development and maturity is crititta assessing the likelihood cotton can be
successfully grown within the confines of the deason. Modern cotton cultivars are not sensitive
to photoperiod and the time to first square, filstver and the development of individual bolls
(boll period) are all proportional to temperatutdeéirn and Constable 1984; Mauney 1986;
Chapman et al. 1996; Viator et al. 2005; Dipperedaal. 1990). In Australia time to first square
and first flower are commonly predicted for spramvn crops (lat. 24 to 88) using a degree day
sum with a base temperature of 2 (Constable 1976; Constable and Shaw 1988; Heg84)1
These relationships have not been assessed oratetlbfor the winter dry season where
temperatures are higher early in growth and codleing flowering than where the relationships

were developed (Fig. 1.1B).

The cotton plant is morphologically indeterminated aclimatic conditions can determine the
contribution to yield of different boll cohorts. temperate climates, temperature and radiation are
usually most favourable early in flowering (Figll. Hence, at least 80 % of yield is produced
from early flowers, that is on the first (P1) aretend (P2) positions of fruiting branches nearer
the base of the plant (Mauney 1986; Heitholt 199&}) the P1 fruit having greatest probability of
producing a harvestable boll (Kerby et al. 198Kerby and Hake (1996) found highest yields in
California were associated with greater than 678 nten of P1 bolls. A similar P1 retention was
reported by Constable (1991) at Narrabri in Ausraind Jenkins et al. (1990) in Mississippi.
Hence, monitoring of P1 boll retention is commontle USA and Australia. It is not known
whether the lower radiation and temperatures earfowering in the dry season (Fig. 1.1) will

affect these relationships between yield and @acttitecture.

Gossypium barbadense L. is best suited to irrigation in arid conditiommd hence was not
previously evaluated in the wet season in the Aliatv SAT. The change to dry season
production, combined with a high market value fystomparing this species witossypium

hirsutum L.
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This chapter focuses on the questions of what ygefabssible, the effect of sowing date on yield
and the prediction of crop development to ensuat tlotton can be reliably grown and picked
within the dry season. Comparisons are made witichaarks for yield components and fruit

retention measurements used in high yielding teaipalimates.

3.3. Materials and Methods

Experiments were conducted at the Frank Wise ustitl3 km NW of Kununurra WA, Australia
(Lat. 1539'S, Long. 12&83'E) in the Ord River Irrigation Area during th835, 1996 and 1997
dry (winter) seasons. The soil was a Cununurra (Mgntmorillinitic Typic Haplustert, local
classification Ug 5.34, (Northcote 1971)), a unifiodark medium to heavy clay with pronounced
swelling and shrinking characteristics (Gunn 196%] is the dominant solil in the area (Parberry et
al. 1968).

The experiments used a split plot design, wherenrplots were the sowing date and sub plots
were cultivars with four replications in randomidadcks. Four sowing dates were separated by 3
to 4 weeks with sowing commencing in late March &thinating in early June (Table 3.1). A
buffer of 12 rows separated each sowing date teeptedrift of chemicals and to enable separate
irrigation regimes. Two ‘upland3ossypium hirsutum L. cultivars were sown, Siokra L23 (Anon.
1992a) and CS50 (Anon. 1992b). These represemage ren plant growth habit leaf shape and
maturity when grown in temperate areas. Siokra I28&ll and is mid-late maturing, has large
bolls and possesses the okra leaf shape; CS50dmimenaturing, has small bolls and a normal
leaf shape. The Bt transgenic (producing the Maiws&rylAc protein) equivalents of these
cultivars were sown in the second and third seasbttss experiment Siokra L23i (Anon. 1997a)
and Sicot 50i (Anon. 1997b). Where data is combifuedthe three seasons these cultivars are
referred to as L23 and S50. Pima STassypium barbadense L. cultivar, was also sown in each
year. All the experiments were preceded by a sunfailew, although the previous winter crop
varied, being sunflowers, wheat and maize in 19996 and 1997 respectively. Analysis of
variance was made using Genstat (Lawes Agricultdiraist, IACR, Rothamsted, UK) and
regression analysis using SAS (SAS 2001).

21



Table 3.1: Sowing dates for the three years of the study.

1995 1996 1997
March 29 March 28 March 27
April 24 April 29 April 21
May 18 May 23 May 14

June 9 June 14 June 10

A plant population of 14 and 18 plant$/mas established for the upland and Pima S7 cuitiva
respectively in 1995 and 11 planté/in 1996 and 1997 for all cultivars. The experinsewere
furrow-irrigated using a row configuration of twows per bed separated by 90 cm with irrigation
furrows between beds. Plots were 6 rows wide by.20sect pests were managed by scouting
twice weekly and insecticide spray decisions weradenaccording tdhresholds derived in
temperate Australia (Dillon and Fitt 1995). Festli, 150 kg/ha N as urea in 1995 and 200 kg/ha in
subsequent years, plus 40 kg/ha P and 7 kg/ha ®@wse superphosphate, and 20 kg/ha of
ZnSQ,.H20, was banded one week prior to sowing, 15 clovband 5cm outside the seed row.
Weeds were controlled by 1.3 kg/ha of pendimethafiplied immediately post sowing. Mepiquat
Chloride (Pix®) was applied to th@ossypium hirsutum cultivars according to the optimal rate and
timing found for this location (Yeates et al. 20P2that is 14 to 19 g ai /ha when the crop had
between 7 and 12 mainstem nodes. There were teepaans: the March 29 sowing in 1995
where 15.2 g ai / ha and 9.5g ai /ha were applieenvthe crop had 10 and 14 nodes respectively;
and the June 15 sowing in 1996 where 19 g ai /lsaapalied when the crop had 19 nodes.

3.3.1.Measurements

Date of first squaring was defined as when 50%larigs from 2m of a centre row per plot had one
square, a square was considered ‘present’ whesubiending leaf was unfolded. Dates of first
flower and first open boll were defined as when paem of row per plot was present. The nodes
above the uppermost first position white flower (WK) were counted on the same five plants per
plot at approximately weekly intervals from firdbwer. Cut-out or last effective flower was
defined as when NAWF < 4 (Bourland et al. 1992)ll Beriod was measured by tagging 30
recently pollinated (white or pink) first positidlowers in each plot on 2 or 3 occasions with the
date and node number recorded. The date of taggasgidentified by different coloured tags. In
the first season flowers were tagged early and flatgering. In the second and third seasons

tagging occurred at early flowering, two weeksrated at late flowering which represented the
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flowers on lower, middle and upper part of the rrstiem. A total of 11,520 flowers were tagged
over the three seasons. Bolls were hand pickeditemate days, the number of bolls and date
picked was recorded and the boll period calculaiedhe time from tagging to the median open
day. Seed cotton was machine harvested from 13ema&ntre row of each plot. Lint yield was
calculated by ginning a 1kg sub-sample with a 10 ga. In the first two seasons seed cotton was
ginned at CSIRO Plant Industry at Narrabri, NSW{ @m the third season the seed cotton was
ginned locally. Because the gin turnout from a &® gin is higher than a commercial scale gin,
the gin turnout was adjusted to the commercial /aising data from concurrent large scale pest
management experiments (Strickland et al. 1998 .eAsiand Strickland 2003;). Adjustment to gin
turnout was made relative to a commercial areaa@b of one of the cultivars sown here on the
same date; generally the gin turnout of the 10 genwas 2-3 percentage points higher than the
commercial scale gin. The percentage of open hadls determined by counting the number of
open bolls in 2rhper plot every 3-6 days from first open boll. Aaturity plants were harvested

from 1m of row per plot and mapped for fruit retent(Kerby and Hake1996).
3.4. Results

3.4.1.0bserved climate and pests

For the growing months of March to November, rdinfas near the long term average (Figs. 1.1
and 3.1A) except April, which was well above averag 1995 and 1996, and delayed the April
sowing to late in the month (Fig. 3.1A). For thentis of May to August all monthly minimums
were similar or 1 to € below their long term means only the June 199@thyp minimum was
1°C above (Figs. 1.1 and 3.1B). The number of minbmlw the Australian base temperature of
12°C were also near the long term average of 18 withfewer minima in 1995 and 1997 and three
more minima in 1996 (Fig. 3.1B). The lowest minimsigach season were between 7.3 aniC8.5
and were recorded in June and July. Mean monthkirman temperatures were near the long term
average except June 1996 2hotter, and September in all seasons, 1@ tter. Daily radiation
was near average except in April due to rain in51&3d 1996 (Figs. 1.1 and 3.1C).

Mirids (Creontiades dilutus, Campylomma spp.), native boll worm Helicoverpa punctigera),
cotton boll worm Kelicoverpa armigeria) and rough boll wormHEarias huegeli and E. vittella)
were the dominant pests, although their numberngddretween seasons. For the March and April
sowings the non Bt transgeni@ossypium hirsutum cultivars (Siokra L23 and CS50) used in the

1995 season lost approximately two squares or dhmyers per plant, due to one very high
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infestation of Helicoverpa punctigera before being effectively controlled by insecteidThe

Gossypium barbadense cultivar Pima S7 was less affectedHbgticoverpa punctigera.
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3.4.2.Lint yield, plant mapping and yield components

Lint yields ranged from 1079 to 2312 kg/ha depegadin cultivar and month of sowing (Fig. 3.2).
The main effect of month of sowing on lint yield svaignificant (p<0.01) in all years (Fig. 3.2A),
with March sown yields higher than May or June Ihyaars and April sown yields were not
different from March in 1996 and 1997. Cultivar maffects were also significant (p<0.01) with
Pima S7 less than the upland cultivars in all seasbhe cultivar by sowing month interaction was
not significant in 1996 and 1997 (Fig. 3.2 C, Daeflected the main effect, with a decline in
yields for May and June sowings. In 1995 the caltiyields responded differently to sowing
month, due to a lower yield when April sown for IS®@ L23 and Pima S7 and a higher May yield
for Siokra L23 (Fig. 3.2B).
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Fig. 3.2 The effect of sowing date on lint yield. A) Thain effect of sowing date, where x =
1995,0=1996,0=1997. The sowing date by cultivar interaction BJr1995, C) 1996 and D) 1997,
where¢=L23 o = S50,A= Pima S7. Bars are Lggkwhen significant.

Lint yields of the upland cultivars when sown in tdla and April were high and ranged from 1864
kg/ha to 2312 kg/ha, the exception being Siokra §@&n in April 1995, (Fig. 3.2 B, C, D). Lint
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yields for these cultivars when sown in May or Jmeser exceeded 1850 kg/ha and 1720 kg/ha
respectively. The Pima S7 yields were consistethiy highest at a March sowing being at least
1896 kg/ha. April sown Pima S7 exceeded 1750 kgrhevo of three seasons but yields were less
than 1300 kg/ha when sown in May or June (FigB3.€, D).

Lint yield was significantly (p<0.05) linearly c@lated with time to maturity when all data was
included, f = 0.50, 0.47 and 0.80 for L23, S50 and Pima Speetsvely. Removal of the March
and April sowings in 1995 for which maturity wadaleed due to compensation from fruit removal

by insects, improved correlations for the uplanidivars (Fig 3.3).
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Sowing month affected gin turnout (P<0.01) in ahys (Fig. 3.4A). Gin turnout was higher when
sown in April followed by May with March and Junevang months generally the lowest. Cultivar
differences were consistent over the three seastthsthe gin turnout of Pima S7 less than the
upland cultivars and a trend for S50 to be highentL23 (Fig. 3.4 B, C, D). The interaction
between sowing month and cultivar on gin turnous wegnificant in all years and was due to a

different response in Pima S7 where gin turnout redetively more stable across sowing months
(Fig. 3.4 B, C, D).
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Fig. 3.4: The effect of sowing date on gin turnout. A) Trhain effect of sowing date, where x =
1995,0=1996,0=1997. The sowing date by cultivar interaction BJr1995, C) 1996 and D) 1997,
where¢=L23 o = S50,A= Pima S7. Bars are Lsd0.05 when significant.

The proportion of all fruiting sites producing paiie bolls is a measure of fruiting efficiency. dun
sowings retained lowest proportion of bolls and Megs generally lower than March and April

sowings (Table 3.2). The cultivars were consisterieir relative retention with L23 < S50 < Pima
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S7. Fruiting efficiency was less than 40% for L23k sowing months over the three years. Only
in the May 1995 sowing did boll retention excee&dS@r CS50.

Table 3.2: Effect of sowing date and cultivar on fruitingieféncy (percentage of fruiting sites with
pickable bolls) and the first position (P1) boliertion (bolls retained on P1 sites).

Month of sowing Analysis of variance
Fruiting March April May June Mean Lsdgos
Efficiency
(%)
1995 Main effects
Siokra L23 36.4 38.6 37.9 43.0 39.1 Month Sown 3.08
CS50 44.4 43.6 52.4 43.3 45.9 Cultivar 2.78
Pima S7 74.0 73.6 67.6 51.4 66.7 Interaction ns
Mean 51.6 52.0 52.6 46.0
1996 Main effects
Siokra L23i 27.0 35.3 28.0 25.0 28.8 Month Sown 13.8
Sicot 50i 37.8 44.6 36.3 34.1 38.2 Cultivar 3.00
Pima S7 48.2 51.6 48.0 33.0 45.2 Interaction 5.92
Mean 37.7 43.8 37.4 30.7
1997 Main effects
Siokra L23i 33.7 32.2 375 26.1 324 Month Sown 22.1
Sicot 50i 44.7 43.2 29.6 35.1 38.2 Cultivar 1.83
Pima S7 71.4 61.0 65.0 57.2 63.7 Interaction 431
Mean 49.9 45,5 440 395
P1 Retention
(%)
1995 Main effects
Siokra L23 21.3 39.0 56.9 55.4 43.1 Month Sown 5.61
CS50 26.7 46.0 64.1 51.5 47.1 Cultivar 5.33
Pima S7 56.4 55.2 63.5 43.9 54.8 Interaction 11.81
Mean 34.8 46.7 61.5 50.3
1996 Main effects
Siokra L23i 25.6 44.4 40.0 45.2 38.8 Month Sown ns
Sicot 50i 45.1 57.0 44.6 57.5 51.0 Cultivar 473
Pima S7 50.5 51.0 45.6 34.0 45.3 Interaction 11.15
Mean 40.4 50.8 434 456
1997 Main effects
Siokra L23i 47.1 47.3 56.1 46.8 49.3 Month Sown ns
Sicot 50i 55.8 64.7 355 50.7 51.7 Cultivar 5.43
Pima S7 66.2 60.3 73.3 65.0 66.2 Interaction 12.45
Mean 56.3 57.4 55.0 54.2

Sowing month did not affect first position (P1) lbdtention in 1996 and 1997. In 1995 reduced
retention was due to insect damage to early Plregw@and flowers in the March and April sowings

(Table 3.2). The cultivar main effect was signifitavith L23 < S50 < Pima S7 in all seasons.
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There was no consistent trend for the sowing monthultivar interaction. P1 retention ranged
between 21 and 65 % for the upland cultivars antb36% for Pima S7.

There were significantly more fruiting branchesaflarch sowing in all years and a trend for fewer
fruiting branches at May and June sowings. Cultimamn effect was only significant in 1997 (Table
3.3). In contrast P1 retention on the first fivaiting branches was lower at a March sowing and
generally greater at May and June sowings. L23netiafewer lower fruit than the other cultivars
(Table 3.3). The interaction between sowing datk@uiitivar was not significant for either variable
(data not shown). The highest retention occurredlary and June 1997, and retention greater than

60% was only measured for Pima S7 in 1997.

Table 3.3: Effect of sowing month and cultivar on the numbgtroiting branches per plant and
the P1 retention on the first 5 fruiting branches.
Number of Month of Sowing Cultivar

Fruiting March April May  June Lsdos |23 S50 Pima S7 Lsdoos
branches

1995 12.3 10.9 10.8 10.2 068 10.9 10.8 10.6 ns

1996 15.6 13.6 14.1 15.2 082 15.1 14.1 15.0 ns

1997 16.4 14.0 13.5 13.3 071 14.6 13.7 145 061
Retention 1'5 Fruiting Branches (%)

1995 25.4 33.0 585 446 75 37.0 450 39.1 ns

1996 47.2 52.4 431 535 7.7 46.3 58.8 56.2 878

1997 40.5 56.9 604 60.4 83 48.7 53.7 612 571

The highest yielding sowing months of March andiAipad the most bolls for all cultivars (Table
3.4). The main effects of sowing date and cultiweare consistent over the three seasons with
higher boll numbers at March and April sowing ddtesn May and June, while Pima S7 produced
the most bolls and L23 the least. The sowing dasenneffect was influenced by the upland
cultivars because boll number for Pima S7 respordifdrently to sowing month in 1995 and
1996, being lower in April and higher in June (T@Bl4). The month of sowing main effect was
also significant for the number of fruiting sitése number of first, second and third position and

monopodial branch bolls, data not presented.
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Table 3.4: Effect month of sowing and cultivar on final ballmbers (11f) for the years 1995,

1996, 1997.

Month of sowing

Analysis of variance

Year / Cultivar March April May June Mean Lsd o5
1995 Main effects

Siokra L23 99 95 85 81 90 Month Sown 12.3
CS50 127 117 102 109 114 Cultivar 10.6
Pima S7 218 141 142 201 176 Interaction 21.3
Mean 148 130 118 110

1996 Main effects

Siokra L23i 98 96 90 76 90 Month Sown 10.1
Sicot 50i 114 121 115 98 112 Cultivar 8.8
Pima S7 195 179 180 119 168 Interaction 17.4
Mean 136 132 128 97

1997 Main effects

Siokra L23i 130 107 84 73 100 Month Sown 9.8
Sicot 50i 128 130 88 86 108 Cultivar 8.5
Pima S7 208 197 149 160 179 Interaction ns
Mean 155 148 109 106

3.4.3.Correation of lint yield and sowing date with mapping variables

The number of pickable bolls pefwas significantly (p < 0.01) linearly correlatedtiwlint yield

for all cultivars, as were the number of seconditjpss (P2) and third and greater position {P3
bolls (Table 3.5). However, there was no correfatetween lint yield and the number of P1 bolls,
the total number of fruiting sites and all measwegboll retention taken (i.e. all fruiting sitelB;1

bolls on all main-stem fruiting branches or thstfiive fruiting branches).

3.4.4.The timing and prediction of reproductive devel opment

There was no significant difference between thangblcultivars in the time to each growth stage
thus their data were combined. Figure 3.5 showstleeage duration and the date of occurrence of
each growth phase for each sowing month. The laecMsowing matured in mid September and
had the longest duration of growth of 170 daysupland cultivars and 172 days for Pima S7.
Growth duration of was reduced with later sowirfge tJune sowing taking 144 days to reach
maturity and occurred in mid November for the uglamltivars. Pima S7 was earlier to first-
square, but had a longer flowering and boll groptlitase than the upland cultivars (Fig. 3.5).
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Table 3.5: Linear regression coefficients for the relatiopshetween yield components or plant

mapping variables and lint yield. Data for the thseasons combined. Where, ** P<0.01, * P<0.05
and ns = not significant, Position 3+ = (Position Bosition 4 + adventitious bolls). Analysis was

made for the yield components and plant mappingabbas where the analysis of variance was
significantly different for sowing month (p<0.05).

Lint Yield
Yield component / Plant mapping variable (n=48 for each cultivar)
L23 S50 Pima S7

Pickable bolls (1) 0.37**  0.31**  0.46**
Position 1 bolls (M) ns ns ns
Position 2 bolls (1) 0.41**  0.36**  0.38*
Position 3+ bolls () 0.34**  0.36**  0.45*
Monopodial Branch Bolls (i) ns ns ns
Fruiting sites (rif) ns ns ns
Proportion of fruiting sites with bolls (%) ns ns ns
Number of fruiting branches per plant 0.18* ns ns
Boll retention on P1 fruiting sites (%) ns ns ns

P1 boll retention first 5 fruiting branches (%) ns ns ns

The phase from first squaring to first flower wasitar for all cultivars and sowing dates (Fig. 3.5
The effect of sowing date on the duration of othleases appeared to be related to temperature;
being progressively cooler prior to squaring andmaex post cut-out as sowing progressed from
March to June. The period of boll growth, thatr@n first flower to maturity, declined by 40 days
as sowing moved from March to June. For the Marah A&pril sowings boll growth took 90 to 114

days and occurred during the cooler low radiatiengal from June to August (Fig. 3.5).
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Sowing 1st square 1st flower Cut-out  1st open Maturity

1 v \ v v v v

June Pima [ 47 [ 29 [ 31 [ 29 [357] 150:3.1
June upland | [ 49 [ 29 ] 29 [ 24 T187] 144135
May Pima | [ 40 [ 32 [ 43 [ 28 [ 14 ] 156:3.4
May upland | [ 43 [ 30 [ 38 I 26 [13 | 149:3.4
April Pima | | 34 | 28 | 53 I 33 [ 17 ] 165:0.1
April upland | [ 36 [ 31 [ 38 [ 40 [13 ] 15715.0
March Pima | 32 [ 26 | 46 [ 51 [ 17 ] 172153
March upland | 34 | 28 | 39 | 48 [ 20 | 170s5.5

28Mar  DR-Apr  27-Apr  D-May 27-May IHun  26Jun 1ul 26du D-Aug  25-Aug  9-Sep 24-Sep  9-Oct  24-Oct  8Nov

Fig. 3.5: The effect of sowing month on: the average dunatibcrop growth phases, shown inside
bars as days; the date of occurrence of each gnolabke for each month of sowing is shown on the
x axis. The days from sowing to maturity (60% ofefis) is given to the right of each bar graph
with its standard error. Data is the average fee&sons and the upland cultivars are combined.

The degree day sum using a base temperature®6f (BDS;,) calculated to first square and first
flower for the upland cultivars was greater tham ¥alues of Constable and Shaw (1988), requiring
approximately 40 and 120 D@Smore thermal time to first square and to firsiviéw respectively
(Table 3.6). There was also considerable varighiithese degree day sums.

Main-stem node number was linearly correlated (@&D) with DDS, up to 18 nodes or 1000
DDS,, with ¥ = 0.96, and 0.95 for the upland cultivars and PBarespectively. The slope of
these relations was 56, and 57 DPBer node for the upland cultivars and Pima S7eesgely
(Table 3.6).

Table 3.6:Degree day sums (DR$ using a 12C base temperature for these experiments * se
compared with the published values for temperatstralia (25 to 36S). The DD$, / node were
calculated up to node 19 from slope of linear regjien, + se of this slope.

Growth Stage Temperate Tropical winter season

(from planting) Australia Upland Pima S7
Emergence 80# 67 *14.8 67 +14.8
Node 60* 56 *4.0 57 3.7
1st square 505# 546 +45.8 517 +42.2
1st flower TT7# 896 +42.8 862 +44.9
1st open boll 1537# 1906 +94.8 1915 545
60% open 2060# 2147 #130.5 2217 ¥126.0

# from Constable and Shaw (1988), and * from Héa894).
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Prior to squaring the March sowing was exposednt@awerage of 22 days or 67% of the square
period above 3%&. Consistent with the average monthly temperattiresnumber of days > 35
declined to 2 and 5 days by the May and June s®wihigere was less variation in the number of
days > 32C. The number of extreme minimum temperatures asae when sowing moved from
March to June, hence only the May and June sowimgs exposed to > 1 minima below the°C2

base prior to first square. The frequency of terafpges below 1°Z was much less than %% but
followed the same pattern

Table 3.7 shows for the upland cultivars the cogdfit of variation in the DDS to first square was
not improved by increasing the threshold tdQ%r imposing an upper threshold of°G5 For
Pima S7 an upper and lower threshold ofGB%nd 18C produced a small reduction in the

coefficient of variation of the DDS to first square

Table 3.7: Coefficient of variation (CV) of degree day sunascalated from sowing to first square.

Threshold Upland Pima
temp%ratures DDS CV% DDS CV%
Q)

12 537 6.9 508 7.1
35/12 531 6.7 469 7.2
32/12 505 7.7 469 7.0
35/15 421 6.9 391 6.5

15 425 7.4 397 7.5

# NB for the calculation of DDS with and upper amdoover threshold it was assumed development sabpse or below the
threshold temperature.

The variation in the in the DOQSto first square was better explained by the fraqueof high
maximum (>35C) and low minimum temperature (<C) (Table 3.8). For the upland cultivars
there were separate significant (P<0.01) linearetations between DO gSthe number of minima <
11°C and the number of maxima >°85 A similar response was found for Pima S7, wiiiaed a
smaller data set. The cumulative effect of theseperature thresholds was also a significant
(P<0.05) linear increase in the number of nodeght first fruiting branch (Table 3.8), the

exception being the upland cultivars when maximzeered 3%C.
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Table 3.8: Linear regression coefficients for the effecttb& number of minima < 2C and
number of maxima > 3& with no minima <13C prior to first square on the accumulated degree
days (DD$;) to first square and the number of nodes to trst fruiting branch. Where ** = P<
0.01, * = P<0.05, ns = not significant

Threshold DDS;, Node of first fruiting branch
Temperature r’ Slope r’ Slope
(DDS,.d % (node )
Minima < 1°C
Upland (n=14) 0.67* 13.2 0.71** 0.34
Pima S7 (n=8) 0.19ns 7.9 0.57* 0.21
Maxima > 35C
Upland (n=10) 0.73** 3.6 0.28ns 0.04
Pima S7 (n=4) 0.53* 3.3 0.86** 0.05

Rate of progress (1/days) to first square from sgwvas linearly correlated (p<0.01) with average
daily temperature for all cultivars (Table 3.9).w#ver, the rate of progress from first square to
first flower was weakly correlated with temperat(f@ble 3.9). Hence differences in the time to
first flower were determined by the time from sowito squaring. Table 3.9 also shows the boll
period, expressed as the rate of progress fromefiony to open boll (1/days) was linearly

correlated (p < 0.01) with mean daily temperaturth & separate function fitted for the upland
cultivars and Pima S7.

Table 3.10 compares the predictions of reprodudieeelopment with from relations with mean
daily temperature and degree day sums develop#dsirstudy with other published functions. The
time to first square and the boll period by werestreccurately predicted using the linear relation

developed in this study between rate of progresisese growth stages and mean daily temperature.
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Table 3.9: Rate of progress {0 to reproductive development stages as a funciataily average
temperature, linear regression coefficients andstbge of linear function. Where ** = p< 0.00 and
ns = not significant. In brackets is se.

Phase Mean daily r2 Intercept Slope
temperature range (%) @dy/cC
(°C)

Upland Pima S7 Upland Pima S7 Upland Pima S7 Upland Pima S7

Sowing to First  22.1-28.1 21.9-28.1 87.3*  88.5** -0.018 -0.020 0.0018 0.0019
Square (0.005) (0.005) (0.0002) (0.0002)
Sowing to First  22.9-27.5 22.9-27.6 825*  77.4* -0.0053 -0.0066 0.0008 0.0009
Flower (0.002) (0.003) (0.0002) (0.0001)
First Square to  21.6-26.6 21.6-27.0 27.8 36.2 ns ns ns ns
First Flower

Boll Period 23.0-31.1 23.2-31.3 90.2**  90.0* -0.0165 -0.0181 0.00122 0.00124
(anthesis to open (0.0014) (0.002) (0.00003) (0.00007)
boll)

Table 3.10: Comparison of crop development predictions betwibenrelationships developed in
this study and functions published elsewhere intralia. Note the RMSD for the relations
developed in this study was calculated with santa da used to derive functions. Where: na = not
applicable and Tav = average daily temperature.

Development Phase

Function (RMSD)
Sowing to first Sowing to first Boll period
square flower

DDS; these experiments 3.7 3.0 4.5
(Table 7) 3.1 3.4 4.3
1/d = fn Tav (Table 9)
Constable (1976) 4.8 na na
Bange and Milroy (2003) 7.7 na na
Constable and Shaw 4.8 8.3 25.4
(1988)
Constable (1991) Na Na 10.3
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3.5. Discussion

3.5.1.Lint yields, plant mapping and yield components

The lint yields measured here for tBessypium hirsutum cultivars when sown in March and April
(Fig. 3.2) should meet current commercial expeatatif repeated reliably on a larger scale. These
lint yields were at worst in line with recent Audtan commercial irrigated yields (ABS 2006) and
commonly reported research yields for irrigatedaoin temperate Australia and the USA, where
lint yield was inflated by laboratory ginning, (eAyars et al. 1999; Grismer 2002; Wilson et al.
2003; Fritschi et al. 2003; Hutmacher et al. 20Bange and Milroy 2004) and at the top of
international averages elsewhere (ICAC 2002). Hawethese lint yields still fall short of the
highest research and commercial yields of 2700 @603kg / ha for well managed crops
occasionally reported in temperate Australia (Rete2007; The Australian Cottongrower 2003)
and the 4040 kg/ha considered to be the theoretn@adimum for temperate USA (Baker and
Hesketh 1969). Suggesting the maximum potentidtl yier the tropical dry season may be lower
than temperate latitudes.

It is not clear what effect extreme temperaturessea will have on lint yield. For the three seasons
of this study large deviations from average temjpees were for short periods consequently mean
monthly maximum and minimum temperatures were withfC of the long term average (Figs.
1.1& 3.1). Prolonged temperature extremes, thatagima > 35C and minima either > 26 or <
20°C during flowering can reduce boll size (Hearn 1984d fruit retention (Powell 1969; Reddy et
al. 1992) particularly if combined with low radiati (Christiansen 1986). While the likelihood of
monthly temperatures in the damaging range is @86 of seasons during flowering and boll
growth that is mean monthly temperatures are %€ &f the long term averages (BOM 2009).
Further research is required to measure the effeextreme temperature seasons on lint yield so a

seasonal risk profile can be established.

The lower yield of theGossypium barbadense cultivar Pima S7 compared to tl&ossypium
hirsutum cultivars (Fig. 3.2) was consistent with reseaaclkd commercial experience with this
species from temperate Australia (Buster 1994) #wed USA (Kittock et al. 1981; Unruh and
Silvertooth 1996; Fritschi et al. 2003). The relatyields of Pima S7 to the upland cultivars of70.8
and 0.78 (Fig. 3.2) were within the range of 0.d®M188 observed in temperate Australia (Buster
1994), 0.62 to 0.89 in Arizona (Kittock et al. 198Jnruh and Silvertooth 1996) and 0.86 in
California (Fritschi et al. 2003). Nevertheless ¥eds of the higher valued fibre fro@ossypium
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barbadense measured here (Fig. 3.2) would meet current comiadezxpectations provided quality

standards are achieved.

Interpretation of plant mapping data provides ihsimto how lint yield was achieved for cotton
grown in the dry season. An important finding fréms study was the positive correlation between
yield and greater horizontal fruiting, that is m@P& position (P2) ana 3 position (P3+) bolls and
the lack of correlation between the number of fassition (P1) bolls and their retention and yield
(Table 3.5). This is a departure from spring sowiand cotton in temperate climates where P1
bolls and their retention are regularly monitorege do their positive association with yield
(Mauney 1986; Constable 1991; Kerby and Hake 1996& relationship between yield and P1
retention found for temperate regions (Kerby an#eéH8996;Jenkins et al. 1990) is related to the
need for earlier maturity due to a growing seasmgth that is defined by cool temperature (Kerby
and Hake 1996). In temperate climates the growthbattom P1 bolls often coincides with
favourable climatic conditions, which are the losigphotoperiods and highest solar radiation for
the growing season. Hence, P1 bolls were largeaett fruiting branch and had a greater chance of
survival (Constable 1991). There is also greatelihood of sub-optimal temperatures for later
developing bolls making compensation from the lafdewer fruit risky. The tropical dry season is
the reverse with the pollination of early flowereciding with less favourable climatic conditions,
that is, cool to cold night temperatures and reddyi low radiation, while later developing bolls

were exposed to rising temperatures and radiakms(1.1, 3.1, 3.5).

It is possible the P1 retention of early flowerssame sowing dates (Table 3.3) was reduced by
colder nights coinciding with anthesis (Figs. 3315). However it was difficult to differentiate
physiological shedding possibly due to the coldghts from removal by insect pests. For the Bt
transgenic cultivars fruit removal by insects nosceptible to the Bt protein prior to insecticide
treatment was possible. While caterpillars wouldeheontributed by removing some early fruit on
the nonBt cultivars in 1995 (Table 3.3).

A lower retention of early P1 flowers (Table 3.3ayrhave had a positive impact on yield for the
March and April sowings by reducing boll demand &ssimilate early in flowering, a time when

assimilate supply was limited by low solar radiatiand cool night temperatures (Fig 3.1).
Compensation for the loss of early flowers occurde to a greater production of horizontal
fruiting sites that flowered later when temperasungere warmer and radiation higher. The positive
relation between yield and time-to-maturity supgdttis hypothesis (Fig. 3.3). While the lower
yields for the May and June sowings could be erpldiby the combined impact of later flowering

37



(Fig. 3.5), a generally higher early flower retent{Table 3.3) which increased assimilate demand
and reduced the flowering period (Fig 3.5), and/\regh temperatures late in boll growth (Figs. 3.1
and 3.5) inducing shedding and reducing boll sizerictiansen 1986; Hearn 1994).

The fruiting efficiency data presented in Table &lgb reflects the greater contribution of bolls se
later in the season. For all sowing months thetifrgi efficiency or total fruit retention was

measured here was similar to that reported in tea@éatitudes for upland cultivars having okra or
normal leaf types (Kerby and Buxton 1976), hence wat affected by within season climatic
differences. The lack of correlation with yield Pla 3.5) supports the observation that
compensation for low early season retention wasiplesbecause of the more favourable climate

later in the growing season.

The significant correlation between yield and balimber (Table 3.5) is consistent with other
growing regions for upland (Hearn and Constable 4198nd Pima cotton (Buster 1994).
Presumably individual boll weight accounted for tleenainder of the variability. Although lint

weight per boll was not measured, there was sefficvariation in boll number at similar yields to

suggest this was the case (Table 3.4).

Gin turnout appeared to be affected by temperatemg highest when sown in April and May
(Fig. 3.4) when temperatures were coolest duriogvéking (Figs. 1.1 and 3.5). The lower gin
turnouts for the March and June sowings were aatamtiwith higher temperatures (Figs. 3.1B and
3.4). These observations are consistent with chetroenvironment studies, where high
temperatures have been found to reduce gin turfidesketh and Low 1968; Gipson and Ray

1970). The correlation between temperature andugimout is investigated further in Chapter 5.

The response of gin turnout in Pima S7 to sowing di#fered slightly from the upland cultivars
(Fig. 3.4). Pima S7 had a longer flowering periodthe March and April sowings (Fig. 3.5) which
may have exposed the developing bolls to diffetemperatures. Boll periods were also longer for
Pima S7 (Table 3.6).

It is doubtful that early fruit damage Ibielicoverpa punctigera observed on the non Bt cultivars in
1995 would have affected yield as in subsequenietuLei and Gaff 2003), dry season cotton has
been found to compensate from this level of danagearly in flowering without yield loss. The
Gossypium barbadense cultivar Pima S7 was less affected Hglicoverpa punctigera, which is
consistent with studies in Sudan (Bindra 1985) tamdperate Australia (Buster 1994). It is more
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probable the lower nitrogen fertilizer rate used1®95 may have contributed to slightly lower
yields as concurrent studies found 200 kg N / lceeimsed yield by 10% at a late April sowing date
(Yeates unpublished data), hence N rates wereaseckin 1996 and 1997.

3.5.2.Implications of the timing and duration of crop devel opment phases

In addition to producing the highest lint yieldeywsng in March and April made the best use of the
dry season because maturity occurred by mid - @ct@g. 3.5) when the likelihood of early wet
season rain is still low (Fig. 1.1). However, wiggown in cooler seasons than observed here (Fig.

3.1) the growing period would be extended, incregshe risk of rain at maturity.

The April sowings were most likely to be affecteg dub-optimal temperatures during flowering
because flowering occurred between late June arigd Aagust when temperatures were lowest
(Figs. 3.1 and 3.5). Cold nights could also impatta March sowing late in flowering and during
boll maturation (Fig. 3.5). May and June sowingsravmost likely to be exposed to cooler
temperatures pre-flowering and high temperature35{€) from late in flowering to maturity (Figs.
3.1 and 3.5), the later may have contributed toelowields at these sowing dates compared to

March and April sowings (Fig. 3.2).

Of interest was the impact the reverse photothepatiern of the dry season (Figs. 1.1 and 3.1)
would have on lint yield and time to maturity comgxh with temperate latitudes. Season long
effects were similar to temperature latitudes, ithathe seasonal heat unit accumulation (Tablg 3.6
the days from sowing to maturity (Fig. 3.5) (Baragel Milroy 2004) and the positive correlation
between yield and days-to-maturity (Fig. 3.3) (Gahke et al. 1976; Bange and Milroy 2004).
However, within season photothermal differences egyain the lower the rate of yield increase
with days-to-maturity of 20 to 25 kg/ha/d measuhegte (Fig. 3.3) compared with the 34 kg/d
measured by Bange and Milroy (2004) in temperatstralia. When days-to-maturity was longest
(180 days) the yield potential in the dry seasos slaghtly lower compared to temperate latitudes
(Bange and Milroy 2004) being the result of the re@hson radiation and temperature limitations
described previously (Figs. 1.1 and 3.1). When day®aturity was shortest (< 150 days), as was
the case in the May and June sowings, yield duheglry season was higher compared with Bange
and Milroy (2004), due to greater daily heat uratwmulation due to rising rather than falling

temperatures combined with higher daily radiatianry boll growth.

The longer boll filling period for the March and Alpsowings coincided with the low radiation and
temperature months of July to August (Figs. 3.16) 8nd assisted the reduced assimilate supply in
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matching the demand from bolls. In this case kbihg was extended by a combination of lower
temperatures (Figs. 3.1B, 3.5) and more bolls fiater pollinated flowers on the top and outside of
the plant (Table 3.5).

Of the sowing months compared in this study, Mavidhhave the greatest chance of receiving rain
that could inhibit trafficability at sowing and pottially reduce the number of sowing opportunities
(Fig. 1.1). To assess the likelihood of sowing caroial scale areas in March, future modelling
analysis that combines historic climatic recordghwkinowledge of the drying characteristics of the

local soils is required.

3.5.3.Prediction of crop development

This study has highlighted the need for a commorthate of predicting the reproductive
development of cotton. Internationally, there iscomsistency in the threshold temperatures used to
predict cotton reproductive development using degi@y accumulation, with minimum thresholds
being locally derived and ranging from ®2to 15.5°C (Hearn and Constable 1984; Mauney 1986;
Dippenaar et al. 1990; Viator et al. 2005) and wgpeesholds some times used (e.g. Dippenaar et
al. 1990). In addition Hearn and Constable (198pprted a ‘cold shock’ minimum temperature of
< 11°C increased the DD to first square by 5.2 per minima. Perhaps thieis, not surprising the
variation in the DDS to first square measured h@mble 3.6) was not improved by varying
maximum or minimum thresholds of 86 or 32°C in combination with 12 or 1% minimum
thresholds (Table 3.7). At this location the vaoiatin the DDS to first square could be explained
by the frequency of supra (> 35) and sub optimal (< £C) temperatures increasing the number of
nodes to the first fruiting branch (Table 3.8). Tdteservation that the node of the first fruiting
branch was increased at sub and supra optimal tatopes is consistent with studies elsewhere
where mean temperatures over the growth phase emnpared (Mauney 1966; Hesketh et al.
1972; Hearn and Constable 1984). However therenigwidence that this knowledge has been
applied to predict time of squaring. The increaB&f;, per minima < 13C was 13.2 DD /day
(Table 3.8) was greater than the 5.2 RP&lay ‘cold shock’ reported by Hearn and Constable
(1984). These maximum and minimum temperatureem@s had a similar impact on Pima S7

(Table 3.8), although the sample size was smalhiisrcultivar

The most accurate prediction of time to squaring a the relationships developed here between
rate of progress and mean daily temperature (T2li@). It is of note that the function tested here
of Bange and Milroy (2003) is non linear and waswdel in a controlled environment from a wide

range of fixed temperatures. It is unclear why terajure did not affect duration of the phase from

40



first squaring to first flower in these experime(iisble 3.9). It is important to also note thatsihe

functions could not be tested with data independétite data from which they were derived.

Improvement in prediction of boll period using tesmgture is possible using the function derived in
Table 3.10. This function is based on a large datawith a wide average daily temperature (23-
31°C) and boll period range (45 to 94 days) (Tablg,hence should be applicable to high input
crops within the semi-arid tropics. Wider applioatiof this boll period function could require

incorporation of the impact of nitrogen and radiat{Li et al. 2009).

Rising end-of-season temperatures (Fig. 3.1) retitice boll period of later flowers (Table 3.9)
compressing the boll opening period and minimisngivar and species differences. Hence, the
Gossypium hirsutum cultivars grown in these experiments were of @mimaturity in this
environment (Fig. 3.5), which differed from theklative maturity when grown in temperate
Australia where L23 is mid to late maturing whil®€0Shas medium maturity (Anon. 1992ab,
1997ab). Similarly th&ossypium barbadense cultivar Pima S7 was at most 8 days later maturing
than the upland cultivars (Fig. 3.5), which is @&days less than the species difference measured
in temperate Australia (Buster 1994) and the USAr(b and Silvertooth 1996). The interaction
between cultivar maturity and sowing date shouldtle subject of future research when Bt
cultivars with a greater range of maturities arailable.

3.6. Conclusions

1. Sowing during March to April produced the highest yields and at a level at the higher
end of Australian and International benchmarks.s€hsowing months are also likely to
avoid rain at maturity. A March sowing would havee tgreatest likelihood of late wet
season rain interrupting sowing operations.

2. High lint yields were associated with a greatempprtion of bolls that were located on outer
sites on fruiting branches than for high yieldimgps in temperate climates (~°3@t.). This
change in boll position increased the length of gh@wing season which was correlated
with yield.

3. Further research is required to determine if loghhtemperatures caused the change in boll
position and to measure the impact of extreme teatynes seasons on yield.

4. A robust function was developed to predict bollipegrfrom a wide temperature range,
however research is required to develop a more lwideplicable method to predict

reproductive development.
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CHAPTER 4: Irrigated cotton in the tropical dry season - Biomass
accumulation, partitioning and RUE

4.1. Abstract

Growing cotton during the tropical dry season asaithny insect pests endemic in the wet season.
The impact of low mid season radiation and nighigderature that characterise the dry season, on
the conversion of radiation to biomass (RUE) aredgértitioning of this biomass were measured as
these were largely unknown. Over three seasonsGgsypium hirsutum (upland) cultivars and a
Gossypium barbadense cultivar were sown from March to June at the OirgeR(15.5S), Western
Australia. For the highest yielding March and Amdwings, final biomass was similar to high
yielding temperate grown cotton (~°3@t.) and was generally greater than May or Juvérss.
However, biomass was accumulated differently: maxingrowth rate was 6 to 12 offu for 78 to
134 days compared with 15 to 25 dlenfor 25 to 60 days reported for temperate growtton.
RUE changed significantly with ontogeny, peakingwesn squaring and early flowering. The
range in RUE of 1.2 to 2.0 g/MJ throughout the difgzycle for the upland cultivars was similar to
temperate climates where biomass was correctedgtacase equivalent. The RUE of 1.2 to 2.3
g/MJ measured over the lifecycle Gbssypium barbadense cultivar was the first reported for this
speciesFrom first square to first flower the variationRUE could be explained by a linear decline
(p<0.05) with temperature, which may limit vegetatbiomass in May and June sowings and in
cooler than average seasons for March and Aprilirggsy Due to favourable temperatures and
water supply, sowing in March would have the gretatisk of rank growth. It was concluded the
low temperature and radiation during flowering dudl growth combined to reduce crop growth
rate but high yields were achieved when the crop filling phase was extended. Management
must be tailored to ensure a high proportion of gadwth (60 to 80%) can occur after vegetative

growth has terminated.
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4.2. Introduction

Previous research found cotton lint yield when growthe dry season was highest when sown in
March and April and were most likely to achieve theal objectives of maximum yield and
avoidance of rain at maturity (Chapter 3). Yieldsvessociated with the proportion of bolls located
on outer nodes on each fruiting branch; which wigkdr than for high yielding crops grown in
temperate climates (~ 3@t.).

Little was know of the productivity of cotton grovim the dry season in terms of its conversion of
radiation to biomass and the partitioning of thisntass between vegetative and reproductive
organs. Dry season temperatures that can be hi@°(€) early and late in the growing season
and cool mid-season minima (<°0) (Cook and Russell 1983), combined with dailyiatdn
that is 20% less during flowering and boll growtian for cotton at 30latitude (Chapter 1), may
affect radiation use efficiency (RUE) and biomassuanulation.

Inadequate biomass production was considered ar im@jtation to yield in dry season soybeans
at the ORIA because insufficient leaf area and quecs flowering were induced by a
photothermal regime of cool nights and short daytles (Mayers et al. 1991a,b,c). In contrast, for
sorghum grown in the dry season at Katherine, Aliatr(14.5S), inadequate partitioning of
biomass into grain was found to limit yield not tpeduction of biomass (Muchow and Coates
1986).

Only the sowing date studies of Stern (1965) andmigon (1965) conducted during the wet
season cropping era at the ORIA, included dry seaswing dates and measured biomass of
cotton. These studies produced contradictory resdtern (1965) found dry season sowings
(March, April and May) had lower yields due to iegdate biomass and a low partitioning of this
biomass into bolls (< 30%), although it was ackremgled yield was reduced by a build up of
insect pests from earlier sowings. In contrast themson (1965) study, conducted in the same
year, produced equivalent yields for March 30 sowas the wet season November to February

sowings.

There has been no measurement of the RUE of cotttre tropics. The RUE of upland cotton
(Gossypium hirsutum L.) has been measured for spring sown crops in éeatg Australia (305)

(Constable 1986; Sadras 1996; Bange and Milroy 2B@@ge and Milroy 2004) and in the USA
(31° N) (Rosenthal and Gerik 1991). The RUE values ntepoin these studies generally fall
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within the range of 1.0 to 2.5 g / MJ of PAR and eomparable with reported values for other C3
crops when corrected to a glucose equivalent bisnl@miry et al. 1989; Sinclair and Muchow
1999; Wall et al. 1994). There appears to be ndigherl RUE values foGossypium barbadense.

Concurrent studies into the use of the growth gulmepiquat chloride on dry season cotton
found early growth was vigorous and without treattmeould lead to rank growth at maturity
(Yeates et al. 2002b, 2005). However these stwgze only conducted on April sown cotton and

the early vigour of plants sown at other times waisknown.

As there is no known consistent measurement oéffieets of the tropical dry season environment
on cotton growth, the focus of this paper was ® s®ving date experiments to measure the effect
of the dry season photothermal regime on RUE, armbexjuent crop biomass accumulation,
partitioning, and plant height. Comparisons weredenavith benchmarks for these parameters
measured for cotton grown in high yielding temperagions and the tropical wet seasbime aim
was to use this information to determine any litiotas to crop production in the tropical dry

season system and to identify potential manageopitns to address challenges.

4.3. Materials and Methods

Sowing date by cultivar experiments conducted ¢lrere seasons at the Frank Wise Institute, 13
km NW of Kununurra WA, Australia (£39'S, 12843’E) in the Ord River Irrigation Area were
used to collect relevant data. These experimemrisiascribed in Chapter 3. To summarise, the
Gossypium barbadense cultivar Pima S7 was compared with two Bt transge@ossypium
hirsutum (upland) cultivars: Siokra L23i and Sicot 50i (puethg the Monsanto CrylAc protein).
In the first season, the non Bt transgenic equintadé¢ the upland cultivars (Siokra L23 and CS50)
were sown. Where data are combined for the thrasoss these cultivars are referred to as L23
and S50. In each of the 3 seasons these cultivens sown on 4 occasions (main plots): 27 to 29
March, 21 to 29 April, 15 to 23 May and 9 to 14 dutihere were 4 replications. The experiments
were furrow-irrigated. The crop was sowing a ac@0row spacing on wide beds accommodating
two rows per bed. Plots were 6 rows wide and 20nength. Rows were in an east — west
direction. Analysis of variance was made using @Gng¢Lawes Agricultural Trust, IACR,

Rothamsted, UK) and regression analysis using %% (2001).
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Plant height, defined as the distance from the sunilace to the top unfurled leaf, was measured
weekly from 5 plants in each plot commencing 2 twekks after sowing. The same plants were
measured on each occasion. If a plant was damag®dnt of similar size was substituted.

Above ground biomass from Tnfrom each plot was partitioned into stems, leawegjares,
flowers and bolls prior to drying at 8D for 3 — 4 days in a fan forced oven. Biomass was
partitioned at early squaring, at first flower agiproximately 30 and 60 days after first flower and
when approximately 60% of the bolls were open. fihal biomass sampling was made prior to
chemical defoliation. Additional biomass were colézl between first square and first flower in
the 1996 and 1997 seasons and used for RUE cabnidaFor the March and April sowing dates,
extra samples were also taken when the nodes abewviest position white flower equalled four.

Seed cotton was machine harvested from 13m of taeceow of each plot.

The proportion of light intercepted was measuretiCato 20 day intervals from first squaring until
a maximum was reached. A 0.9m line sensor (Licdustries, Nebraska USA) was placed across
the centre of 1 row in each plot. Readings werenakt ground level and above the crop at two
locations in each plot within 30min of solar nodime proportion of radiation intercepted at noon
was calculated as R¥ (I above — | below)/ | above. Because noon measants were taken, the
proportion of intercepted radiation was adjusteddiornal changes using the method of Charles-
Edwards and Lawn (1984) i.e. Rl = 2R1+ RL) where RI = the daily fraction of radiation
intercepted. Incoming solar radiation was meas®@@mn from the field. The proportion of solar
radiation that was photosynthetically active radrat(PAR) was assumed to be 50% (Monteith
1972). The cumulative intercepted PAR was calcdlaily by multiplying RI by the total PAR
received. The daily fraction of light interceptecgsvcalculated from either the slope of highly
significant linear correlations between light imgption and days after sowing (DAS) up to
maximum interception or when correlation coeffitgenvere < 0.96 by interpolation between
measurements. Senesced leaves were only obseraedhaturity at the March and April sowing
dates in 1996 these leaves shed soon after colmmge and were located at the bottom of the
plant and therefore had minimal effect on ligheneeption. Senesced leaves were measured as 6%

of biomass in the upland cultivars and 9 % for P87a

RUE was calculated in 1996 and 1997 for growth pkakroughout the crop lifecycle for each
variety using the methods of Trapani et al. (199Dt is, from the slope of the linear regression
between accumulated intercepted PAR and biomassafdt plot over the period of each growth
phase for each variety. A two way analysis of va@&was conducted for variety, growth stage
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and their interaction. To determine the effecteshperature on RUE, the average RUE calculated
for the different growth phases for each sowing thaof each variety was plotted against the
average minimum, maximum and mean temperaturdédtiration of the growth phase. Biomass
was converted to a glucose equivalent using théhadeof Wall et al. (1994) e.g. dry weight
multiplied by 1.4326, 1.3807 and 1.7636 for steleayes and fruit respectively.

4.4. Results

Temperature and radiation were near long term nhpratherages except for lower radiation in
April 1995 and 1996 due to above average rain@iiapter 3). Compared with spring sown cotton
in temperate latitudes, temperatures were highey aagrowth for the March and April sowings
and cooler during early flowering and boll growtr these sowings. For the May and June sowings
temperatures were cooler during early growth arttehdater in flowering and during boll growth.
For all sowings the period from first square tatfilower, that is May to August, there was a small
range in the monthly average daily solar radiatid9 to 22.0 MJ/Aid. There was no rain and the

sky was almost cloud free during this period (Ckaf).

4.4.1 Biomass accumulation and partitioning at maturity

The sowing date main effect on biomass at matwvdg significant (p < 0.05) in all seasons with
the biomass for a March sowing always significamftgater than for sowing in June (Table 4.1).
The general trend was MarghApril > May > June, only the March sowing exceeded 1000 § / m
for all cultivars in all years. The cultivar maiffext on biomass was significant (p < 0.05) in each
year with Pima S7 less than S50 in 1995 and 19@96gaeater than S50 in 1997. The cultivars
responded similarly to sowing date in 1995 and 19@®ce the sowing month by cultivar

interaction was only significant in 1997, due te thigher biomass of Siokra L23i sown in March

and Sicot 50i having a greater biomass when sownrie than in May.

For the proportion of biomass as bolls, sowing @aie cultivar main effects were significant (p <
0.05) in all seasons (Table 4.1) with significaifitedences following the trend Aprit March> May

> June. In 1996 and 1997 there were no consisteming date effects for the upland cultivars.
Partitioning to bolls was lower in 1995 due H&licoverpa spp. damage to flowers and bolls in
March and April sowings, averaged across cultithesproportion of biomass as bolls was June >
March > April = May. Pima S7 had significantly hgy partitioning to bolls than the upland
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cultivars in all seasons. The significant sowingeday cultivar interaction was mainly due to the
proportion biomass as bolls of Pima S7 having ckffié response to sowing date than the upland

cultivars.

Table 4.1: Total above ground biomass and the proportion ©f tiomass as bolls at maturity
(approximately 60% open bolls). Lgsd = least significant difference = and ns = not gigant.

Month of sowing Analysis of variance
Final Crop March April May June  Mean Lsd o5
Biomass (g/rf)
1995 Main effects
Siokra L23 1016 865 1133 858 974  Month Sown 138.5
CS50 1147 915 1058 923 1011 Cultivar 78.1
Pima S7 1186 714 880 929 927 Interaction ns
Mean 1116 831 1023 903
1996 Main effects
Siokra L23i 1132 1143 1008 1107 1098 Month Sown 81.2
Sicot 50i 1213 1209 1103 1112 1159 Cultivar 97.7
Pima S7 1010 1018 1041 813 971 Interaction ns
Mean 1118 1123 1051 1011
1997 Main effects
Siokra L23i 1276 1049 775 809 977  Month Sown 69.9
Sicot 50i 1017 1057 867 754 924  Cultivar 58.1
Pima S7 1095 1057 869 955 994 Interaction 112.0
Mean 1129 1054 837 839
Boll Proportion
(%)
1995 Main effects
Siokra L23 38.0 43.7 37.7 54.2 43.4  Month Sown 1.75
CS50 40.9 41.9 38.9 53.3 43.8 Cultivar 1.52
Pima S7 55.3 42.3 48.6 54.7 50.2 Interaction 3.86
Mean 447 42.6 41.7 54.1
1996 Main effects
Siokra L23i 57.4 57.3 55.8 42.7 57.5 Month Sown 1.74
Sicot 50i 56.2 60.4 58.4 46.9 55.5 Cultivar 1.51
Pima S7 69.2 67.4 58.1 52.9 61.9 Interaction 3.39
Mean 60.9 61.9 57.4 475
1997 Main effects
Siokra L23i 55.9 61.0 57.3 55.6 57.5 Month Sown 1.86
Sicot 50i 58.1 61.0 58.3 58.0 58.9 Cultivar 1.61
Pima S7 66.8 67.3 66.7 62.2 65.8 Interaction 3.76
Mean 60.3 63.1 60.8 58.6

For most sowing dates the proportion of leaf rangetiveen 9 and 12% of biomass at maturity
(Table 4.2). Sowing date and cultivar main effag&se significant in all seasons. The sowing date
effect was the inverse of the boll percentage Withe > May > Marct» April. Generally the
upland cultivars had a greater proportion of lehant Pima S7, although bacterial blight
(Xanthomonas axonopodis) late in the season in the March and April sowiofg®ima S7 in 1996
caused some premature senescence of leaves anavayontributed to a lower percentage of

leaf. The sowing month by cultivar interaction wagnificant in 1995 and 1997, due mainly to
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Pima S7. The upland cultivars were not significadifferent from each other for all but the April

and May sowings in 1995.

Table 4.2: The proportion of total above ground biomass asnstand leaves at maturity
(approximately 60% open bolls). Lggd = least significant difference = and ns = not gigant.

Month of sowing Analysis of variance
Stem Proportion March April May June  Mean Lsd o5
(%)
1995 Main effects
Siokra L23 515 51.3 53.1 32.3 47.1 Month Sown 211
CS50 50.2 50.2 48.1 32.1 45.2  Cultivar 1.84
Pima S7 38.1 52.8 42.4 324 41.4 Interaction 2.98
Mean 46.6 51.4 47.9 32.3
1996 Main effects
Siokra L23i 32.6 31.6 33.6 45.1 35.7 Month Sown 2.15
Sicot 50i 315 28.0 30.8 40.1 32.4 Cultivar 1.86
Pima S7 22.7 245 324 38.7 29.6 Interaction 2.72
Mean 28.9 28.0 32.0 41.3
1997 Main effects
Siokra L23i 35.1 29.7 30.3 30.1 31.3 Month Sown 2.32
Sicot 50i 32.9 28.0 30.8 27.4 29.8 Cultivar 2.00
Pima S7 26.2 24.6 21.4 22.9 23.8 Interaction ns
Mean 314 27.4 27.5 26.8
Leaf Proportion
(%)
1995 Main effects
Siokra L23 10.6 5.0 9.2 13.5 9.6 Month Sown 0.98
CS50 8.9 7.9 12.0 14.6 11.0 Cultivar 0.85
Pima S7 6.6 4.9 9.0 12.9 8.4 Interaction 174
Mean 8.7 5.9 10.1 13.7
1996 Main effects
Siokra L23i 10.0 10.4 10.6 12.2 10.8 Month Sown 1.23
Sicot 50i 12.3 11.5 11.6 13.0 12.1 Cultivar 1.07
Pima S7 8.1 8.1 9.5 8.4 8.5 Interaction ns
Mean 10.1 10.0 10.6 11.2
1997 Main effects
Siokra L23i 8.9 9.3 12.4 14.2 11.2 Month Sown 0.85
Sicot 50i 9.0 10.9 10.9 14.6 11.4 Cultivar 0.73
Pima S7 7.0 8.1 12.0 14.9 11.5 Interaction 1.49
Mean 8.3 9.4 11.8 14.6

The proportion of stem was more variable than lsawebolls and there was no consistent sowing
month response (Table 4.2). In 1995 there wagatgr proportion of stem than in 1996 and 1997.
The cultivar main effect was significant with PirB& < upland. The stem proportion in upland

cultivars was relatively consistent in 1996 and7,98@nging from 27% to 35% except June 1996.

From sowing to first square, growth rates were lawo 4 g/ni/d (data not presented). However,
for most sowing months there was a highly significgp < 0.01) linear increase in biomass from

first square to maturity, hence a constant growaté over this period (Table 4.3). Crop growth rates
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in this phase ranged from 6.1 to 12.3 ffin Generally the duration of the period of maximum

growth rate decreased as sowing date moved fronctM@7 to 134 days) to June (69 to 105 days).

Table 4.3: The duration of maximum crop growth rate (CGR§ thaximum crop growth rate and
the regression coefficient for the linear relatlmetween crop biomass and DAS for the maximum
CGR period. Note CGR was calculated slope of thiation between crop biomass and DAS and
all linear regressions were highly significant (F3{L).

L23 S50 Pima S7

Year / Duration Maximum Duration  Maximum Duration  Maximum
Month  of CGR r? of CGR r? of CGR r?
Sown  maximum (g/nf/d) maximum  (g/nf/d) maximum (g/mé/d)

CGR CGR CGR

(days) (days) (days)
1995
March 131 6.19 0.98 77 10.51 0.99 131 7.59 0.98
April 100 7.47 0.99 100 8.06 0.99 100 6.07 0.98
May 92 10.54 0.98 92 9.40 0.99 92 6.94 0.97
June 69 10.03 0.99 69 11.26 0.99 69 10.73 0.99
1996
March 124 8.44 0.99 78 12.12 0.98 78 12.31 0.99
April 88 11.26 0.99 111 10.04 0.99 111 9.80 0.95
May 109 9.06 0.98 109 9.78 0.99 109 9.18 0.99
June 105 10.09 0.99 105 10.51 0.99 85 8.66 0.98
1997
March 134 9.70 0.99 134 8.11 0.98 134 7.42 0.99
April 133 7.90 0.99 133 8.77 0.99 133 7.58 0.94
May 114 6.56 0.99 114 7.27 0.99 114 7.61 0.98
June 92 8.48 0.98 92 7.89 0.99 92 9.65 0.99

4.4.2.Light interception and radiation use efficiency (RUE).

Light interception increase was generally lineandfrfirst squaring to 75 to 106 DAS or 15 to 30
days after first flower (Fig. 4.1). In 1996 maximduight interception exceeded 90% for all sowing
dates and cultivars. In 1997 maximum light intetmepwas< 85% for the May and June (Fig.
1GH) sowings and the April sowing of Pima S7 (FglB). For Pima S7, maximum light
interceptions were lower than upland cultivars @974. The increase in light interception of Pima

S7 was slower than the upland cultivars for whesnsim April and May (Fig. 4.1 BCFG).
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Fig. 4.1: The fraction of light intercepted with days aftewéng (DAS). For 1996 sown in A)
March, B) April, C) May , D) June and 1997 sowrBnMarch, F) April, G) May, H) June. Where
+=Siokra L23i,0 = Sicot50i,/\= Pima S7. Bars = + 1 se from the mean.
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For all varieties the glucose equivalent RUE chdngignificantly (p<0.05) with crop ontogeny
(Fig. 4.2); being highest in the squaring to flowgrperiod (1.88 to 2.34 g/MJ) then declining to a
minimum late in boll growth of 1.2 to 1.4 g/MJ (Fig¢.2). The variety main effect was not
significant with the RUE averaged across growtlgestabeing 1.54, 1.59 and 1.65 g/MJ for Siokra
L23i, Sicot50i and Pima S7 respectively.

O Siokra L23i O Sicot50i @ Pima S7
2.0 -

1.6

RUE (g MJ})
=
N
|

0.8
0.4 -
0.0 T T T 1
Sow to Square Square to Flower to Flower+30d to Flower+60d to
(44) Flower (66) Flower+30d Flower+60d 60% open
94) (126) (159)

Fig. 4.2: The change in RUE with growth phase and genotjwerage DAS is in brackets. RUE
was calculated as the average for each growth pinasethe slope of the regression between
biomass and accumulated intercepted PAR for eaat phe bar is the Isds of the significant
growth phase by variety interaction.

From first square to first flower the linear coabn between RUE and average temperature was
highly significant (p<0.01) (Fig. 4.3A, B) as wasnimum and maximum temperature. Correlation
coefficients were 0.44 and 0.78 for minimum temper and 0.43 and 0.68 for maximum
temperature for the upland cultivars and Pima $peetively. The lines fitted for the upland
cultivars Siokra L23i and Sicot 50i were not sigrahtly different hence their responses were
combined (Fig. 4.3A). The correlation between terapge and RUE after early flowering was not

significant, although the temperature range wadlem@ata not presented).
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Fig. 4.3. The effect of average temperature on RUE for pland cultivars and B) Pima S7
between first square and first flower. RUE was wlalied for each sowing date from the linear
regression between accumulated biomass and intetcépAR. Fitted lines, their equations and
regression coefficients are shown. Where ** = P.&QTav = average temperature between first
square and first flower.

4.4.3.The partitioning of biomass with time
Between first square (34 to 49 DAS) and maturigdd(1o 172 DAS), there was a similar pattern of

vegetative (stems, leaves) and reproductive (squdtewers, bolls) biomass change among
cultivars, hence only sowing date main effectshiomass components are shown in Fig. 4.4. The
duration of the vegetative, concurrent and reprodegrowth phases could be measured from Fig.
4.4. Up to early flowering 70 to 80 DAS vegetatigowth accounted for > 90% was biomass

accumulation, between 70 and 115 DAS growth velyetaind reproductive growth was concurrent

and after 105 DAS (range 100 to 115 DAS) growth waly reproductive. Leaf senescence was
responsible for slightly lower vegetative biomastween 100 DAS and maturity in March and

April sowings in 1996 (Fig, 4.4).
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Fig. 4.4: Change in vegetative (stems and leaves) and regtivd biomass (squares, flowers,
bolls) with DAS. Sowing date main effects for 198% Vegetative, B) Reproductive; 1996 C)
Vegetative and D) reproductive; 1997 E) Vegetativg,Reproductive biomass. Where sowing
months are - x- = March,A= April, « = May, -0-- =June. Bars are + one standard error.

Independent of years and sowing month the proponiothe total biomass as leaves, stems and
bolls were each correlated (p < 0.01) with DAS (Fic). TheGossypium hirsutum cultivars were
combined because their responses were not sigmifycdifferent (p < 0.05), (Kruskal and Wallis
1952). The proportion of leaves declined from eadyaring until maturity. For the proportion of
stems (including petioles) a parabolic relationswpich peaked at approximately 100 DAS, was
fitted from first squaring (40 to 50 DAS) to 148 BAThere was a linear increase in the proportion
of bolls from 75 DAS (early flowering) until 148 DA The stem and boll proportions of total

biomass were not correlated after 148 days fromrep(Fig. 4.5).
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Fig. 4.5: The change in the proportion of total biomasseasés, stems and bolls with DAS for the
upland cultivars L23 and S50 A) leaves, B) stenijsbdlls and Pima S7 D) leaves, E) stems, F)
bolls. Three seasons are combined. For Stems disdibes are fitted for < 149 DAS and 57 to 148
DAS respectively. Fitted lines are shown. n= 12wug, n=60 Pima S7.

Allometric ratios were highly significant (p<0.0&hd linear for the relations between boll or stem
biomass and total biomass, whefe=10.87, 0.86 and 0.94, 0.95 for the upland cutvend Pima

S7 respectively. The relationships between leafmlaiss and total biomass was quadratic and

highly significant for the upland cultivar+ 0.85 and Pima S7 & 0.71 respectively.
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4.4.4.Plant height

Early growth of the upland cultivars measured aspheight at 7.5 nodes was vigorous and not
significantly effected by sowing month (Fig. 4.@he analysis of variance was only significant
(P<0.05) for the year main effect on plant heighere 1995 = 43.3 cm, 1996 = 31.5 cm and 997 =
29.8 cm (Isdos = 7.3). The height at 7.5 nodes of tropical deason cotton was double that
expected for spring sown temperate cotton (Fig. 4.&atment with mepiquat chloride occurred at

or after 7.5 nodes (Chapter 3) and could not h&feetad plant height prior to this growth stage.

OI ‘ I ‘ II %

Height (cm)
N w B
o o o

=
o
!

March April  May June Alcala March Aprii  May June
L23 S50

Fig. 4.6: The effect of sowing month on early plant height & nodes, average of 3 years for L23
and S50. The standard Acala height at 7.5 nodesgong sown cotton in temperate USA is
adapted from Constable (1995). Where the anabfsiariance for variety x sowing month was not
significant (p<0.05).

At maturity March sowings were the tallest (P<0.@dr) all cultivars in all years (Table 4). April
and May sowings were the shortest although culiiMaractions (P< 0.05) were due to differences
in the May sowing in 1995 and 1997. Cultivar maifees were significant (P<0.01) with L23 >
S50 > Pima S7 in all years.
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Table 4.4: Effect of month sown and cultivar on final heigbin).

Year |/ Cultivar Analysis of variance
Month sown L23 S50 Pima S7 Mean Lsthos
1995 Main effects

March 1415 122.2 104.2 122.6 Month Sown  3.48
April 1145 108.4 90.1 104.3  Cultivar 3.01
May 1329 113.6 99.3 115.3 Interaction 5.91
June 110.8 101.7 97.8 103.4

Mean 1249 1115 97.8

1996 Main effects

March 135.6 124.8 111.8 124.1 Month Sown  4.95
April 125.7 111.7 107.9 115.1  Cultivar 4.28
May 115.8 110.0 106.7 110.8 Interaction ns
June 140.4 126.5 116.7 127.8

Mean 129.3 118.3 110.8

1997 Main effects

March 127.3 118.6 102.3 116.0 Month Sown 4.20
April 109.8 97.6 85.7 97.7 Cultivar 3.65
May 97.6 100.0 76.9 91.5 Interaction 6.89
June 104.8 97.9 91.9 98.2

Mean 109.9 103.5 89.2

4.5. Discussion

4.5.1.Biomass accumulation and partitioning at maturity

Final crop biomass did not limit yield. For the gt yielding March and April sowings (Chapter
3) final crop biomass was mostly > 1000 ¢ /(fiable 4.1), which was similar to the maximum
values reported for irrigated cotton in temperatsstalia (Constable and Hearn 1981; Constable et
al. 1990; Sadras 1996; Bange and Milroy 2004) &edUSA (Wells and Meriedith1984a; Fritschi
et al. 2003). These biomasses were also 25 to B@Per than for dry season cotton but similar to

wet season cotton grown in the 1960’s at this loog{Stern 1965; Thomson 1965).

An important finding was that biomass was accunedlatifferently in the tropical dry season than
in temperate (~ 30lat.) and tropical wet season grown cotton. In lifghest yielding March and
April sowings in 1996 and 1997 (Chapter 3), fin@ass was accumulated by sustaining a modest
growth rate of 7.4 to 12.1 gffd for a long period (78 to 134 days) between fiquaring and boll
opening (Table 4.3). This contrasts with similaglging crops in temperate climates where growth
was characterised by shorter period (25 to 60 daith)a greater maximum growth rate of 15 to 20
g/m’d (Baker and Hesketh 1969; Hearn and Constablet;188uney 1986; Kennedy and
Hutchison 2001; Bange and Milroy 2004) and loweglding wet season cotton, with a similar
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vegetative biomass to this study, where a maximuwih rate of 7 to 16 g/ffd was maintained
for 50 to 60 days (Stern 1965; Thomson 1965). H@nethe accumulation of biomass measured
here was similar to that reported for a dry seasming (March 30) at this location in the 1960's,
where a maximum growth rate of 7.5 glchwas maintained for 101 days, although partitigrto

bolls was lower than measured here (Thomson 1965).

The analysis of biomass accumulation shows thalewttie low mid-season temperature and
radiation of the dry season combined to reduce tjroate, assimilate supply was able to meet the
boll demand in the March and April sowings due aterded crop boll filling period (Chapter 3).
The boll filling period was extended by the surVig@re bolls in distil positions on the sympodia.
These flowers were produced later when temperatace radiation had increased; the outcome
being that yields were highest for sowings in Maestd April (Chapter 3). The May and June
sowings generally maintained their maximum grovettes for shorter periods than March and April
sowings thereby often accumulating less biomasbl€fad4.1 and 4.3). The combination of lower
biomass and or reduced partitioning to bolls (Tahblg, a boll growth period that was 14 to 48 days
shorter due to high early flower retention (Chag@erland supra optimal temperatures during boll

growth (Hearn 1994) would explain the lower linglgs when sown in May or June.

For the upland cultivars, the proportion of finarnass as bolls in 1996 and 1997 (Table 4.1) was
similar to temperate USA and Australia (BassettQl fitschi et al. 2003; Sadras et al. 1997) and
17 to 100% higher, than past dry season researcheaDRIA (Stern 1965; Thomson 1965).
Interestingly when only the vegetative biomass akuated for these early 1960’s studies, the
values are similar to the March sowings in 1996 59@l7 (Fig. 4.4). It is possible modern cultivars,
higher inputs of N fertiliser and superior inseohtrol contributed to the higher partitioning tdlbo
measured in these experiments (Wells and Mere@84l4; Hearn 1975). The lower proportion of
total biomass as bolls in the first three sowin§sl995 (Table 4.1) could be attributed to less
effective control ofHelicoverpa larvae by the non Bt transgenic cultivars growrthat season
(Chapter 3). This damage was unlikely to reducédgién this environment due to rising end-of-
season temperatures providing sufficient heat dait€ompensatory growth via new fruiting sites
(Lei and Gaff 2003). It is possible in this envineant, where bolls on distal sympodia contributed
more to yield, to grow new fruiting sites requiradditional vegetative biomass thus reducing the

proportion of dry weight as bolls.

The proportion of leaves at maturity (Table 4.2)sved the lower end of the range reported for
summer grown crops in Australia and the USA (Bask®10; Constable and Hearn 1981; Fritschi
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et al. 2003) and for a March sowing at this loga{ibhomson 1965). However, timing of sampling
will affect final proportion of leaves. The propor of final biomass as stems (Table 4.2) was in
the higher end of the range reported elsewheres@@at970; Constable and Hearn 1981, Fritschi et

al. 2003) and reflected the taller plants obsemetis environment (Table 4.4).

4.5.2.RUE and light interception

The reduction of RUE with average temperature ufrs$t flower (Fig. 4.3) has not been reported
previously in cotton and explains some of variaiierRUE observed here (Figs. 4.2 and 4.3) and
elsewhere (e.g. Sadras 1996; Bange and Milroy 200049 development of this relationship was
possible because the temperature range observétef® sowing months was greater than could be
generated reliably over the first square to fitlstver phase in temperate latitudes (H36r in the
tropical wet season (Chapter 3). Low temperatuee® meduced RUE in peanut (Bell et al. 1992),
sorghum (Hammer and Vanderlip 1989) and maize (Adelret al. 1993). The effect of lower
temperatures on RUE would be expected to occuottom via their effect on photosynthesis (Peng
and Krieg 1991). A similar reduction in photosyrdisedue to temperature extremes occurs in grain
legumes and has been incorporated in growth metelshanges to RUE (Robertson et al. 2002).

Low temperatures are more likely to reduce RUE wtatton is sown in May or June because the
greatest proportion of growth up to early floweriigthese sowing dates coincides with the cooler
months of June and July (Chapter 3). This obsematppears to be supported by the generally
lower biomass (flowering and maturity) of the MaydaJune sowings (Fig. 4.4, Table 4.11). For
these experiments, monthly temperatures were ne@’Q) the long-term average (Chapter 3),

hence the RUE for cotton sown in April could alsoreduced in seasons with lower than average

minima during flowering (May and June).

The change of RUE with ontogeny (Fig. 4.2) is cstesit with studies in temperate climates.
Sadras (1996) found for well grown cotton RUE ims@d from 73 to 90 DAS then declined until
maturity. A similar response was found by MilraydaBange (2003) when specific leaf nitrogen
was moderate or low. The response of RUE to ontpgepears to reflect the effect of leaf age on
photosynthesis measured for cotton (Constable amdsén 1980; Wells et al. 1986; Peng and
Kreig 1991).

For the upland cultivars the range in RUE reporteéigs. 4.2 and 4.3 was similar to elsewhere
using the glucose equivalent (GE) and dry weigHy enethods of calculating biomass (Sadras
1996; Bange and Milroy 2000; Bange and Milroy 20Cénstable et al. 1990; Rosenthal and Gerik
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1991) but lower than the peak values of 3 g/MJeported by Milroy and Bange (2003), where
leaf nitrogen concentration was high. The RUE fiond&S7 (Gossypium barbadense) of 1.2 t0 2.3 g
(GE) / MJ (Fig. 4.2) is the first for this species.

The days from sowing to reach maximum light intpta®e was similar to that reported for
temperate areas (Rosenthal and Gerik 1991; Milt@y.2001; Bange and Milroy 2004).

4.5.3.Partitioning of biomass over time

Cotton growth is concurrent where vegetative amqmfaguctive growth competes for some of the
crop life cycle (Hearn and Constable 1984; Maun@§6]l Bange and Milroy 2000). It is important
to understand this competition to ensure effecthenagement practices in the unique growing
conditions of the tropical dry season. It was fodad cotton grown in tropical dry season, the
period when vegetative and reproductive competitoaurred between 70 and 115 DAS or less
than 30% of the life of the crop (Fig. 4.4). Im@ortly when vegetative biomass terminated, boll
weight was only 20 to 40% of the boll weight at aray, with the March and April sowings having
the lowest proportions (Fig. 4.4). Hence, 60 to 88Rthe final boll weight was accumulated after
the termination of vegetative growth which is cetent with a high proportion of yield coming
from later pollinated flowers (Chapter 3). This ding has important ramifications for crop
management as it will be necessary to ensure hiea¢ s sufficient vegetative growth to produce
the additional fruiting sites on the out side o fhlant and leaf integrity will need to be main&ain
long after the last effective flower has been palied to grow a greater proportion of yield at this

time. Hence pest, disease and nutrition managemesit ensure healthy leaves.

The pattern of partitioning over time (DAS) of biass to leaves, stems and bolls observed here
(Fig. 4.5) was similar to the pattern reported temperate USA (Wells and Meredith 1984 a,b;
Fritschi et al. 2003), although the change in thapprtion of boll and stem weight was shifted to
later in growth than reported in these studiedecihg the greater fruiting on the outside of the
plant (Chapter 3). However, the pattern of bionaesitioning differed from cotton grown during
the wet season at this location (Thomson 1965),wWag similar to the one dry season sowing
(March) in the Thomson (1965) study.

The linear increase in the proportion of total bém® that was bolls (including walls, Fig. 4.5 C, F)
with DAS is similar to that reported for temperat#gton by Sadras et al. (1997) and consistent with
linear increase in harvest index observed in sayl§aclair 1986). Hence this response could be
incorporated in a cotton growth model to simulatdds in a similar manner to soybean (Sinclair et
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al. 1987) and other grain legumes (Robertson e2@02). The application of linear increase in
harvest index to cotton yield simulation will alsequire a mechanism to adjust the slope and to
terminate harvest index accumulation as thesefegeted by fruit survival and the balance between
source supply and sink demand for assimilate (H&884). This is why the relationships fitted for
the proportion biomass as bolls and stem (FigB.%, E, F) appeared to have different slopes than

other studies and could only be applied up to 1A$D

Similarly allometric ratios are used to simulaterbass partitioning of a range of organs in many
crop simulation models e.g. pearl millet (van Oaste et al. 2002). The allometric ratios from this
study can not be applied to simulate the partitignof biomass of cotton until the timing of
reproductive development can be accurately pradlicter a greater climatic range (Chapter 3).

4.5.4.Plant height

Vigorous early growth (Fig. 4.6) was due to favdleatemperatures and abundant nutrient and
water supply. This was reflected in the plant he@gh7.5 nodes of the upland cultivars that was
double that reported for spring sown cotton in terage regions (Fig. 4.6) but similar to other
experiments at ORIA that were sown in April (Yeateésl. 2002b and 2005).

Sowing date differences in final height (Table 4vBre due to a combination of temperature and
early boll retention differences. Milder temperaturand higher early retention in May and June
sowings preventing excessive vegetative growthJenthie March sowing was exposed to longer
periods of high temperatures during vegetative ghoi@hapter 3). Due to taller plants, the March
sowing would have the greatest risk of rank growshich can reduce picking and spraying

efficiency. Growth suppression via early applicataf growth regulators (Yeates et al. 2002b) and
optimised management of early season water andenutsupply are options for management

(Yeates unpublished data) of excess vegetativetgrow

4.5.5.Secies differences

A limitation of growing theGossypium barbadense cultivar Pima S7 in the dry season could be
greater susceptibility to cold early season tentpega if sown in April or May, as RUE was more
sensitive to cool temperatures (Fig. 4.3) and cardgvelopment was slower than tGessypium
hirsutum cultivars (Fig. 4.1). An advantage would be a wedllikelihood of rank growth due to
Pima S7 being significantly shorter than the uplenlitivars (Table 4.4).
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4.6. Conclusions

1. Cotton grown in the tropical dry season accumuldtemmass differently compared to
temperate grown cotton (~%), the lower temperature and radiation during édng and
early boll growth combined to reduce growth raté tigh yields were achieved because of
an extended crop boll filling phase.

2. RUE was reduced in proportion to average temperapmor to flowering with the
Gossypium barbadense cultivar more sensitive than th@ossypium hirsutum cultivars,
which for both species, may limit vegetative biomas May and June sowings and in
cooler than average seasons for March and Aprilrsgsy

3. Crop management needs to be tailored to accouniéoproduction of a high proportion of
yield (60 to 80%) after the termination of leaf gtb.

4. Due to favourable early season temperatures ambabtinutrient supply, sowing in March

produced the tallest plants and would have thetggseask of rank growth.
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Chapter 5: Irrigated cotton in the tropical dry season - Impact of temperature,
cultivar and sowing date on fibre quality

5.1. Abstract

Depending on sowing month, temperatures during godwth in the tropical dry season are
potentially sub or supra optimal for the fibre dtyaparameters length and strength. The aims of
this research were to: 1) measure the effect ofrepdate on the quality of fibre from cotton grown
during the dry season as this was not known; 2)tliseange in temperature created by varying
sowing date in the dry season, to derive relatigsstvith gin turnout, the fibre quality parameters
length, strength and micronaire. Over three seasemassossypium hirsutum (upland) cultivars and
one Gossypium barbadense cultivar were sown from March to June at the OigeR (15.5S),
Western Australia. For the highest yielding sowmgnths of March and April, fibre length and
strength were at or below market preference duelatively low temperatures and solar radiation
during early fibre development. Fibre micronair@iaged market preference at all sowing months
due to favourable late season temperatures andtiadi It is likely that currentGossypium
barbadense cultivars will have short fibre when grown in tdey season. For fibre length and gin
turnout quadratic responses (p < 0.05) to weigmagimum temperature were fitted for each
cultivar, where the optimum minimum temperature W8sto 26C and 16 to 1°C respectively.
The cultivar differences in fibre properties obsehhere suggest wider screening may identify
Gossypium hirsutum cultivars with suitable fibre length and strenggththe dry season. It was
demonstrated by weighting of temperatures for thtrdoution of the cohort of bolls pollinated
each day the variation in crop fibre quality and girnout in the field due to temperature can be
predicted.
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5.2. Introduction

Cotton is primarily grown for its fibre and the easch reported here forms part of a broader
research effort to evaluate the potential to grotton as an irrigated dry (winter) season crop in
the Ord River Irrigation Area in Western Australis’S) and potentially more widely within the

semi-arid tropics. This Chapter assesses the affectltivar, sowing month and temperature on
fibre quality as the fibre quality of irrigated tat grown in the tropical dry season was largely

unknown.

Previous research (Chapters 3 and 4) found sowiigirch and April produced the highest cotton
lint yields which were comparable to the upper ehdAustralian and international benchmarks for
irrigated cotton. However, high yield was correthteith bolls on the outside fruiting sites on the
plant, which differed from temperate climates (ap@mately 36 lat.). Gin turnout was also
affected by sowing date and possibly temperatuce. the highest yielding March and April
sowing months, biomass and canopy development n@réimiting to yield, although the final
biomass was accumulated via a slower maximum groaitia that was maintained for a longer
period than occurs in temperate regions. Radiatsm efficiency from first square to first flower
was reduced in proportion to temperature which fimay dry weight accumulation in cooler than

average seasons.

In Chapters 3 and 4 the daily minimum temperatdiggng boll growth for the March and April
sowing months averaged 13 to°C6with the lowest individual minimum being 7L Maxima
and minima greater than %7 and 22C occurred during boll growth of the May and Juowisgs.
These temperatures were consistent with the lang &&erage (Cook and Russell 1983) and could
be problematic for fibre growth and developmenfilase length, strength and micronaire are all
affected by extremes of temperature (Gipson andrdoh968 and 1969; Hesketh and Low 1968;
Gipson and Ray 1970; Quisenberry and Kohel 1975jMva and Barker 1985; Xie et al. 1993;
Liakatas et al. 1998). The range of temperatureservied in the sowing dates used in these
experiments also provide an opportunity to meathueeeffect of temperature on fibre quality for
field grown cotton in an environment where averagenthly radiation, although lower than
temperate latitudes at the same growth stage,asonably constant during flowering, 19 to 22
MJ/n? (Chapter 3).

The reported responses of fibre length to tempezdtave varied, being parabolic or linear to night
or mean or daily range of temperature (Gipson atduh 1968 and 1969; Hesketh and Low 1968;

63



Gipson and Ray 1970; Wanjura and Barker 1985; lteekat al. 1998). Large cultivar differences in
the type of response and sensitivity of fibre léngttemperature have been measured (Hesketh and
Low 1968; Kohel et al. 1974). Fibre strength andromaire are also reduced by cool temperatures
(Gipson and Joham 1968 and 1969; Hesketh and L@&8;10ipson and Ray 1970; Quisenberry
and Kohel 1975; Wanjura and Barker 1985; Liakatasd.e1998).

Fibre length is determined during the fibre elormaphase which occurs during the first 25 to 40%
of the boll period (Schubert et al. 1973; Kohebkt1974; Thaker et al. 1989). Fibre strength and
micronaire are determined toward the end of theefddongation phase and into the secondary wall
formation phase, with most fibre weight increaseungng between 25 to 75% of the boll period

(Schubert et al. 1973).

Due to cotton’s prolonged flowering period, theafiguality of a crop of cotton, in the absence of
water and nutrient stress, is the sum of the dauion of cohorts of bolls that flowered on each
day, thus have grown under different temperatuv¥anjura and Barker 1985; Bradow et al.
1997). Hence, the prediction (simulation) of th&eetf temperature on fibre quality for a crop of
cotton requires a model that can predict the tinuhthe temperature sensitive boll development

stages, the fibre quality and the proportion df yileld contributed by each cohort of bolls.

Therefore, the aims of this paper are: First, t@snee the quality of fibre from cotton cultivars
grown during the tropical dry season. Second, te the variation in temperature created by
varying sowing date in the dry season, to deril&imnships with gin turnout and the fibre quality
parameters length, strength and micronaire.

5.3. Materials and Methods

Sowing date by cultivar experiments conducted dlexe seasons at the Frank Wise Institute, 13
km NW of Kununurra, WA, Australia (£39'S, 12843’E) in the Ord River Irrigation Area were
used to collect relevant data. These experimemtgsi@scribed in greater detail in Chapter 3. To
summarise, th&ossypium barbadense L. cultivar Pima S7 was compared with two Bt tigarsc
Gossypium hirsutum L. (upland) cultivars Siokra L23i and Sicot 50i gducing the Monsanto
CrylAc protein). In the first season the non Bhsgenic equivalent (Siokra L23 and CS50) of the
upland cultivars were sown. Where data is combifuedthe three seasons these cultivars are
referred to as L23 and S50. In each of the 3 ssawse cultivars were sown on 4 occasions
(main plots): 27 to 29 March, 21 to 29 April, 1528 May and 9 to 14 June; there were 4
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replications. The experiments were furrow-irrigat€de crop was sown at a 90 cm row spacing on
wide beds accommodating two rows per bed. Plote Waows wide and 20m in length. Analysis
of variance was made using Genstat (Lawes Agrirlltlirust, IACR, Rothamsted, UK) and

regression analysis using SAS (SAS 2001).

Fibre quality was tested on a 300 g sub-sampleintffiom each plot, with High Volume
Instrumentation at CSIRO Plant Industry at Narrabi$W. Flower and boll counts were made
from 1nf in each plot at 10 to 14 day intervals from fitstver to when 60% of bolls were open.
A flower was defined as a boll when the petal weak Gin turnout was measured as described in
Chapter 3. Because different gins were used owethitee seasons the gin turnout relative to the
maximum for each season was calculated for eachvauland used in regressions with
temperature. Temperatures were collected in a atdn&tevenson screen 500m from the

experiment site.

5.3.1.Prediction of fibre quality from temperature

The objective of this analysis was to find out vegtbrop fibre length, strength, micronaire and gin
turnout could be related to temperature for a fggldwn crop via the sum of contribution to the

fibre properties of the bolls set each day of tleavéring period. Where the number of bolls set
each day is a cohort. Because the quality of eablort was not measured (cost) the crop fibre
quality (all cohorts combined) was related to agheed temperature derived for each cultivar
based on the proportional contribution to finallb@mhmber from each cohort. The method of
calculation of weighted temperature was similathat used by Yeates et al. (2000) to weight the
effect of rainfall and humidity to predict seed lhjtyaof mungbean Vigna radiata) using daily

cohorts of ripe pods.

5.3.1.1. Steps in calculation of weighted tempeaeatu

1. The proportion of final boll number (pollinated) per cohort. This equals the daily increase in
boll numbers (rif) divided by the total number of bolls set{yrand was calculated from Fig. 5.1
for each cultivar and sowing month. For most of tileatments the increase in boll numbers from
first flowering to the final value was linear (Fi§.1) and reflects the increase in boll dry weight,
which was also linear from first flower (Yeates at 2010b). The last effective flower date
occurred when final cohort of bolls pollinated, aliniwas defined as the date when the boll count

first reached the total at maturity. As Fig. 5.bwh the count often increased after this date only
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to fall by crop maturity, hence it was assumed ehadditional bolls had been shed due to

insufficient assimilate supply (see Hearn 1994).

2. The boll period for each cohort. The functions developed in Chapter 3 were used:
Upland cultivars 1/bp = 0.00122Tav — 0.0165
Pima S7 1/bp = 0.00124Tav-0.0181
Where boll period (bp) is calculated by integratihg daily rate of progress to boll maturity (1/dp)

due to average daily temperature (Tav).

3. The average temperature for different proportions of the boll period for each cohort. The
average minimum, mean and maximum daily temperatiore30%, 30 to 75%, 75% and 100% of

the boll period were calculated for each day offtbeering period.

4. The weighted temperature. This was calculated from first flower to last efige flower and
incorporated the proportional contribution of eachort as shown:

WT = %= (T* boll number of each cohort / total boll numper
Where: WT = weighed temperature; T = average teatpex (maximum or minimum or mean)
over the boll period, or proportions of, calculatied each cohort; F = first flower; CO = last

effective flower. The weighted temperature was wated for 30, 30-75, 75 and 100% of the boll
period.
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5.1: The change in boll numbers used to determine ailg dohort of bolls that was set. Using the
March 1997 sowing of Siokra L23 as an example of hiois calculation was made. Each daily
cohort is calculated between the start of boll nembcrease and the first arrow. This arrow shows
the first date when the boll number equalled balnhber at maturity, that is, the date when the last
cohort of bolls was pollinated. The second arrowk®sighe final boll number at maturity. Any bolls
pollinated between the arrows were assumed to blagd. Where x = Marcky= April, ¢ = May
ando = June sowing months. Bars are tse.

5.4. Results

5.4.1.Climate details

Daily maximum and minimum temperatures for the expents are shown in Fig. 5.2. Daily
minima varied widely during the flowering period Mfay to August and minima below %D were
observed in June, July and early August. Monthipfall and radiation were near the long term
average for the flowering period at all sowing dat€hapter 3). There was a small range in the
average daily solar radiation per month during ftberering period, 18.9 to 22.0 MJfmand post
flowering period (August to October), 20 to 24 M3/@hapter 3).
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Fig. 5.2: Daily maximums and minimum temperatures for A)398) 1996, C) 1997. Solid line is
long term average.

5.4.2.The effect of sowing month on fibre length, strength and micronaire

Fibre length was significantly (p<0.05) affectedrgnth of sowing in all years (Fig. 5.3A). April
sowings consistently had the shortest fibre withyMad June sowings producing the longest fibre
in all cultivars over the three seasons (Fig. 5CDR Cultivar main effects were also significant
(p<0.05) for the three seasons with Pima S7 > L2358 (Fig. 3 BCD). The cultivars responded
similarly to sowing month with a significant culéiw by sowing date interaction only observed in
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1995, which was due to Pima S7, when sown in Apaling relatively longer fibre and Siokra

L23, when sown in June, having relatively shoriieref
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Fig. 5.3: Effect of sowing date and cultivar on fibre lengtim). A) shows the sowing month main
effect where: x = 1995, = 1996,0=1997. B), C), D), show the sowing date by cultivderaction
for 1995, 1996 and 1997 respectively. Wheres L23, 0 = S50,A = Pima S7. Bars are Lggs
when significant.

The fibre length of Pima S7 was below the Egyptiang Staple (ELS) or the Supima preference
lengths forGossypium barbadense of 3.66 and 3.51 cm (Supima 2009) for all sowimgall years.
S50 was near or below the Australian preferencgtihefor Gossypium hirsutum of 2.78 cm (Bange
et al. 2009) in all April and 1995 and 1997 Marowsigs. L23, although having longer fibre than
S50, was also near or below the preference lengthmiost March and April sowings (Fig.
5.3BCD).

The sowing month main effect on fibre strength wamificant (p<0.05) in all years (Fig. 5.4A).

Strength was generally lower at March sowings, IApdwings were variable and fibre was
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consistently strongest at May and June sowingstiv@ul main effects were also significant
(p<0.05) in all years and similar to their lengtiogerties with Pima S7 > L23 > S50 (Fig. 5.4
BCD). The upland cultivars were below the Australpeference of 28 g/tex (Bange et al. 2009) at
all March and April sowing dates except Siokra L28iwvn in March 1997 and April 1996. The
strength of S50 was below 26 g/tex in most sowionggr the three years, which would incur the
maximum price discount. The sowing month by caltiinteraction was significant due to higher
strength of Pima S7 in April 1996 and May 1995 (EgBC).
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Fig. 5.4: Effect of sowing date and cultivar on fibre stréngd) shows the sowing month main
effect where: x = 1995, = 1996,0=1997. B), C), D), show the sowing date by cultivaeraction
interactions for 1995, 1996 and 1997 respectiwdligere:¢ = L23,0 = S50,A = Pima S7. Bars are
Lsdy 05 Wwhen significant.

The fibre strength of Pima S7was below preferemmreHLS and Supima of 38 and 41 g/tex
(Supima 2009) respectively for March and April sogs in 1995 and 1997. Given these are the
best months for yield (Chapter 3) it means twoethiof the years had low strength.
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For the upland cultivarsGossypium hirsutum) micronaire was within the Australian preference
range of 3.5 to 4.9 (Bange et al. 2009) for all imgnwmonths in all years (Table 5.1). The sowing
date main effect was significant (p<0.05) in 1996l 4997 with March sowings lower than other
months. The upland cultivars had greater microntia® Pima S7. The sowing month by cultivar
interaction was also significant in all years dugmty to the upland cultivars increasing micronaire
between March and April sowings and micronaire mhd&@ S7 decreasing between these months.
The Pima S7 micronaire was within the preferredjeaof 3.5 to 4.1 (Supima 2009) for all except

March and June sowings in 1997 when micronairehigiser.

Table 5.1: Effect of sowing date and cultivar on fibre micaine for each year.
Month of sowing

Micronaire March April May June Mean Lsdh 05
1995

Siokra L23 3.9 4.3 4.1 4.0 4.1 MonthSown  0.22
CS50 3.6 4.1 4.1 4.2 4.0 Cultivar 0.11
Pima S7 3.8 3.8 3.5 3.5 3.6 Interaction 0.27
Mean 3.8 4.1 3.9 3.9

1996

Siokra L23i 4.3 4.3 4.1 3.8 4.1 Month Sown Ns
Sicot 50i 4.1 4.2 4.3 3.9 4.1 Cultivar 0.14
Pima S7 3.8 3.6 3.8 4.1 3.8 Interaction 0.27
Mean 4.0 4.0 4.1 3.9

1997

Siokra L23i 4.2 4.7 4.4 45 4.4 Month Sown 0.21
Sicot 50i 4.2 4.8 4.3 4.7 45 Cultivar 0.12
Pima S7 4.2 4.1 4.1 4.3 4.2 Interaction 0.27
Mean 4.2 4.5 4.3 4.5

5.4.3.Prediction of fibre quality from temperature and boll cohorts

Crop fibre length was most significantly correlateiih weighted minimum temperature (WTmn)
calculated for the first 30% of the boll period &ach day’s cohort of bolls (Table 5.2). Fibre kbng
was most sensitive to WTmn for the cultivar L231§lEa5.2). The response to WTmn was quadratic
for all cultivars and fibre length was greatest ev®vTmn was between 17 and°C9for the first
30% of the boll period (Fig. 5.5). Similar respesswere found for weighted average and
maximum temperature but the regression coefficieai® less than for minimum temperature (data
not presented). For example the correlation caeffis for the quadratic relationship between
weighted minimum, average or maximum temperatucefiéane length for L23 were’r= 0.82, 0.78

and 0.66 respectively.
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Table 5.2: Regression coefficients (quadratic) between fduality parameters or gin turnout and
weighted temperature averaged for the differenpgritons of the boll period. Fibre length and gin
turnout are correlated with weighted minimum terapgne and fibre strength and micronaire are
correlated with weighted average temperature. Tleghted temperature was calculated from
anthesis for each daily cohort of bolls. Where, 46®5, ** = p<0.01.

Proportion of boll period

(r°%)
Cultivar 30% 30 to 75% 75% 100%
Fibre Length
L23 81.4** 74.4%* 43.0* 45.6*
S50 36.4* 31.6 33.1 25.1
Pima S7 38.5* 9.7 16.7 22.7
Fibre strength
L23 25.0 17.8 21.0 25.8
S50 12.7 30.4 26.5 36.3*
Pima S7 39.7* 16.5 27.6 17.9
Micronaire
L23 6.2 4.4 3.5 11.0
S50 2.3 4.2 5.3 2.0
Pima S7 1.7 3.5 1.5 1.0
Gin turnout
L23 33.8 35.1* 35.4* 11.2
S50 14.0 50.5* 55.2* 35.6
Pima S7 34.1 25.2 44.0* 25.2

Fibre strength was most strongly correlated withgivied average daily temperature (Table 5.2),
the highest correlation coefficients, although gigant (p< 0.05), explained at best only 40% of
the variation in fibre strength due to temperatdieere was no consistent proportion of the boll
period where temperature had a greater influenciboa strength. Micronaire was not correlated
(r* <10%) with weighted temperature calculated for proportion of the boll period.

For all cultivars, WTmn for the first 75% of thelbperiod had the highest correlation gin turnout,
although it was difficult to identify a critical pportion of the boll period when gin turnout was
most sensitive to temperature, as correlation wefits were similar for between 30% to 75% of
the boll period (Table 5.2). The response gin tutto WTmn for the first 75% of the boll period

was quadratic, significant (p<0.05) and accounte®5, 44 and 54% of the variation in gin turnout
for L23, S50 and Pima S7 respectively (Fig. 5.6)n @rnout was greatest when weighted

minimum temperature was between 16 an¥C1for all cultivars (Fig. 5.6).
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Fig. 5.5: Significant quadratic relations fitted for the et on fibre length (cm) of minimum
temperature weighted (WTmn) for daily contributiminboll cohorts and calculated for the first 30%
of the boll period for each cohort. A) L23, B) S&0d C) Pima S7. Fitted equations are shown.
*=p<0.05, ** = p<0.01.
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Fig. 5.6: Significant quadratic relations for the effect mative gin turnout (TO) of minimum
temperature weighted (WTmn) for daily contributiminboll cohorts and calculated for the first 30%
of the boll period for each cohort. A) L23, B) S&0d C) Pima S7. Fitted equations are shown.
*=p<0.05, ** = p<0.01.

74



5.5. Discussion

5.5.1.The effect of sowing month and cultivar on fibre quality

Producing fibre with a length and strength thahdseptable to the market at the sowing months
most favourable for yield and time to maturity,ttreeMarch and April (Chapter 3), appears to be a
limitation to producing cotton in the dry seasomgér- 5.3 and 5.4). Flowering for the March and

April sowing months coincided with the coolest teargiures in June and July (Chapter 3). Cool
temperatures, particularly minima, are known taucedfibre length and strength (Hesketh and Low
1968; Gipson and Ray 1970; Wanjura and Barker 1B&tkatas et al. 1998). However, the range
in fibre length and strength observed here for tipband cultivars (Figs. 5.3 and 5.4), was

sufficiently encouraging that wider screening maenitify cultivars that can reliably produce

suitable fibre in these conditions.

The Gossypium barbadense cultivar Pima S7 produced fibre shorter than tlherent market
preference in all sowing months in these experisiant other fibre properties were also frequently
below preference (Supima 2009), so it was unsutahlthe basis of quality (Fig. 5.3). Concurrent
screening of eighGossypium barbadense lines released by the USDA-ARS breeding program in
Arizona (Turcotte et al.1991), failed to find angds with suitable fibre length under cool nights
(Yeates S.J. and Constable G.A. unpublished data@. commercial prospects f@ossypium

barbadense are doubtful unless longer and stronger fibre $yqre identified.

Interestingly the maximum fibre length measureceledr2.95, 2.92, 3.38 cm for L23, S50 and Pima
S7 respectively (Figs 5.3 and 5.5) was lower tlanttie same cultivar when grown in temperate
Australia of 3.05, 3.07 and 3.58 cm respectivelgr{§€able, G.A. unpublished data). Similarly the
maximum strength of L23 and S50 of 30.4 and 27t&xglhere below their averages in temperate
Australia of 31.5 and 30.2 g/tex. Temperaturesomttsern Australia were similar to the optimums
reported here. It is possible that the lower raoiaduring boll growth (Chapter 3) may have
limited assimilate supply increasing competitioriven bolls during elongation and secondary
wall formation. Competition between bolls has restuboll size in temperate regions (Kerby and
Buxton 1981; Jenkins et al 1990; Constable 1991tigeew 1995; Boquet and Moser 2003). A
higher proportion of second and third position ah fruiting branches contributed more to yield
here compared to temperate climates (Chapter 8)balts from these positions usually have lower

fibre length and strength in temperate climatestfieé 1997; Davidonis et al. 2004).
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Micronaire was largely unaffected by sowing datd anhieved current market benchmarks for all
cultivars. This result reflects the rising temparatand radiation late in the season, August to
October (Fig. 5.2) (Chapter 3), and is consisteith vihe micronaire measured in similar

temperatures late in boll development in otherisaidGipson and Ray 1970; Wanjura and Barker
1985). The slightly lower micronaire at the Maradwing reflects cooler temperatures late in boll

development (Chapter 3).

5.5.2.Prediction of fibre parameters from temperature

The boll cohort approach was successful in explgira significant proportion of the variation in
fibre length due to temperature in the field (Tabl2, Fig. 5.5). This approach also demonstrates
the effect of temperature on crop fibre length lbarsimulated provided the proportion of final yield
produced from the daily boll set can be predicfEdis is possible using the cotton simulation
model OZCOT (Hearn 1994).

The quadratic response of fibre length to weigm@timum temperature in these field experiments
(Fig. 5.5) was similar to the response to fixed imen measured elsewhere (Gipson and Joham
1968; Gipson and Ray 1970). Moreover, the relatfates] in Fig. 5.5 had regression coefficients at
worst similar to the’rof 0.43 to 0.20 for the five cultivars compared®ipson and Ray (1970) or
the ¢ of 0.12 and 0.74 for the two cultivars compared3iyson and Joham (1968). As was the case
in their experiments, the cultivars in our fieldpeximent responded differently to minimum
temperature (Fig. 5.5). These quadratic respongesiihimum temperature differed from the
negative linear relation fitted by Hesketh and L{®68), where fixed day and night temperatures

were compared in a controlled environment.

The positive correlation of fibre strength with feenature (Table 5.2) was consistent with other
studies (Hesketh and Low 1968; Wanjura and BarkR8b6]1Liakatas et al. 1998). The correlation of
fibre strength with temperature was generally p@able 5.2) and could be in part due to the
method of testing a bundle of fibres of fixed vokin® sample dominated by fine fibres will have
more fibres that are individually weaker but hameaaceptable strength (Gipson and Joham 1968).
Unfortunately fibre fineness was not measured ies¢hexperiments. There were only small
variations micronaire across the sowing dates aadms (Table 5.2), hence it was not surprising

that there was no correlation with temperature.

The boll cohort approach also identified a sig@aificcorrelation between gin turnout and minimum
temperature for a field grown crop (Table 5.2, 5i§). The reduction in gin turnout as minimum
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temperature exceeded’C8was consistent with controlled environment stsildesketh and Low
1968; Liatatas et al. 1998). The greater variagbihtgin turnout at lower minimum temperatures is
more difficult to explain (Fig. 5.6). The growthteaof seed is known to exceed cellulose at low
night temperatures (Stewart 1986) suggesting thattignout should be lower. Heitholt (1997)
found gin turnout increased along the fruiting lmtafrom first to third position bolls. It is pos&b
that a high proportion of second and third positbmiis may have increased the gin turnout for the
April sowings which were also exposed to the cdalaght temperatures (Chapter 3).

There are three possible sources of error in timalation fibre quality by the boll cohort approach

used here. First, is the assumption that fibreityuel not affected by competition for assimilates
between reproductive and vegetative organs. In@®ma competition for assimilate between bolls
and vegetative organs can reduce boll size and fjoality (Jenkins et al 1990; Constable 1991;
Pettigrew 1995; Heitholt 1997; Davidonis et al. 2D0Second, the assumption that all bolls are
shed after the maximum boll number is first reachealy be further source of error as some
replacement of bolls could occur. The maximum balinber was reduced 0 to 25 % by maturity in
these experiments (Fig. 5.1) unless a high proportif the early pollinated bolls were replaced
during this time this error is likely to be smalhird, measurement of fibre quality from individual

cohorts could improve the robustness of this amalyaurther research is required to quantify the
impact of these assumptions.

5.6. Conclusions

1. For the highest yielding March and April sowingdré length and strength were low to
marginal due to cool temperatures during fibre tgyeent. The cultivar differences
observed here suggest wider screening may ide@issypium hirsutum cultivars with
suitable fibre length and strength in these cooni

2. Using the large temperature range observed hevastdemonstrated that by the weighting
of temperatures for the contribution of the cohadrbolls pollinated each day the variation

in crop fibre quality and gin turnout in the fieddie to temperature can be predicted.
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Chapter 6: The impact of variable cold minimum temgeratures on boll
retention, boll growth and yield recovery of cotton

6.1. Abstract

A previous field experiment grown in the tropicay deason, where minimum temperatures during
flowering were variable but occasionally cold (<) found a greater proportion of cotton yield
was from bolls that pollinated when minimums werm@nver. The retention and growth of flowers
was postulated to be reduced by cold night tempesat However biotic stresses (e.g. pests) may
have confounded this response. Reported is a pariexent where biotic stresses were effectively
removed. Over two seasons: (i) ambient and (ii) iantbplus 5 to 6C (range 10 to 24C) night
thermal conditions were imposed from 1 wk priofitst flower to 2 wk after last effective flower.
Day temperatures were the same. Average ambienionim temperature for the treatment period
was 12.6°C (range 5.9-21.3C) and 10.2C (range 2.6-21.6C) in 2003 and 2004. Flowers were
damaged by low ambient minimum temperatures neifreais which lead to shedding or reduced
boll size due to lower seed number. The later cbeldiue to poor pollination and competition for
assimilates. Shedding was correlated (p < 0.0t) minimum temperature at anthesis with < 40%
survival when minimums were < . Seed cotton yield was the same. It was conclubed
recovery from variable low minimum temperaturesimgrflowering: (1) was similar to where
damage to fruit was biotic with compensation odagrron later flowering fruiting sites provided
temperatures were warm; (2) was unlikely to be iohgéh by damage to photosynthetic apparatus

due to the minimum temperatures observed here.
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6.2. Introduction

Minimum temperatures below the lowest reported Waseperature for cotton development of
12°C (Constable and Shaw 1988) that coincide with &iomg may be detrimental to boll retention
and growth. An evaluation of cotton grown in thepical dry or winter season (lat.°8, found a
reduced retention of bolls and a lower contributioryield from flowers when anthesis coincided
with the greatest frequency of cool minimums (€Q)2(Chapter 3). In these experiments cool
minimums occurred early in flowering hence flowersthe first position on sympodia nearer the
bottom of the plant were most affected. Howevegséhcrops also produced high lint yields (2064
kg lint /ha) due to greater contribution from lafiwers which occur on upper and outer fruiting
sites of the plant when temperatures warmed cordbin#h a greater biomass (Chapters 3 and 4).
In a field environment it was difficult to deterneirwhether cool minimum temperatures were a
factor in the early fruit loss as other possibleses such as insect pests, water logging, nutrient

stress can all occur. Moreover in the field theeswo ‘warm night’ control to compare with.

Less is known about the impact of cold minimum terapures during flowering and boll growth of
cotton than on early growth (Mauney 1986; Cothreal.€1999). In controlled environment studies,
where fixed temperatures were used, there was @rafi@response of boll weight to temperature
with the optimum occurring at a minimum of arourgI@ or mean of 2%C with a rapid fall in boll
weight when night temperature was beloWd6r above 2% (Gipson and Ray 1970; Hesketh and
Low 1968). Hesketh and Low (1968) also found belention was correlated with minimum

temperature, although square retention was moeesiati to cooler temperatures than bolls.

Controlled environment research may not be comlglétansferable to field grown crops because
most published studies of cotton have been condueith fixed day and or night temperature
regimes (e.g. Gipson and Joham 1968; Hesketh amd1968; Reddy et al. 1991; Reddy et al.
1992; McDowell et al. 2007). Moreover many of thesalies have been run for a set calendar day
period and hence have not allowed for developmeh&mal time differences between treatments
when measuring boll weights in response to temperator example Gipson and Joham (1968)
measured the effect of night temperatures froAC 10 26.5C on boll growth for the first 45 days
of boll growth. While Reddy et al. (1991) using diudifferent fixed maximum and minimum
temperatures, the coldest being 2010 measured boll weight 49 d after flowering. Not
surprisingly boll weights under cool temperaturesraviess at the time of measurement in both

studies.
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Low minimum temperatures can reduce boll growth aetention due to: (1) lower net
photosynthesis following reduced night growth aespiration that suppresses sink demand and so
inhibits the export of starch from leaves (Warneale1995), although this response can be negated
when acclimation to low temperatures occurs (Simghal. 2005); (2) permanent injury to
photosynthetic apparatus (Berry and Bjokman 198))prevention of pollen germination and tube
growth, where the minimum that stops growth or geation depended on genotype and ranged
from 9.8 and 20°C (Stewart 1986; Kakani et al. 2004).

The climate of the tropical dry season adds a @éurtimension to mid season cold temperature
effects because temperatures at sowing are hofalamtil flowering when the coldest minimums
occur, temperatures then rise rapidly during latéfl as the days become longer (Chapter 3). The
positive correlation between yield and fruit on theper and outer fruiting sites of the plant
measured in field experiments (Chapter 3) sugdesatic conditions were more favourable later in
crop growth. This poses the question of how rejiaain yield compensation from later developing
fruit (after the cold) occur? Fruit removal studiglsewhere have found that yield compensation
may occur in cotton when climatic conditions becomere favourable following removal
(Pettigrew et al 1992; Kennedy et al. 1986; Wilstral. 2003). Minimum temperatures are also
variable during the dry season and so there areextehded periods of extreme cold (Cook and
Russell 1983), hence it is possible greater bodintion and growth may occur during periods were

minimums are warm, which can also occur earlyoméiring.

The objective of these experiments was to meashee effects of variable cold minimum
temperatures (averaging “@to 12C) during flowering on cotton fruit growth, fruietention,
fruiting dynamics (compensation) and yield, whilenimising confounding effects such as insects

and disease.

6.3. Materials and Methods

The experiments were located at the Katherine Relsetation, 4 km east of Katherine {28' S,
132°18' E), Northern Territory, Australia. Due to geratlistance from the ocean Katherine has a
greater probability of cooler dry season minimutrentthe Ord River, Western Australia (39'S,
12843’E), where the previous field experiments wermeated (Chapter 3), with similar maximum
temperatures, photoperiod and monthly radiationoiCand Russell 1983). Minimum temperature
was manipulated by protecting plants in a glasshaisight during flowering (‘warm’ plants) and
comparing these with plants grown at ambient teatpees at night (‘cool’ plants). Glasshouse
temperatures were maintained approximatéy &bove ambient to ensure similar daily variation i
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minimum temperature to plants grown at ambient &nampires. The only exceptions were when
ambient temperatures were €06 on these nights glasshouse temperatures werngenoiitted to
fall below 10.3C and when ambient temperatures were warm, glasshminimum temperatures
did not exceed 2€. The glasshouse was not artificially heatedusad adjustable roof vents to
regulate night temperatures. The experiment wasouan two seasons with sowing occurring on
April 28, 2003 and April 30, 2004.

Cotton was grown in 17 L square pots containing plaet per pot. There were three replicates of
each treatment with eight plants per treatmentg@rcate. The replicates were aligned in an east t
west direction to account for a dry easterly bretz is common during the day during June to
September.

Four seeds were sown per pot and thinned to onplpet5 days later. There was only room in the
glasshouse for one cultivar, hence the Bt transgeultivar Siokra V-16B was grown (containing
the Monsanto CrylAc and Cry2Ab proteins). Thisigalt had produced consistently high yields in
cultivar comparisons made over the previous sixs/@athe dry season at the ORIA (S. J. Yeates

unpublished data).

For the ‘warm’ plants there was one trolley perliogpe containing the eight pots arranged in two
rows of four. Movement in and out of the glasshouse timed so plants were exposed to a
temperature change of at mosiC2 Accordingly plants were moved outside on thédest
mornings approximately 45 minutes after sunriseraturned 30 minutes prior to sun set. The same
east — west direction of the replicates was maethiat night. For the period when plants were
inside after sunrise 50% of ambient photosynthByicactive radiation passed through the
glasshouse. Using a model of potential photosyrgi{€onstable 1986), it was calculated that the
average conditions of each treatment (Figure 1)atthditional time inside the glasshouse would
account for less than 3% of daily photosynthessalise of cooler temperatures after sunrise. The
‘cool’ plants were grown outside night and day wiitle base of the pots at the same height above
the ground (15 cm) and arrangement of the 8 plp@etgeplicate as the ‘warm’ plants on trolleys.
Temperature treatments were randomised within gafgs. Pots were rotated clockwise weekly
from 15 days after sowing until approximately onenth prior to picking as there was risk of
damaging the plants and large bolls when moved.pEeatures were logged (Tinytag Plus™, TGP-
0050, Gemini Data Loggers, www.geminidataloggera)cbalf hourly at canopy height inside and

outside the glasshouse with a logger also placed tiolley. The glasshouse and trolley loggers
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were placed in an ACS50 Stevenson Screemwy{.geminidataloggers.comvhile the outside logger

was placed inside a standard Stevenson Screen.

Each pot was irrigated at 10 am by a single 2 bfitter until the drainage occurred from exit holes
at the base. From 14 days after first flower trenfd were watered twice daily, at 10 am and 3 pm.
The potting mix consisted of a mixture of sand,teal vermiculite at a ratio by volume of 6:5:1
respectively. Slow release fertiliser 45 g Ozmo&bte Moeco™ 10 g /pot (i.e. 8.4g N, 1.8gP, 5.1
gK,1.1gS,059gMg, 01 gCa, 0.2 g Fe, 9 mg Zmg each of Cu, B, Mn, Mo) was
incorporated with the potting mix. Aquasol™ liquettiliser 0.8 g was applied to the soil surface of
each pot in 250 ml of water on three occasionsdys @part in June and July each year (i.e., 184
mg N, 32 mg P, 144 mg K, 0.4 mg Zn, 0.48 mg Cul 0@ Mo, 1.2 mg Mn, 0.5 mg Fe, and 0.1
mg B per application).

The timing of plant growth stages and the treatnpemniod are shown in Table 6.1. To ensure plants
were exposed to the same minimum temperatures taribowering all plants were grown outside
until 6 and 7 days prior to first flower in 2003 da2004 respectively. When the temperature
treatments commenced the warm night plants wereethmside at night for the next 60 and 53 days
in 2003 and 2004 respectively; that is at leastldys after flowering was completed. Plants were
scouted twice weekly for insect pests and proteet@t insecticide when required; there was
minimal insect damage. The plants were mappedrior fetention weekly from early squaring to
the start of the treatment period then bi weekiyrfifirst flower to the end of flowering then weekly
to maturity. Fruit were characterised in to squakelite flowers, pink flowers and bolls. Fruit
position on the plant was also recorded, whereémh sympodia P1, P2 and P3 are first, second and
third fruiting positions laterally from the mainesh respectively. Monopodia fruit were recoded for
each node when such fruit were present. The astlizge was recorded for each fruit from the
mapping data, where a white flower = anthesis tpday flower = anthesis one day ago and a small
boll (< 5 mm) with a withered petal = anthesis teays ago. It was observed that when minimum
temperatures were < 4D for at least 3 nights the red flower stage lasted day longer (2 days)
than when minimum temperatures were ¥C,Ohence in estimating the day of anthesis for red
flowers a two day period and withered petals thdags was recorded. At maturity fruit retention,
seed cotton weights, seed cotton weight per dudl,number of bolls and seeds were measured for
each fruiting position on all plants. Analysis adriance and regression analysis was made using
SAS (SAS 2001).
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Table 6.1:Dates of plant growth stages and the timing oftteatment period.

Growth Stage 2003 2004
Sow 30 April 30 April
1% Square 5 June 3 June
Start treatment period 23 June 21 June
1% Flower 29 June 28 June
Last effective flower

Warm 24 July 22 July
Cool 29 July 29 July
End treatment period 20 August 13 August
Maturity

Warm 26 September 21 September
Cool 30 September 7 October

To have a sufficient number of flowers to calculatevival at each position, three day mean was
used, hence minimum temperature was averaged loveotresponding days.

6.4. Results

6.4.1.0bserved Temperatures

During the treatment period ambient minimum tempees averaged 12°€ (range 5.9 to 21°C)
and 10.2°C (range 2.6 to 20.XC) for the ‘cool’ plants and glasshouse minimumstfe ‘warm’
plants averaged 17@ (range 12.3 to 233€) and 16.0C (range 10.3 to 23°€) in 2003 and 2004
(Fig. 6.1). The number of ambient minima below’C2during the treatment period was 22 and 38
in 2003 and 2004. For the ‘warm’ plants there w@&@and 8 minima below 22 in 2003 and 2004

respectively. Temperatures increased followingtiteatment period.

In 2003 temperatures prior to the treatment peneck cooler and more variable after May 23 with
5 minimums < 16C during the period. The average minimum for thela@s prior to the treatment
period was 13.7C. The average minimum for the 10 days after the &f the treatment period

was 8.8C and 15.4C for the cool and warm plants respectively.

Prior to the treatment period in 2004 minimums wesaam and only fell below 18C on one
occasion from plant establishment to June 10. Rlone 11 to start of the experiment all minimums
were < 13C with lowest 3.8C and the average ?@. Cold minimums continued for 10 days after
start of the treatment period that is to July 1 andraged 6 & for the cool plants and 13@ for

the warm plants.
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Fig. 6.1: Observed daily minimum and average maximum tentpexs; where the box shows the
period when the temperature treatments were impasddthe average minimum for this period.
Broken line = ambient minimum temperature and sbhd = glasshouse minimum temperature.
Arrows show the period before, during and aftertdraperature treatments were imposed, average
maximum and minimum temperature for each perigh@vn above the arrows.
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6.4.2.Fruit retention at start of experiment

At the start of the treatment period square redpentvas very high for all treatments being 98.3%
and 98.8% in 2003 and 2004 respectively and thezee wo significant differences between
treatments. There was also no significant diffeeeinctotal square number, or their location on the
plant. The average node number for the uppermosiniy branch P1, P2 and P3 squares was 12, 10

and 7 respectively for both treatments.

6.4.3.Yield and boll position on the plant

Surprisingly there was no seed cotton vyield diifieee (p<0.05) between the ‘cool’ and ‘warm’
plants in both seasons. Fig. 2 shows this was lsectine ‘cool’ plants compensated by producing
yield on different parts of the plant to the ‘warptants. For the ‘warm’ plants 51 and 41 % of seed
cotton yield was from P1 bolls while for ‘cool’ pitss 36 and 24% seed cotton yield was from P1
bolls. Figure 6.2 shows the ‘cool’ plants produeegreater proportion of yield on fruiting positions
other than P1 or P2 that is P3, and MP+ (monopedaurth position + adventitious bolls) which
accounted for 40 and 53% of seed cotton yield coatpaith 23 and 33% for the warm plants. The
majority of the MP+ yield comprised monopodia baollsh the proportion of total seed cotton yield

as adventitious and P4 bolls being 2 to 3% in taemtreatment and 6% in the cool treatment.

6.4.4.Anthesis date for different fruit positions and yield accumulation

As expected due to the temperature difference legtwtiee treatments the median anthesis date at
the same fruiting position became greater as ta&rrent period progressed. Approximately 14
days after minimum temperature differences wereosed (July 6) the delay in flowering was
small, hence there was only a 0 to 2 day delajowdring of P1 bolls on the lowest 4 nodes (Fig.
6.3). By late in July the same fruiting positidawered 4 to 7 days later on the ‘cool’ treatment.
Figure 3 also shows for the ‘cool’ treatment mariythee P3+ bolls (P3 + monopodia + P4 +
adventitious) flowered after July 18 and at led#*4of the monopodia yield was produced on bolls
that flowered after July 26 compared with no morthaoyield after this date on the ‘warm’

treatments.
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Fig. 6.2: Total seed cotton yield (g / 8 plants) and theyprtion of seed cotton yield on P1 = first
position bolls, P2 = second position bolls, P3 #dttposition bolls and MP+ = monopodia +
adventitious + P4 bolls for A) 2003 and B) 2004 .e@fars is warm treatment, filled bars is cool
regime. Where, * = significantly different for albposition (p<0.05). Note: totaleed cotton yield
was not significantly (P<0.05) different for thedwreatments in each season.
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Fig. 6.3: The median anthesis date for P1, P2 and P3 floareraain-stem nodes. Horizontal lines
show the range of anthesis dates for monopodids feIP) and the percentage of the total mature
MP bolls that flowered within these dates. For:2803 and B) 2004. Note: all adventitious bolls
that produced seed cotton were located on nodesl8 &nd flowered on the same day as the P2
boll at that node. Mature P4 bolls were only praalon the ‘cool’ treatment on nodes 5 to 7 with
anthesis coinciding with anthesis of the P1 flowerodes above. NB the range in anthesis dates for
any fruiting position was + 2 to 8 days from thediag.

Figure 6.4 shows flowers that pollinated after JLycontributed 60 to 70% of yield in the ‘cool’
treatment compared with 15 to 30% of yield for tharm treatment and these flowers were on
fruiting sites on the out side of the plant (Fig3)6 The slower accumulation of yield on the ‘cool’

plants between July 18 and July 25 in 2004 thaB0@3 coincided with much lower minimums
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over the period, 7€ compared with 14°Z respectively (Fig. 6.4), despite similar fruiting
positions flowering at this time in both seasong.(B.3).
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Fig 6.4: The accumulation of seed cotton yield by the aithdate of pickable bolls. Average
minimum temperatures for each range of anthesesdai to 30 July is also shown.

6.4.5.Yield and its components by fruiting position
6.4.5.1. Seed cotton yield, boll number and wepgtboll

The P1 seed cotton yield at each sympodia wasfsigmnily less on the ‘cool’ plants up to nodes 11

or 12, which flowered earliest and was due to feasd smaller bolls (Fig. 6.5). However, the
contribution of these yield components to P1 yedld be different between nodes (Fig. 6.5). In
2003 P1 boll weight was significantly reduced bylcoights at flowering on nodes 6, 10 and 11
while P1 boll number and weight were significanmtdguced in the ‘cool’ treatment on nodes 7 to 9.
After node 13 greater boll number and weight ctnted to a higher P1 seed cotton yield in the
‘cool’ treatment. In 2004 boll number explained $ed cotton yield differences on node 10 and
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above with a mixture of boll number and boll weigbntributing to P1 seed cotton yield on nodes
5t09.
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Fig. 6.5: Seed cotton weight, boll number and average beiight on the first position (P1)
sympodium flower at each main-stem node. Where dyaes are warm nights, filled bars are cool
nights and * indicates a significant difference %) at a boll position.

Fig. 6.6 shows the seed cotton yield, boll numief laoll weight for the non P1 fruiting positions.
Significantly higher seed cotton yield on P3 and+#vdites for the ‘cool’ treatment were due to
greater boll number. Boll weight was generally lEssthe ‘cool’ treatment at all fruiting positions
Although the P2 yields were the same the distrdoutf P2 bolls within the plant was changed by
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minimum temperature in a similar manner to the Bllsb The ‘warm’ plants had greater seed
cotton yield on the earliest flowering nodes 5 tcn 2003 and nodes 5 to 8 in 2004 while seed
cotton yield was greater on the ‘cool’ plants foe fater flowering nodes 9 to 13 in both seasons
(data not presented). Plates 1 and 2 show therelif€es in P1 boll size due to ambient minimum
temperature. Plate 3 shows when minimum tempesatege ‘warm’ P1 bolls where larger in the

lower canopy.
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Fig 6.6: Combined seed cotton, boll number and weight pelt for P2, P3 and MP+
(monopodia+P4+adventitious) bolls. Where open lbaeswarm nights, filled bars are cool nights
and * indicates a significant difference (p<0.0badoll position.
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Plates 6.1 and 6.2A P1 boll damaged by low ambient minimum tempegtthe adjacent P2 boll
flowered in warmer temperatures.

Plate 6.3:Warm treatment plants showing large P1 bolls énltiwer canopy.
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6.4.5.2. Comparison for early flowers when treatts@verlapped for the date of flowering

As there was little difference in the median flowgrdate between the temperature treatments for
P1 bolls on nodes 5to 7 and 5 to 8 in 2003 andl Z6{. 6.3), these bolls were exposed to the
same daily pattern of temperature changes eardyawth for the ‘warm’ and ‘cool’ treatments. In
addition flowering occurred prior to distal positidlowers on these nodes thus minimising
competition for assimilate soon after floweringgtiie 6.5 shows that the P1 seed cotton yield at
these nodes was significantly reduced on the ‘golahts in both years the only exception was node
5in 2003. In 2004 the weight per boll and boll liegmwas reduced while in 2003 lower weight per
boll contributed most to yield differences at nd@le@nd boll number and weight per boll were

significantly lower on the cool plants at node 7.

Comparing Fig. 6.5 with Figs 6.1 and 6.3, the dédfeces in P1 seed cotton yield on each node
could be explained by the minimum temperature avéring. In 2003 there was no Pl yield
difference between the ‘warm’ and ‘cool’ treatmeatsnode 5 as flowering coincided with higher
ambient minimum temperatures on July 4. The lowkrield on the ‘cool’ treatment on nodes 6
and 7 was associated with lower temperatures mehesis, that is < £ on the & and &' July.
These temperatures occurred soon after anthesadat6 and boll weight was reduced in the ‘cool’
treatment, while for node 7 the median anthesis datncided with these cold temperatures and
boll number and weight were reduced. In 2004 PWédling of the ‘cool’ treatment on nodes 5, 6
and 7 coincided with minimum temperature8 °C and boll number was significantly less than the
warm treatment at these nodes. Warmer temperaturése later flowering bolls > 1Z from July

4 to 7 would explain the greater boll weight at @& These warmer temperatures also coincided
with pollination of most surviving P1 flowers atd® 8 and boll survival was equal to the warm
treatment. After July 7 minimum temperatures codted &C which combined with competition
for assimilate later in boll growth significantheduced boll size at node 8 compared with the

‘warm’ treatment.

6.4.5.3. Seed number

Table 6.2 shows seed cotton yield was best exglddyeseed number. For seed number there was

no difference in the linear regression betweenRhebolls exposed to warm or cool minimum
temperatures {£0.97), which contrasted with boll number where tégression with seed cotton

yield was lower when minimums were cool. Not swsimgly the regression between boll number
and seed number was less than the relationshigreitmponent had with seed cotton yield. The

inclusion of seed cotton yield from non P1 posiide.g. P2 and P3) was also highly correlated
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(p<0.001) with seed number and did not change #mgression coefficient (Table 6.2) or

relationship (data not presented) between seed ewuana seed cotton yield.

Table 6.2: The linear regression between seed cotton wefgt)t &nd seed number (Sn) or boll
number (Bn), boll number and seed number for Piskasid all fruiting positions. Where the Sc,
Sn, and Bn are from the combined bolls harvesteshelh node for each position were used in the
correlation. All regression coefficients were Higkignificant (P<0.001): n = the sample number.

Regression coefficient
Treatment (®)

Scv Bn Scv Sn Bn v Sn

All - P1 0.89 0.98 0.84
(n=49)

Cool - P1 0.86 0.97 0.79
(n=26)

Warm — P1 0.94 0.98 0.84
(n=23)

All - fruiting 0.90 0.98 0.85
positions
(n=117)

6.4.6.The effect of minimum temperature on flower survival

The survival of flowers to become harvestable bulss significantly (P<0.01) correlated with
minimum temperature near anthesis (Fig. 6.7). Bhtionship was curvilinear with a rapid fall in
flower survival when minimums were < 2C with survival of between 20 and 40% of flowers

when minimum temperatures were 2%
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Fig. 6.7: The effect of minimum temperature (Tmn) near anghes the proportion of flowers from
all fruiting sites surviving to produce pickablellsoWhere minimum temperature was calculated as
the average for the day of anthesis plus two dApshesis dates after the P1 flower on node 11
were not included to avoid natural shedding dueotapetition from older bolls.

6.5. Discussion

These experiments explained the reduced contribitioyield from early first position flowers in
the tropical dry season (Chapter 3) was due torunimum temperatures near anthesis and not
biotic causes such as pests. Moreover the ambienimom temperatures observed here during
flowering that averaged 10 and 12C were below that observed in the experiments desitin
Chapter 3 and demonstrate that full yield recovfesyn low minimums is possible provided low

minimums are episodic.

Yield compensation from cold minimums during flowegy occurred via two processes. Firstly,
these experiments found for all fruiting positidnmsll survival was significantly correlated with

minimum temperature near anthesis (Fig. 6.7). B&Eauninimum temperatures in the field were
variable, greater boll retention occurred when esith coincided with periods of warmer
minimums. Secondly, the greater contribution tddyiigom later pollinated flowers reflected the
general increase in temperature and radiation iatBowering that typifies the tropical dry season
(Chapter 3). These climatic conditions meant ydthpensation was via the retention of fruiting
sites that in circumstances where temperatures wanmer during flowering would have shed due

to competition from earlier pollinated bolls (Hedr@94).
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The full yield recovery from low minimum temperatgrwas similar to the recovery reported where
fruit removal was biotic (i.e. insect pests, readl simulated) (Kletter and Wallach 1982; Lei and
Gaff 2003; Pettigrew et al 1992; Kennedy et al.G9%nes et al. 1996; Holman and Oosterhuis
1999; Wilson et al. 2003). As was the case inshigly, in the above studies lost fruit were repilace
with later flowering fruit from other sites, withecovery greatest where temperatures remained
favourable for boll growth later in the growing sea. However a key difference between these
experiments and the aforementioned studies wasddmatige to fruit was abiotic and vegetative

organs were also exposed to the low minimum tenpers

The full yield recovery suggests that any damagghtosynthetic apparatus by the low minimum
temperatures observed here was minor. This is st@msi with controlled temperature studies by
McDowell et al. (2007) where fixed minimum temperas from 5 to 16C for 2 and 20 nights
respectively did not reduce photosynthetic capacityy a 2°C minimum for 2 nights of 16 hours
duration caused permanent damage to photosysthpparatus. In my experiments the lowest
recorded temperature was 2@ however, being an ambient temperature this minimvas only

sustained for the hour prior to sunrise.

For the ‘warm’ treatment it was possible to gereratnimum temperatures during flowering that
were less detrimental to early fruit retention oowgth than where temperatures were ambient.
During the experimental period the warm plants wexposed to average minimum temperature
above the reported base for cotton development20f0115.5°C (Hearn and Constable 1984;
Mauney 1986; Dippenaar et al. 1990; Viator et 8D%). For the warmest season (2003), were the
average minimum temperature in the ‘warm’ treatnveas 17.4C during the experimental period
(Fig. 6.1), the partitioning of yield within the gt (Fig. 6.2) was similar to that reported in
temperate summer grown crops with similar averagenmums where 80% of yield was from P1
and P2 bolls (Mauney 1986; Heitholt 1993).

Seed number reflects the number of ovules and thesilization efficiency (Stewart 1986) as both
can be lessened by low temperatures so it wasurptising that seed number was most highly
correlated with seed cotton yield. Many of the mmnm temperatures observed here during
flowering were below 11.1 and 98, the lowest temperatures where pollen germinadiuch tube
growth was prevented im vitro studies (Kakani et al. 2005), suggesting theligation of ovules
may have been prevented which would have also esfitie likelihood of boll survival (Fig. 6.7).
In addition biomass accumulation and net photogsithwould have been reduced by the low
minimum temperatures observed here (Reddy et 8R;1Burke et al. 1988; Hearn and Constable
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1984; Lu et al. 1997) and combined with competifimm other bolls the number of ovules per boll
would have been reduced. For example the lower Wwepgr boll from the flowers on distal
positions and monopodia in the cool treatment degpieater boll numbers (Fig. 6.6) reflects this

competition for assimilate supply.

6.6. Conclusions

This study confirmed that flowers were damaged dy Bmbient minimum temperatures near
anthesis which lead to shedding or reduced bodl dize to lower seed number. The later could be
due to poor pollination and competition for assatak. In the field temperatures were variable,
hence vyield recovery from damaged to flowers anlis bmaused by low minimum temperatures
occurred during periods of warmer temperatures. Viedd recovery from cool minimum
temperatures was similar to where damage to frag tiotic with compensation occurring as bolls
on later flowering fruiting sites when temperatuvemmed. This suggests that the photosynthetic
capacity of the plants was retained after the oajtits.
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CHAPTER 7 — Extrapolation beyond field experimentso evaluate the impact of
climatic variability on sowing opportunities and crop performance

7.1. Abstract

Despite high experimental yields the commercialptida of dry (winter) season cotton to the
Australian semi-arid tropics was constrained byeutainties in selecting the optimum sowing
window due to a complex trade-off between yielek thumber of sowing days within the optimal
window due to rain and insect pest resistance neanagt regulations, fibre length and pre-picking
weathering. This trade-off was investigated by dating then applying the OZCOT cotton
simulation model using 53 years of historic climatecords at the Ord River and sowing dates
commencing at March®1and terminating on May 25with enhancements to predict fibre length
and colour grade. OZCOT was successfully valid&iethe simulation of lint yield and maturity in

response to sowing date and N fertiliser rate. feutmprovements to OZCOT are discussed.

Simulated lint yield peaked at sowing dates betwdanch 19 and April 26. However, there was
only a 14 day sowing period from March 19 to A@rivhen the yield and quality of cotton could be
optimised. Poor trafficability combined with the 2y Bt insect resistance sowing window,
reduced the number of sowing days in the optimunogeHence to reliably sow a commercial
area it was likely sowing would extend beyond A@iand reduce median gross margin by 9 to
15% due to lower fibre quality. This trade-off wasnsidered acceptable provided picking was
prompt because the gross margins were still ab200®& / ha. Delaying the start of the sowing
window until mid March was recommended to redueddyvariability and increase the number of
sowing days when yield would be maximised and fipoality near optimal. The importance of
minimum tillage to improve sowing opportunities doimed with prompt picking to minimise
discolouration due to weathering was demonstrakedure research should: 1) evaluate options for
the extension of the Bt insect resistance windoverwhain interrupts sowing after a small area is
sown and a significant proportion of the 35 daydwaw is not available for sowing; 2) Expand this
type of analysis throughout the Australian SAT $sist in identification of new cotton growing
regions, providing focus for sustainable naturatotgce management and the location and

provision of infrastructure.
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7.2. Introduction

The previous chapters addressed potential abiatitndtic) constraints to cotton growth,
development, yield and quality when grown in thepical dry season. This chapter will use a
modelling approach to extrapolate beyond thesererpats and address operational and seasonal
variability issues associated with sowing and pigkiransgenic Bt cotton at commercial scale

within the tropical dry season.

Growing cotton in the dry or winter season is newhe Australian semi-arid tropics (SAT) where
insect pests are a problem during the wet seaksuactessful, cotton would be a new crop to a new
region in a new growing season. Critical to the owrcial success of dry season cotton is being
able to sow sufficient area soon after the enchefwet season (March / April) and pick this area
before the dry season ends (October) to avoid jgleng weathering (Chapter 3). Low night
temperatures can occur during flowering in June amg and will delay maturity (Chapter 3)
particularly when prolonged cold nights cause aificant proportion of flowers to shed (Chapter
6) and reduce fibre length (Chapter 5). Therefbeedecision to grow cotton in the dry season will
require knowledge of the impact of seasonal vditglon likely yield, fibre quality and the area of

cotton that can be sown and picked each season.

The field research described in Chapters 3, 4 amda$ conducted in seasons where monthly
temperatures were near long term averages as vdasf-agason rainfall. Hence it was concluded
that crop performance over a greater seasonal mageequired to adequately assess the prospects
for dry season cotton. This is a situation wheraleliong combined with historic climatic records
can be applied to provide this knowledge; althodlgd availability of validated models is a

prerequisite to successfully using this approach.

The OZCOT cotton growth model can simulate thedyi&uiting dynamics and time-to-maturity of
upland cotton Gossypium hirsutum L.) in response to climate (temperature, rainfatiation) and
management inputs (nitrogen, water, plant populatgenotype). It has been validated for spring
sown crops at temperate latitudes and wet seasms @n the tropics. The model is described in
detail by Hearn (1994). Potential lint yield is silated in the absence of disease, weed infestations
and nutrient deficiencies other than N. It has aadhyic fruiting routine capable of integrating fruit
initiation, growth and development with the plantsbon and nitrogen suppl@®ZCOT does not

simulate fibre quality although the simulation ehgth, micronaire, strength and neps could be
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incorporated in the near future (Dr M. Bange, CSIROtton Research Unit, Narrabri NSW,
personal communication, 2010). To adequately agbessowing date and pre-picking weathering
risks associated with dry season production OZCQIl nequire validation of yield, time of
maturity simulations and enhancement to simuldieeflength and colour. Chapters 5 and 6 have
provided functions to simulate fibre length, girrmout and cold induced fruit shedding from
temperature, with the latter delaying time-to-m@yum cold seasons (Chapter 6). However to
predict the effect of post-maturity, pre-picking atleer on fibre quality required additional field

data.

Rain and humidity combined with leaf trash aftefiddave opened can discolour lint (Evenson
1967). Prolonged exposure of cotton fibre to widet radiation after maturity can degrade fibres
and reduce fibre strength and length (Basinski.e€it9%3). In Chapter 3 it was found that dry season
cotton matures during September to November, wisieiso the transition from the dry to the wet
season (Yeates et al. 1996). This period is cheniaet] by the yearly peaks of ultra violet radiatio
and temperature combined with increasing frequesiciainfall (Cook and Russell 1983). Hence
there is a real risk that fibre quality could beueed by weathering caused by moisture and ultra
violet light. The extent of any weathering wouldpodad on the timing of boll opening relative to

rainfall and the duration of exposure to ultravigkdiation prior to picking.

The sowing window and the number of available sgwdays to establish a dry season cotton crop
will be tight for two reasons: 1) Chapter 3 fourat fnaximum yield and avoidance of rain at
picking cotton should be sown in March or April. WiMarch being the transition from the wet to
the dry season trafficability could be impeded yombination of late wet season rain and high soil
moisture due to rain during the preceding montfsFi& insect pest resistance management plan
for Bt cotton in WA stipulates a 5 week sowing womd in order to minimise the number of
generations oHelicoverpa exposed to the Bt proteins (Monsanto and Cottostralia 2010). That

is once the first field is sown in a valley all wot must be sown within five weeks of that date.
Moreover, in order to avoid high insect numbersirdurflowering, the sowing window cannot
commence before March®1(Chapter 3). These constraints will reduce thener of days
available to sow the crop at the optimum time. Dbeious risks being rain interrupting sowing
after the sowing window has started, making fewmvisg days within the 5 week window, or a
late finish to the wet pushing sowing into May wHhewer yield and later picking are possible
(Chapter 3). The impact of rainfall during this idefl planting window on the area that can be

sown and the date the crop is sown needs to bendata.
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The adoption of tillage and crop establishment foras that can maximise the number of sowing
opportunities soon after March 1 is critical. Coment research (Yeates et al. 2006) has shown
minimum tillage combined with permanent beds, thellew placement of starter fertiliser and
watering up after sowing, will permit sowing 10 18 days earlier than the conventional tillage
system traditionally used for non cotton crops ta& sown in May. That is full cultivation, bed
preparation and fertiliser banding, pre-irrigatighsoil too dry) then sowing up to 10 days later

when the soil has dried.

In this Chapter described are the enhancementsZtoQD developed in Chapters 3, 5 and 6 to
predict fibre length, gin turnout, and fruit sheaglidue to cold minimum temperature. The OZCOT
model was validated for yield and maturity preding for cotton grown in the tropical dry season.
Additional experiments were included that relateatier damage to fibre (discoloration and UV
damage) due to pre-picking rainfall and high sadaliation. The enhanced model was then applied
using historic climatic records to evaluate theléraff between the likely sowing dates, the number

of sowing days, yield and fibre length and pre-pigkweathering.

7.3.0ZCOT Model Enhancement

7.3.1.Materials, methods and results

OZCOT (version 2007-10-1-0) was used in this anslygable 7.1 shows the potential changes to
the OZCOT model due to the research in Chapters 8. tThe cultivar specific changes were
relatively easy to make to via their parametersfilelowever the other enhancements required a
programmer to change model code and check the ebangd not influence the broader
performance of the model. Shedding due to low ntghiperatures could not be incorporated in
time for this analysis. The main impact of this esion is to under predict time-to-maturity in cold
seasons due to the replacement of shed bolls ertetite flowering period. Changes to boll period
due to temperature are accounted for already. Tdreresignificant delays in maturity are only
likely to occur in seasons were there are prolommibds of cold nights (<2C) during flowering.

For example, in Chapter 6 it was shown that anageminimum temperature for the flowering
period of 16C (or coldest 10% of seasons) did not affect firaldy but the measured delay to
maturity of 16 days compared with a 12® average temperature was due to combined effect o

longer boll periods for surviving bolls and the lesgement of shed bolls.

100



Table 7.1: Summary of potential OZCOT changes due to resear@hapters 3, 5 and 6. Where
TO = gin turnout, Tmn = minimum temperature, bpoH period

Parameter Source of Cultivar
change L23 S50
Old New OZCOT Old New OZCOT
0zZCOT 0ZCOT
Seed cotton  Chapter 3 4.7 6.3 3.8 5.8
per boll (g)
GinTurnout  Chapter 3 Fixed at Relative TO= - Fixed at Relative TO=-
(%) 43% 0.0016TmA+0.054Tmn+0.58 43% 0.004TmA+0.148Tmn-0.2719
Maximum TO = 42% Maximum TO = 42%
Fibre length Chapter 5 Not Length (cm) = - Not Length (cm) = -
simulated  0.0069TmA+0.256TmNn+0.5502 simulated  0.005TmA+0.182Tmn+1.218
Shedding due Chapter 6 Not Fraction shed = - Not As for L23
to minimum simulated 0.003TmA+0.1116*Tmn-0.1744 simulated
temperature
Boll period Chapter 3 Constable 1/bp=0.00122*Tav-0.0165 As for As for L23
1991 L23

7.3.1.1. The cultivar specific parameters changed

When grown in the tropical dry season some of thiévar specific parameters differed from

observed values and the following changes were made

Seed cotton weight per boll is an empirical constarthe OZCOT model and is used to calculate
potential growth rate per boll (Hearn 1994). Thagemtial is discounted when temperature extremes
and or water, nitrogen and carbon are limiting &l growth. The maximum seed cotton per boll

measured here (shown in Appendix 1) was greater ttheweight parameterised for these varieties
in the model (Table 7.1). Hence the upper valuessored, that is L23 = 6.3 g/ boll and CS50 = 5.8

g/boll were used for simulations at this location.

Gin turnout is also an empirical constant wherelf28 and S50 a turnout of 43% was used by
OZCOT. In Chapters 3 and 5 it was found that gmaut changed with minimum temperature and
ranged between 39% and 42% for these cultivars. dpestment for minimum temperature is
shown in Table 7.1. In order to test this functibwas not necessary to change model code as gin
turnout was be calculated using a spreadsheetimingidld calculated after seed cotton yield was

simulated.
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7.3.1.2 General parameters

Except for fibre colour the following enhancementse incorporated:

Since the comparison of functions to predict tiroefitst square and first flower was made in
Chapter 3, (Table 3.10), in late 2008 a new fumctivas incorporated into OZCOT (M. Bange
CSIRO unpublished data 2010). Hence was OZCOT washanged to include the locally derived
time to squaring function from Chapter 3, but iastehe new function was validated using the
same independent data as yield and time-to-matprigictions (see section 2). The boll period

function was changed to the locally derived functio Table 7.1.

The relationship between fibre length and minim@mperature (Table 7.1) was included for the
cultivar L23 and linked to the existing functiotat simulate the daily change in boll numbers and
their growth. The simulation of boll numbers ang dreight accumulation by OZCOT is described

in detail by Hearn (1994).
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7.4. OZCOT validation for the simulation of yield and time-to-maturity
7.4.1. Methods

Except for the minor changes to the cultivar patanseand boll period prediction described
above, dry season experiments conducted at theRDser Irrigation Area could be used as

independent data to validate the simulation ofdyaid time to maturity.

The OZCOT model was validated from two types oflioggped experiments conducted at
Kununurra over 3 years 1995 to 1997. The first wagse separate sowing time experiments
(Chapter 3), which compared four sowing dates (\&ech, late April, mid May and early June),
with two cultivars (L23 and S50). In total 24 treaints were simulated. The second was three
nitrogen rate experiments (Yeates unpublished dath)jch compared five rates of nitrogen
fertilizer (0, 75, 150, 225, 300 kg N / ha) sowntbe cultivar S50 in late April, a total of 15
treatments simulated over three seasons 1995 t6. F28 all experiments relevant climatic data
was collected within 500 m of the field, establdh@ant population, starting soil N@o a depth
1.3 m, and date and duration of furrow irrigatigoplications were also recorded. Measurements
were lint yield, time of 60% open bolls and pick oréy. The soil was a Cununurra clay (Gunn
1969; Parberry et al. 1969), which is common to \thkey. The plant available soil water for
cotton for the 0 to 130 cm profile was measure@@s mm and the characterisation for cotton by

soil layer is shown in Appendix 2.

7.4.2. Results

OZCOT accurately predicted the effect of sowing thaend nitrogen nutrition on lint yields over
three seasons (Fig. 7.1). The only major deviatiimos observed occurred for a June sowing,
which is highly unlikely to be used commerciallyedto lower yield and lateness of maturity
(Chapter 3). When simulations of individual treatitsewere compared with observed, there was
highly significant linear regression (P < 0.01) vbe¢n observed and predicted values, where
r’=0.59 and 7=0.64 for the cultivars L23 and S50 respectivelyiine of sowing experiments and

r’=0.78 for the nitrogen response experiments.
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Fig. 7.1. Mean observed and OZCOT predicted yields for sgwdate and nitrogen experiments
conducted at the ORIA. Where: (A) Sowing date respofor the cultivar L23; (B) Sowing date
response for the cultivar S50; (C) Response tortliser. Bars = standard errors of observed data.

Time to first square and first flower was predictedh similar accuracy to the locally derived
functions in Chapter 3 (Table 3.10), RMSD = 4 (dad&presented), while time to maturity was not
as accurately predicted (Fig. 7.2). Deviations friv@ observed maturity date were as much as 20
days, with the larger deviations for May and Junwisgs. However the simulated average time-to-

maturity for the combined sowings was very closthiobserved (Fig. 7.2).
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Fig. 7.2: Prediction of days after sowing (DAS) to matur{§§0% open bolls) compared with
observed. Where solid circles are L23 and openesirare S50 and solid line is 1:1, RMSD = root
mean square deviation. Average time to maturityLfd8 observed = 154 DAS, predicted = 150
DAS; for S50 observed = 154 DAS, predicted = 1543DA
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7.5. Prediction of fibre colour grade and degradatin due to pre-picking weather

7.5.1.Materials and methods

Data collected from the experiments described iapgfdr 3 were used to measure the post-maturity
colour grade of lint following rainfall and any degation of fibre length, strength and micronaire
due to exposure to pre-picking weather (solar tadiatemperature and rainfall). The crops were
exposed to pre-picking weather by leaving 10m ofd¢hrows in each replication unpicked. Due to
the Bt cotton not being registered for commercisg in tropical Australia at the time and being
grown under a permit (by the Genetic Manipulatiodvidory Committee, later the Office of the
Gene Technology Regulator) it was not possibleetvé unpicked plants in the field after late
November. Unfortunately pre-picking rainfall didtrexceed 60mm in these experiments hence the
only option was to collect pre-picking colour datam cotton grown in a subsequent season. Data
exceeding 60mm of cumulative pre-picking in wademied for the same varieties in 2001 (Dr. A.
Annells, Dept, Agriculture & Food, WA, unpublished) 2 sowing dates April 8 and May 17.
Rainfall was measured at the experiment sites,evtbihperature and solar radiation were measured

within 500m of the experiments.

Colour was defined in terms of its reflectance (Bd{l yellowness (+b), which are measured by a
photoelectric cell (Perkins et al. 1984). Trashteahis also included in the subjective interpietat

of colour grade (Bange et al. 2010). Australiatta@ois classed into the white colour group for

which there are seven grades where Middling isotee grade (Table 7.2). Grades above middling
attract a premium provided other fibre properties above their base values, e.g. fibre length
(Coulton 1991):

Commencing at picking maturity (> 95% bolls open arf was hand picked from the centre row
following rainfall and when possible prior to raatif dried at 46C in a fan forced oven for 24
hours then stored in an air conditioned labora&drgonstant temperature and humidity. Four weeks
after the last sample was picked samples were wdigginned and sent for quality testing. The
samples were classed for colour grade by Namoo@pWee Waa, NSW, and fibre length, strength
and micronaire measured with High Volume Instruragoh (HVI) at CSIRO Plant Industry,
Narrabri, NSW. To remove any confounding effect dodint being knocked off plants due to
storm wind, an analysis of variance of seed cotteights was made and fibre quality after the date

when seed cotton was significantly lower (p<0.08swot used in the quality analysis.
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In order to test for relationships between colotadg and exposure to weather after maturity, a
modification of the standard colour grading systeas used to simplify statistical analysis. Where
the colour grade was given a numerical value i2=331 and trash was not included as plants were
hand picked (Table 7.2).

Table 7.2: Colour grades the simplified code used in regoessinalysis and their relative price
(adapted from Edminston 1997).
Colour Grade Simplified Price

grade (white) relative* to

Middling
1. Good Middling 11 101
2. Strict Middling 21 101
3. Middling 31 100
4. Strict Low Middling 41 91
5. Low Middling 51 87
6. Strict Good Ordinary 61 75
7. Good Ordinary 71 70

*based on prices October 2010, R. Jones, Queen€latidn Ltd, Emerald, QId.

The objective for the length, strength or microeaata was to measure the minimum pre-picking
exposure time before these fibre properties wepaifsgtantly degraded. Therefore for each pick, the
days since pick maturity was recorded and the toree significant change identified by an analysis

of variance.

7.5.2.Results

7.5.2.1. Fibre colour grade

Simplified colour grade was linearly correlated @) with cumulative rainfall up to 58mm (Fig.
7.3), when the colour grade reached about 61 awt&pod Ordinary (Table 7.2), after which there

was little change in grade up to an exposure ofr@itbof precipitation.
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Fig. 7.3: The relationship between pre-picking weatheringsoeed as modified lint colour grade
and cumulative rainfall. Regression fitted for audts L23 and S50 combined up to 58 mm of
cumulative rainfall (p<0.01).

7.5.2.2. Pre-picking degradation of fibre

Fibre strength was significantly (p<0.05) reduced fire-picking exposure weather for both
cultivars in the majority of sowing dates (Tabl8)7 The number of days of pre-picking exposure to
weather required to significantly reduce fibre sgth varied with sowing date and season the
shortest exposure 19 days when L23 was sown inl 2061 and the longest 47 days for S50 when
sown in March 1996 (Table 7.3).

Fibre length and micronaire were not changed bysue to weather. The only exceptions were a
significant reduction in the fibre length of L23 alhsown May 1995 and an increase in micronaire

of S50 when sown in April 2001 (data presented ppéndix 3).
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Table 7.3: Maximum duration of exposure of fibre to pre-przk weather and the exposure time
required to significantly (p<0.05) reduce fibreestgth, ns = not significant.

Duration of exposure Pre-picking exposure

Sngaae Eest | ONEREMO tbistio e
L23/S50 (days) (days)
L23 S50 L23 S50
March 1995 Sept-23 45 45 45 45
April 1995 Oct-2/1 47 47 35 35
May 1995 Oct-15 36 36 24 ns
June 1995 Nov-11 19 19 ns ns
March 1996 Sept-22 a7 47 33 a7
April 1996 Oct-1 38 38 38 38
May 1996 Oct-18 21 21 ns n
April 2001  Sept-30/25 37 37 19 37
May 2001 Oct-31/26 27 27 20 ns
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7.6.  Model application studies of sowing date optis

7.6.1.Materials and methods

All simulations were carried out with historical atBer records from the Frank Wise Institute at
Kununurra, WA (Lat. 189’S, Long. 1283'E) in the ORIA for the years 1957 to 2009. These
years were used because the measurement of radi@operature and evaporation commenced in
1957.

7.6.1.1. The likely sowing dates and number of sowlays as effected by the Bt sowing window

and tillage method

Two comparisons were made: 1) Using minimum tillpgemanent beds (MTPB) the impact of the
Bt sowing window on the likely sowing date and tienber of sowing days was measured; 2)
MTPB was compared with conventional tillage (CTHaheir likely sowing date and number of
sowing days calculated assuming the Bt sowing winde applied. The tillage systems are

described below.

For these comparisons sowing can commence on Mapvided the soil has dried sufficiently.
The Bt sowing window requires that sowing ends aysdafter the first field is sown. Using a
sowing rule for each tillage system the first ddyew sowing was possible was calculated for each
season as was the number of sowing days withiBtivandow. For the MTPB system the number
of sowing days was also calculated assuming thex® mo Bt window. A combination of this
research, experience from other research that cmupgllage systems (Yeates et. al 2006),
commercial paddocks used for concurrent IPM resebetween 2003 and 2007 (A. Annells and J.
Moulden, AGWA, Kununurra, WA, unpublished data) dadner experience (Spike Desert, Desert
Seeds, Kununurra, WA, personal communication) weyed to develop sowing rules for each

tillage system.

For minimum tillage with permanent beds (MTPB) thenulative net evaporation (evaporation —
rainfall) must be greater than 65mm with no dadilsf > 10mm (i.e. 9 to 14 days) for sowing to
commence. The accumulation of net evaporation camegewhen there are 2 consecutive days of
< 1mm rainfall and subsequent daily fatlslOmm are subtracted from the cumulative total. Whe
daily falls are >10mm but < 50mm the Ritchie (19T®p stage soil drying model is used to

calculate soil evaporation, which is accumulatet! ut%% of the rainfall volume has evaporated
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with the other 25% assumed to have runoff from teskto evaporate as free water in the furrows
or tail drains. When daily precipitation or multjdéotals exceed 50mm then the cumulative net

evaporation is re set to zero with sowing commamerhen cumulative net evaporation is > 65mm.

The calculation of cumulative net evaporation comees prior to March 1 and must be greater
than 65mm for sowing to commence on this dates H3sumed that if it is dry (< 50mm) in mid
February pre irrigation will occur at this time sowing can commence on March 1. Cumulative net
evaporation is calculated from the time of pregation and rainfall between pre-irrigation and

sowing is accounted for as described above.

For conventional tillage (CT), cultivation and bé&kming commences when cumulative net
evaporation > 65mm and is assumed these operatitingke two days. Because cultivation and
bed preparation dries the soil, rainfall or irrigatis required before sowing can occur. If therei
30mm of rainfall on the third day the field is pregated. The MTPB sowing rules are then applied
to calculate the sowing date.

7.6.1.2. Simulation of the effect of sowing dateyield, fibre length and time-to-maturity

The modified OZCOT model was run for cotton grownaboCununurra clay soil characterised for
cotton (see Appendix 2 for the available volumetvater and bulk density for each profile layer).
Yield, time of first flower, fibre length and timte-maturity (£' picking date) was simulated for the
sowing dates identified for each season using thi@BIsowing rule commencing on March 1 with
and with out the Bt resistance window. The modelutates maturity as the time when defoliation
commences (i.e. 60% of bolls are open), picking oanammence until the leaves are removed and
all bolls are open. Because climatic conditiongctfthe time between defoliation and picking the
model does not predict the time of picking maturity calculate picking maturity the average time
from defoliation to picking measured in the expemts conducted in Chapter 3 was added to the
simulated time-to-defoliation. The average timenfraefoliation to picking was dependent on
month of defoliation being 14, 10 and 8 days pfarSeptember, early October, and late October

or later defoliation dates respectively.

The crop management used for the simulations teffethat used in Chapter 3. The variety L23
was grown as it produced the same yield as S50pt€h8&) but had more acceptable fibre length

and strength (Chapter 5). Row spacing was 0.9 m 8plants per m of row. The crop was furrow
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irrigated with irrigation commencing 21 days afswing then scheduled when 90mm plant
available water was extracted from the soil und#of bolls were open. Soil NGt sowing was
set at 115 kg/ha and fertiliser N was applied ag&®0l/ha at sowing and 150 kg N /ha one month

after sowing.

7.6.1.3. The risk of pre-picking weathering

Using a relationship developed from the data ctéléin Section 3, colour grade was predicted for
two week periods of exposure commencing on Septertiband terminating on November 1.6
The rational for using a two week of pre-pickingpegure to weather was based on 300 ha of cotton
being an economic area with 20 ha picked per daguiring 15 days to pick assuming there are no
delays due to weather or breakdowns. To evaluat@npact of an extended picking period e.g. due
to insufficient picking capacity, breakdowns or welds, colour grade was also predicted for
monthly periods of exposure to pre-picking weatt@nmencing on October 1. Fibre colour grade
was predicted in two steps: 1) The grade at the stgicking was calculated from the simulated
date of 60% open bolls and a weighted average graldelated for each daily cohort of bolls that
opened until the date picking would commence; 2§ Tinal average grade at the end of each
picking period, where the colour grade was recated for each day of picking and a weighted

average grade used to calculate the bale priceuhs$c

7.6.1.4.Grossmargin analysis

To quantify the economic impact of sowing date grasargins were calculated by combining
simulated yields and fibre quality. Due to a releatvater supply cotton produced in the Ord River
can usually be forward sold at higher prices tham daily trade price. Hence based on cotton
futures prices for the past 15 years (R. Jonesegmgland Cotton Ltd, Emerald, Qld, Pers. Com.)
and 66% of the yield being forward sold an averagje price of $480 was used in this analysis.
Variable costs were $2300 /ha and a per bale dds3® (transport to gin and research levy). The
returns from seed sales were assumed to equalngirotists. Discounting of the bale price for
colour grade and fibre length was calculated from relative values shown in Table 7.2 and Fig.
7.7. For each year of sowing the simulated linldyigas used to calculate the total income from lint
sales at each sowing date. Similarly the simul&ited length and fibre colour values were used to

calculate any price discount for each season anwthgalate.
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7.6.2.Results

7.6.2.1.The impact of the Bt sowing window on the likeliltbof sowing at different dates

Figure 7.4 shows the impact of the 35 day Bt rasist management sowing window (Bt window)
on the proportion of seasons when sowing was plessging MTPB to establish the crop. Where
sowing was attempted within the Bt window the pmpo of seasons when sowing was possible
peaked between March 19 and April 11. Sowing bekbaech 19 was often prevented by wet soil,
while for each week after April 11 the opportursti® sow declined because there was a greater
likelihood the Bt window had passed. Without thentdow sowing was possible after April 11 in

at least 89% of seasons and 100% of season afteBMay

100 100 100

100 4 O With Bt window
90 & Without Bt w indow
80 |
70 4 6666

Proportion of Seasons Sown (%)

Marchl March6é March13 March® March April4to Aprill2to Aprii9to April27 May4to Mayllto May18-
to 5 to 22 to 18 to 26 27-April3 n B 26 to May 3 10 8 30

Sowing Date

Fig. 7.4: The percentage of seasons (1957 to 2009) whemsasture permitted at least 1 sowing
day at different dates with and without the Bt semice management window. It was assumed that
the crop was established using minimum tillage pernanent beds.

7.6.2.2. The effect of tillage system on sowingapmities

CT delayed sowing by approximately two weeks comgawith the MTPB system (Fig. 7.5A).
Importantly, using the MTPB system in 50% of seasdhplanting days could be expected in late
March and 9 planting days between April 1 and 1§ {#5B). Between March 15 and April 30 the
MTPB system would permit sowing on all availablarglng days for each two weeks in at least
10% of seasons, while sowing would not be possiblais time in 10 to 30% of seasons using this

system. If the CT system was adopted, the majofityowing opportunities would occur in April.
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The number of planting days available to the MTRBtam after April 15 was reduced by the Bt

window.
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Fig. 7.5: Comparison of minimum tillage + permanent beds B8] and conventional tillage (CT)
for different fortnights commencing at March 1 owle 53 years 1957 to 2009 for: A) the
proportion of seasons when sowing was possibleh®&median number of sowing days within the
Bt window. Bars = 10 to 90% of seasons. The Bt wimdvas enforced for both tillage systems.
The median starting date for the Bt window was Méak8 for MTPB and April 2 for CT.

7.6.2.3. The effect of sowing date on the simulgiettl, start date of picking and fibre length

Fig. 7.6 shows effect of sowing from early Marchdte May on simulated lint yield for the period
1957 to 2009. Consistent with the field experimanthapter 3, the highest yields were from
sowing between March 18 and April 26. This sowiregigd also had the least variable yields.
Yields declined for each week after an April 26 saywate, with a 23% reduction in median yield

114



when sown after May 10. Moreover there was a 408tucton in average yield when sown
between March 1 and 6.

O Awerage Yield
+ Median Yield

it

Lint yield (b/ha)
(e}
|
|

f f f f f f f f f f f |
March1to March6 March13 March19 March27- April4to Aprill22to Aprill9to April27to May4to Mayllto MayI18-
5 to 2 to 18 to 26 April 3 ik B 26 May3 0 B 30

Sowing date

Fig. 7.6: The simulated average and median lint yield (Badsfor weekly sowing periods for
seasons when the MTPB sowing rule was met: Ernostaws yield for 10 to 90% of seasons. One
bale = 227 kg of lint.

There were only small changes in the simulatedyfielids and their variability by the inclusion of
the Bt window (Appendix 4). The only exception weswving between May 18 and 30 due to
sowing only being possible in one season betwedsy Ehd 2009 when the BT window was
applied (Fig. 7.3). It is likely over a greater noen of seasons than was available in this analysis
there would be more sowing opportunities betweery & and 30 and the yield response would

reflect that shown in Fig. 7.6.

Simulation of fibre length showed it was moderatbglow the preference length, incurring
discounts of 2 or 8% in at most 31% and 11% of aemsespectively (Fig. 7.7). Fibre length was
most likely to be below preference when sowing ommibetween March 19 and April 26 with the
greater reduction in fibre length at April 4 to 48wving dates.
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Fig 7.7: The percentage of seasons when the simulated l@gth would have been below
preference due to temperature extremes during &tmegation for sowing dates from March 1 to
May 30.

Fig. 7.8 shows the effect of sowing date on theutated date when picking would commence. The
median picking dates were in agreement with theNarch, late-April and mid-May sowing dates

used in Chapter 3. To commencing picking by eardyoBer in 50% of seasons sowing would have
to occur by April 3. To commence picking by mid Gm¢r sowing would have to be completed by
April 26. Picking could not start before late Oatolin 50% of seasons when sowing occurred in

May.

7.6.2.4. The risk of pick date and promptness ergicking weathering of mature lint

Figure 7.9 shows the prospect for pre-picking adlrdowngrading fibre colour is low provided the
crop is picked by the 150f October. Exposure of mature fibre to rain ie fhst two weeks of

October will incur a price discount in 23% of seasavhile for the first two weeks of November in
only 51% of seasons will a discount be avoided.(Fi§A). The importance of prompt picking is
shown in Fig. 7.9B where a delay of one month afterid October maturity date is likely to incur a

discolouration in 66% of seasons with 36% of thé lbeing severely down graded.
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Fig. 7.8: The effect of sowing date on the median date Ifier gtart of picking. The time from
sowing to picking was simulated by OZCOT. Bars shbivto 90% of seasons. Vertical lines
indicate f' October, 1% October and L November.
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Fig. 7.9: The impact of prompt picking on the simulated patage of seasons (1957 to 2009) when
fibre of different colour grade is produced. Whéjeis a two week and B) a month delay after the
first picking date.
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7.6.2.5. Effect of sowing date on gross margin

When picking was prompt (Fig. 7.10A) gross margasviighest and least variable when sowing
occurred between March 19 and April 3. After Adrll median gross margin was 85% of a March
19 sowing due mainly to fibre length discounts. $sranargin declined rapidly when sowing

occurred after April 26 due to lower yield and weatng. Sowing in May reduced median gross
margin to 35 to 58% of sowing in March 19 to 26efidhwas a large penalty for delaying picking

when sowing occurred after April 3 (Fig. 7.10B).

A 2750

2500 - 2378
2287 2257,

i 1 2194 2155
2250 1 2030 202
2000 +

1750 -
1500 - 1391
T
% 1250 - 1137
< 1000 1
750 +
500 +
250 4
0

178

838

Gross Marg

T T T T T T T T T T T 1
Marghfito Mafch6 March3 March1® March27- April4to April2to Apriil9to April27to May4to Mayllto May18-
250 4 [ F td 2 to 18 to 26 April 3 1 B 26 May3 0 B 30

-500 -

-750 - 708 Sowing date
-1000 +
-1250 +
-1500 -

B 2750 -
2500 -

2950 | L 2104 2277 »o61

2000 | 1905

1750 1 1682] 1674

1500 | 1418

1250 1063

1000 -
750 +
500 +
250 +

0

-250 +
-500 4
-750

-1000 4

-1250 4

-1500 -

2287

77
496

Gross Margin ($/ha)

Marghfito Mafch6 March13 March1® March27- April4to April22to Aprii9to April27to May4to Mayllto May18-
b tq12 to 18 to 26 April 3 n B 26 May 3 0 B 30

-728 Sowing date

Fig. 7.10: The effect of sowing date on median gross mardicutated from simulated yields, fibre
length and colour grade. Where A) is for a 14 dekipg period and B) is for a 30 day picking
period.
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7.7.General Discussion

Management of the dry season cropping system dssirhere has novel challenges because
optimum sowing date for cotton is determined bymlination of biotic (insect pest management)
and abiotic (temperature, radiation and rainfattgra) limitations. This analysis demonstrates how
operational research based on a modelling appraach assist in extrapolating from field
experiments in a variable climate to assess riskisoptimise sowing date for lint yield and quality.

It was shown that there is a complex trade off letw sowing early to avoid pre-picking
weathering, when there is potential for water loggifibre length discounts and reduced sowing
opportunities due to rainfall, and sowing laterniriorease sowing opportunities and to avoid fibre

length discounts when the risk of pre-picking weaiting and lower yields are higher.

By integrating the results from the modelling as@ythese sowing date trade-offs could be
quantified. While lint yield was greatest when sawatween March 19 and April 26 (Fig. 7.6), for
the least risk of fibre length and colour gradecdisits (Figs 7.7, 7.8, 7.9) sowing would have to
occur between March 19 and April 3 to maximise gnosrgin (Fig. 10A). However, even with the
adoption of MTPB (with the Bt window), sowing willeed to extend beyond these dates as the
number of available sowing days to establish a cernial area (e.g. 300 ha sown at 40ha / day) is
likely to be insufficient with a median of 7 sowimtays and no opportunities in about 20% of
seasons during this optimum period (Fig 7.5). SgwmApril would provide the greatest number
of additional sowing opportunities with the leasgrdption to income, because gross margin was
more stable than sowing prior to March 19 (FigOA)Jand provided sowing occurs prior to April
27 the reduction in median gross margin would ke 25% compared with the optimum period
(Fig. 7.10A).

Operationally the importance of prompt picking aaot be overstated in this cropping system
(Table 7.3, Figs. 7.9B & 7.10B). Cotton can onlygieked at half the rate that the crop can be
sown i.e. about 20 ha/day compared with 40 ha/day Keely, contractor, Ayr Qld, pers

communication). Moreover large pickers require doyl to operate so rainfall can easily cause
delays. Leaving mature cotton exposed to weatlrea foonth is unacceptable (Figs. 7.9B&7.10B,
Table 7.3) and there will need to be sufficientkpig capacity to ensure mature cotton remains in
the field for at most a two weeks. Picking capaeiiif be most critical in seasons when a large
proportion of the cotton area is sown in late ApsilMay, not only because the risk of rainfall will

be higher but later sown crops also mature fastertd higher temperatures (Chapter 3), which will

mean synchronous maturity of the different sowiatgd (Fig. 7.8).
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Sowing prior to March 13 appears questionable basedthe modelling analysis. Sowing
opportunities were very limited (Figs 7.4 and 7aBy§l simulated yields and gross margins could be
low and highly variable (Figs. 7.6 & 7.10). Thisaa important finding as it was not possible to
sow prior to March 26 due to wet soil in the figgperiments (Chapter 3). In clay textured soils,
lint yield is reduced in proportion to the duratiohwater logging during reproductive growth with
lower N uptake the primary cause (Hodgson 1984 DZCOT model simulates water logging,
which occurs when plant available water is withit¥@of saturation (Hearn 1994). Water logging

suppressed simulated yields in some seasons whengsoccurred in early March.

There would be two advantages in delaying the sfattte sowing window until mid March. First,
there should be more sowing days per season wihighto later sowing, will occur after mid April,
when gross margins are likely to be higher and \esgble than in early March and weathering
manageable provided picking capacity is adequaeor®], it should reduce the chance of a ‘false
start’ to the Bt window, that is when a small aieaown early and rain prevents the majority of the
area being sown until much later, when the avalaawing days could be reduced due to the

termination of Bt sowing window.

This analysis used rainfall collected at one lanatso does not account for spatial variability in
rainfall within the valley. For this reason ‘falstarts’ are likely to occur more frequently than
measured in this analysis and the number of sowappprtunities after early April are likely to be
less than predicted here. Unfortunately there asefficient sites with long term meteorological
records within the Ord Valley to adequately assém®s impact spatial variability on sowing
opportunities. Instead future research shoulduataloptions for the extension of the Bt window
when ‘false starts’ occur. For example can largeas of refuge crops generate sufficient numbers
of Helicoverpa spp. to compensate for exposure of an additional geioeraf the pest to Bt
proteins created by a small proportion of the ¢odrea being sown early?

Cultivar selection offers the best long term saltito short fibore as concurrent screening has
identified potential cultivars that can produce keampreference fibre length in the dry season when
exposed to cool nights during fibre elongation (G.Bonstable and S.J., Yeates, CSIRO plant
industry, unpublished data). The simulation of dibength can be improved by incorporating the
greater range of cultivar responses to night teatpez that are known to exist (Gipson and Ray

1970). Longer fibre cultivars will improve the gsomargin for sowings made between April 4 and
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18 in the Ord valley because discounts for shbrefivere most likely with existing cultivars when

sown at this time (Fig. 7.7).

The need for unified international method of prédig the time of reproductive development for
cotton was identified in Chapter 3. While the potidn of time to first flower was accurately
predicted in this location, the lack of unified tmed of prediction will inhibit the extrapolation of
the OZCOT model to a wider climatic range.

Prediction of the time to maturity was the leastumate of all the model parameters validated (Fig.
7.2). This will require a significant research effto improve as time-to-maturity is a growth and

development process being determined by the ratdruif setting and the effectiveness of

photosynthesis in meeting fruit demand for assimil@learn and Constable 1984; Hearn 1994).
Because predictions of time-to-maturity when avedaipr all data were near observed (Fig. 7.2), it
is likely that where simulations are run for a Engumber of seasons (Fig. 7.8) the model will
predict the average time to maturity accurately

The simple relationship developed here between tative rainfall and fibre colour grade (Fig,
7.3) is location specific and would require furtigesvelopment to be applied in climatic conditions
that differ from those observed here. At matuntythe Ord River, day and night temperatures are
high and rainfall events are most frequent in #te lafternoon and early evening (Tupper et al.
1996). This means following precipitation, openl®oemain wet overnight, which combined with
warm temperatures is favourable for the growthhef tmicrobes that cause discolouration of lint
(Allen et al. 1995). It is likely that this funchocan be applied to much of the Australian SAT
because climatic conditions late in the dry seasersimilar to those observed here (Williams et al.
1985). However in temperate growing areas, whezdithe of day of rainfall events is variable and
temperatures are usually much cooler this will n@tthe case. Extrapolation of fibre colour grade
simulation to other environments will require siaion of the factors correlated with fungal /
bacterial growth. That is temperature, humidity &malduration wetness of the host media (Allen et
al. 1995).

Expansion of this type of analysis throughout thesthalian SAT is a future research need as it
would assist in identification of new cotton grogiregions, provide focus for sustainable natural
resource management, the location and provisiomfadstructure. It would also assist farming

investment decisions and tactical and strategiasaec making for new growers. However,
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diversity of climate and different irrigation dediry systems will require additional model

validation.

7.8. Conclusions

This study demonstrated the value in applying allpalidated and enhanced simulation model to
extrapolate temporally beyond field experimentsadaress complex crop management questions
that were limiting the adoption of a new crop ineaw growing region. This analysis showed for a
potential cotton sowing window from March 1 to M2a9, there was only a 14 day period (late
March) when simulated yield and quality could maisenthe gross margin. Poor trafficability
combined with the Bt resistance management sowingaw, reduced the number of sowing days,
hence it was likely sowing would extend beyond ¢péimum dates. Sowing in April was most
likely to increase the number of sowing days witl least impact on gross margin. Delaying the
start of the sowing window from March 1 until midakéh to reduce yield variability and increase

the number of sowing days when yield and fibre iqpalould be near optimal was recommended.
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CHAPTER 8: General Conclusions and Future Research

This thesis is the author’s contribution to a ndiditiplinary study that evaluated the potential for
reintroduction of cotton to the Ord River IrrigaticArea and more widely within the semi-arid
tropics using a novel dry season production systissigned to avoid the pest management

problems of the previous cotton industry.

8.1. Conclusions

The stated objectives of this thesis have largegnbmet. Firstly at the Ord River the effect of the
dry season photothermal pattern, which is the sgvef temperate or tropical wet season growing
regions, on cotton development, growth, biomasstjmaing, RUE, fruit retention, lint yield and
guality was measured and options for crop manageidentified. Secondly, following validation
and enhancement of the OZCOT cotton simulation maxgplication studies demonstrated the
impact of sowing date, seasonal variability andetynfarming operations on potential economic

return.

For growing seasons with near long term averag@éeatures and radiation, lint yields were at the
high end of Australian and international benchmdok<s. hirsutum andG. barbadense when sown

in March and April. Importantly the field experinterdescribed in Chapters 3 and 4 were able to
explain how these yields were achieved despit@hiotothemal constraints identified in Chapters 1
and 2. At maturity, heat unit accumulation, the -ddgom sowing to maturity, total biomass,
partitioning of this biomass and the positive clatien between yield and days-to-maturity were
similar to crops grown in temperate latitudes. Hegve dry season cotton had a different within-

season pattern of fruit retention, biomass accunaumaand biomass partitioning.

The lower temperature and radiation during flowgrand early boll growth for the March and
April sowings combined to reduce the crop growtte rduring this phase compared with cotton
grown at temperate latitudes. However, assimsatgly was adequate because boll demand was
also lower at this time due to early flowers havahgwer development, lower retention and smaller
bolls. Increasing late season temperature and tiawaligpermitted yield compensation via an
extended flowering period and a greater contributm yield from later pollinated flowers on the

top and outside of the plant.
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The lower yields for the May and June sowings coallsb be explained by the photothemal
conditions. For these sowings temperatures werallyscoolest from sowing to flowering which
was found to lower RUE. During flowering temperasirwere warmer favouring higher early
flower retention than the March and April sowinggnce there was a greater boll demand for
assimilates and earlier termination of floweringfted flowering supra optimal temperatures
induced boll shedding and reduced boll size. Theaaith of these factors was a lower final biomass
and or a reduced partitioning to bolls than the ®aor April sowing dates.

Chapter 6 confirmed reduced contribution to yietehf early first position flowers observed in the
field experiments was due to low minimum tempesdurear anthesis and not biotic causes such as
pests. Importantly in this experiment plants weqeosed to colder ambient minimum temperatures
than observed in the field experiments. That isnearage of 2 below the long term mean for the
flowering period, demonstrating that full yield ce®ry from low minimums is possible provided
they are episodic. The yield recovery from cool imumm temperatures was similar to where
damage to fruit was biotic with compensation odagrras bolls on later flowering fruiting sites
when temperatures warmed. Flowers were damagedvbyambient minimum temperatures near
anthesis which led to shedding or reduced boll dire to lower seed number; inhibition of pollen
germination and tube growth was implicated in tl@sponse. However, photosynthetic capacity
was not permanently reduced by the cold minimunptmatures observed here.

Over the crop life cycle radiation was convertedimmass with similar efficacy (RUE) to cotton
(Gossypium hirsutum) grown at temperate latitudes. The RUE measuredtie Gossypium
barbadense cultivar was the first reported for this speci€be linear decline of RUE with average
temperature up to first flower has not been reglopeeviously in cotton and explains some of
variation in RUE measured here (Chapter 4) anduileee. The development of this relationship
was possible because the temperature range obskEmvdéigese sowing months was greater than
could be generated reliably over the first squarir$t flower phase in temperate latitudes orhe t
tropical wet season (Chapter 3). Temperature nmai lfegetative biomass accumulation in May

and June sowings and in cooler than average sefmavisrch and April sowings.

Fibre length and strength at the highest yieldingrét and April sowings were low to marginal
compared with market preference values (ChapterB)jis was due to cool temperatures during
fibre development. The cultivar differences obsdrixere suggest wider screening may identify

Gossypium hirsutum cultivars with suitable fibre length and strengththese conditions. The
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commercial prospects f@ossypium barbadense are doubtful unless longer and stronger fibre $ype

are identified.

Predicting crop development and maturity was @itiio assessing the likelihood cotton can be
successfully grown within the confines of the dgason. A robust function was developed to
predict boll period from a wide temperature ran@hgpter 3), however further research was
required to develop more widely applicable methidgredict reproductive development and time-
to-maturity. Internationally, there is no consistgnin the threshold temperatures used, with
minimum thresholds being locally derived and ragdgimm 12°C to 15.5°C. Moreover, there has
been no attempt to incorporate the impact of s(p@6°C) and sub optimal (< 2C) temperatures
observed in this study and elsewhere on the nodiesofruiting branch. Prediction of the time-to-
maturity was the least accurate of all the modedipeters validated in Chapter 7. This was because
time-to-maturity is a growth and development predesing determined by the rate of fruit setting,
the boll period of each surviving cohort of floweend the effectiveness of photosynthesis in

meeting fruit demand for assimilates.

Growth regulator treatment is more likely to be uiegd early in growth. High early season
temperatures were reflected in plant height ainddes of the upland cultivars that was double that
reported for spring sown cotton in temperate regidtank growth at maturity was most likely for a

March sowing due to longer periods of high tempees during vegetative growth.

The assessment of climate variability conducte@hapter 7 demonstrated the value in applying a
locally validated and enhanced simulation model exirapolate temporally beyond field
experiments to measure yield and quality varigbidihd to address complex crop management

guestions that were limiting the adoption of drgsen cotton into a new growing region.

Enhancements to the OZCOT cotton simulation modgkewnade using the data collected from the
field experiments conducted in this study. Gin twihand fibre length were predicted from

temperature and the relative contribution of daitll cohorts as described in Chapter 5. Boll
period was predicted from temperature (Chapten8)fdore colour grade from accumulated rainfall

(Chapter 7). Maximum boll weight was cultivar sgiecand was different to temperate Australia so
local values were used (Chapter 7). Insufficiemgpamming time prevented the inclusion of the
function to predict flower survival from minimumnigerature (Chapter 6). The model accurately
simulated lint yield and the average time-to-mayurhowever, for the latter there was high

variability between the crops that were simulated.
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The modelling analysis (Chapter 7) showed for @bl cotton sowing window at the ORIA from
March 1 to May 25, there was only a 14 day permmnmencing March 19) when simulated yield
and quality could maximise the gross margin ($285%2378 /ha). Poor trafficability combined
with the 35 day Bt resistance management sowinglovinreduced the number of sowing days,
hence it was likely sowing would need to extenddmelythe optimum dates. Sowing in April was
most likely to increase the number of sowing daith ¥he least impact on gross margin that was 9
to 15% lower due to below preference fibre qualifhis trade-off was considered acceptable
provided picking was prompt because the lower grasggins still exceeded a median of $2000 /
ha, which was acceptable for profitable productimsmg benchmarks from temperate Australia.
Delaying the start of the sowing window until midaMh was recommended to reduce yield
variability and increase the number of sowing deyeen yield would be maximised and fibre
quality was near optimal. The importance of minimiillage to improve sowing opportunities and

prompt picking to minimise fibre discolouration diseweathering was demonstrated.

8.2. Recommendations for crop management and futunesearch

8.2.1.Crop management

Likely changes to crop management can be identffieoh this research which was located at the
Ord River and Katherine (Map 1.1) these change$dcbe expected to be broadly applicable to
other regions in the SAT with a similar climate gpekt life cycles (Strickland et al. 2003) e.g.
Bains River, Roper River and Anna Plains. Howedwercooler and or wetter regions in the south
east (e.g. Burdekin, Collinsville) further reseaisihequired.

8.2.1.1.Tactical management

Compared with cotton grown in temperate latitudébapters, 3, 4 and 6 found growing high
yielding cotton in the tropical dry season requis extended flowering period, a greater
contribution to yield from later pollinated floweasid 60 to 80% of boll growth occurring after the
termination of vegetative growth. Hence within seasrop monitoring and management will

require adaption to account for these changesawit:

1. The emphasis in crop monitoring will need to skiftm measuring and ensuring high P1
boll retention and then protecting these bolls bheeeaof their high contribution to yield in
temperate climates, to monitoring all fruiting gasis to ensure the production of new
fruiting sites is sufficient to permit yield comation when needed.
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2. Achieving a balance between yield compensation faiging sites toward the top and
outside of the plant and appropriate vegetativavtgrowill require careful management.
Over use of growth regulators or insufficient igign or nutrient deficiency will inhibit
compensatory growth and reduce yield. On the dthed a luxurious supply of water and
or nutrients combined with an insufficient amourit growth regulator could lead to
excessive or ‘rank’ vegetative growth. Concurremavwgh regulator research has shown that
avoidance of high doses during fruiting site prdaducis essential to permit compensation
via the production of additional fruiting sites @fes et al. 2002b). Concurrent studies (S.J.
Yeates; J. Moulden, AGWA unpublished data) founsldong of plant density to assist the
growth of these fruiting sites is unlikely to be @otion because it only increased the ratio of

out side bolls to top bolls.
3. To grow a high proportion of yield after the termtilon of vegetative growth, leaf integrity
will need to be maintained long after the last effee flower has been pollinated hence pest,

disease and nutrition management must ensure fidadthes.

8.2.1.2.Strategic management

Common to growing cotton in the dry season is #ednto sow late in the wet season when rainfall
can prevent trafficability with the risk of rainfalt picking increasing as sowing becomes latee Th
analysis for the Ord River in Chapter 7 clearlywhldhat the optimum planting widow is tight on
clay soils. This will also be the case in highenfal regions with lighter textured soils, hence
minimum tillage systems will be essential to essiibthe crop on time. In addition in seasons when
a significant area is sown after the optimum widowtions for increased picking capacity should

be considered as should sowing an early maturitiyau(if available) or not sowing cotton.
8.2.2.Futureresearch
The future research identified from this studydafto two categories 1) contributions to the wider

cotton knowledge and 2) knowledge gaps in the privolu of cotton in the dry season in the SAT.

8.2.2.1.Contributions to the wider cotton knowledge

The need for unified international method of prédig the rate of development for cotton growth
stages proportion to temperature was identifieGhapter 3. This will require a larger data set than
collected here and will need to incorporate sub sungra optimal temperature effects. Similarly
Chapter 7 demonstrated the need for improvemetfitne-to-maturity prediction that in addition
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accounting for temperature incorporates the impaesssimilate supply and abiotic stresses on boll

period, fruit retention, boll size and fruitingesipproduction.

Chapters 5 and 7 found the simulation of fibre prtips and colour grade required further research.
In addition to expanding the climatic and genotygege available in this study the simulation of
the fibre properties length, strength and micromagpuires further testing of the assumptions in the
daily boll cohort method developed in Chapter 5atfTis, boll size and fibre quality per boll were
not changed by competition for assimilates and #iabolls are shed after the maximum boll
number is first reached. Extrapolation of the senfinction to predict fibre colour grade from
rainfall (Chapter 7) to other environments will vég@ simulation of the factors correlated with
fungal / bacterial growth. That is temperature, fdity and the duration wetness of the host media.
The impact of average minimum temperatures ¥18n gin turnout (Chapter 5) also requires

further research.

8.2.2.2 Knowledge gaps in the production of cotton indimg season in the SAT

Although the field experiments conducted in thigdgt were at one location, the monthly rainfall
and temperature cycle is similar throughout thet/lisn SAT with regional differences in the
total rainfall, soil texture and extremes of tengpere (Williams et al. 1985). For example
Katherine, Kununurra and Anna Plains (see Map dvkyage 975, 750 and 387mm of rainfall per
year respectively but the monthly rainfall patt&srthe same as shown for Kununurra in Fig 1.1,
with the January and February the wettest montbs@nfall declining rapidly after March to June
then increasing from October to January. The diffee between the locations being the monthly
rainfall totals. Due to lower totals at Anna Plagmving and picking operations are less likely¢o b
affected by rainfall. Whereas at Katherine the rmptn sowing widow will be earlier and smaller

than Kununurra if weathering is to be avoided asfadl is greater in October and November.

An analysis similar to that shown in Chapter 7 @gapthroughout the Australian SAT is a future
research need as it would assist in identificatibolimatic and operational risks for other potahti
cotton growing regions (Map 1.1) provide focus $oistainable natural resource management, the
evaluation of crop rotation options, the locatiom grovision of infrastructure. It would also @ssi
farming investment decisions and tactical and egjiatdecision making for new growers. However,
further model enhancement as described above isireeq before this analysis can occur.

Extrapolation to regions with a significantly difémt climate, soil or irrigation delivery systems
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than the ORIA will require additional field reselarf@gronomy, entomology), model validation and

enhancement.

Because Bt transgenic cultivars had only been tBcexleased the when this study was conducted
there was only a small number of cultivars avaéaiolr evaluation. This study identified the need
for further genotype screening for high fibre gtyalinder these conditions and to measure the

interaction between cultivar maturity and sowingeda
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Appendix 1: Average boll weights for OZCOT calibration

Average boll weights (seed cotton g / boll) meaddrem the experiments in Ch3. Where weighted
average for L23 = 5.6 g/boll and S50 = 5.1 g/boll.

Cultivar Sowing month Position on the plant
Lower Mid Upper

Siokra L23  March 6.3+0.23 54:+059 5.5:036
April 5.5+0.30 5.1+012  6.1+0.26
May 4.9+0.29 5.5+039 5.3+0.18
June 5.6:0.08 6.1+0.26 5.3+0.20

Sicot 50 March 5.8+0.13 5.2+022 4.5x021
April 5.1+0.34 4.9+022 5.3:x011
May 4.5+0.30 5.6+033 4.5:017
June 5.2 0.15 5.0+025 4.5+0.14
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Appendix 2: Soil characterisation data for Cununurra clay

Drained upper limit (DUL) and crop lower limit (Cl.lvolumetric moisture contents, bulk density
and plant available water-holding capacity (PAWQasured for dry season cotton grown on a
Cununurra clay (Yeates unpublished data). For VMé@mand standard error of 8 samples per
depth increment are presented.

Layer Bulk density  CLL DUL PAWC# | PAWC
(cm) (mm mni'tse) layer mm mm*
(mm mni'tse) (mm)

0-10* 1.25 0.203 0.425 22.2 0.22
10-25 1.38 0.146.056 0.4080.009 40.0 0.27
25-35 1.43 0.209.065 0.39%0.007 18.2 0.18
35-45 1.43 0.228.070 0.3940.006 17.1 0.17
45-60 1.43 0.233066 0.387%0.005 23.1 0.15
60-70 1.43 0.255043 0.3880.009 13.3 0.13
70-90 1.58 0.2803t021 0.3840.007 20.9 0.11
90-110 1.58 0.2831038 0.38%0.010 20.4 0.10
110-130 1.60 0.316x037 0.43%0.009 22.9 0.12

* from average of lvanhoe Plain soils by Plunkeit &uchow (2003)
# calculatedrom highest VMC and CLL.
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Appendix 3: Fibre properties after exposure to pre-pickingtivein the field

Fibre length (in), strength (g/tex), and nicronaafter pre-pick exposure to weather in field
experiments. Lsd = least significant difference 80in brackets is value where not significant or
ns. DAHM = days after pick maturity.

Sowing date  Cultivar Sample date DAHM Length Strbngt Micronaire
Mar-95 L23 25-Sep-95 2 1.10 27.0 4.20
18-Oct-95 25 1.08 27.2 4.28
25-Oct-95 32 1.10 26.3 4.03
08-Nov-95 45 1.08 24.9 4.43
Isd ns (0.031) 1.82 ns (0.40)
25-Sep-95 2 1.10 27.0 4.08
S50 18-Oct-95 25 1.09 27.1 4.00
25-Oct-95 32 1.09 26.3 4.00
08-Nov-95 45 1.08 24.9 4.05
Isd ns (0.374) 1.47 ns (0.40)
Apr-95 L23 06-Oct-95 4 1.07 29.0 4.78
25-Oct-95 21 1.07 26.7 4.83
08-Nov-95 35 1.07 26.7 4.48
20-Nov-95 47 1.05 25.1 4.65
Isd ns (0.026) 2.22 ns (0.42)
S50 06-Oct-95 4 1.07 27.3 4.48
25-Oct-95 21 1.07 26.1 4.53
08-Nov-95 35 1.08 254 4.25
20-Nov-95 47 1.07 26.9 4.15
Isd ns (0.03) ns (2.3) ns (0.39)
May-95 L23 20-Oct-95 5 1.18 31.6 3.93
08-Nov-95 24 1.16 30.5 3.98
20-Nov-95 36 1.15 30.3 4.03
Isd 0.0222 0.86 ns (0.32)
S50 20-Oct-95 5 1.13 275 4.20
08-Nov-95 24 1.09 28.4 4.05
20-Nov-95 36 1.10 29.0 3.85
Isd ns (0.04) ns (2.13) ns (0.19)
Jun-95 L23 01-Nov-95 0 1.14 29.6 4.23
08-Nov-95 7 1.12 30.5 4.20
20-Nov-95 19 1.0975 29.2 4.08
Isd ns (0.074) ns (1.73) ns (0.26)
S50 01-Nov-95 0 1.10 27.9 4.45
08-Nov-95 7 1.11 29.6 4.23
20-Nov-95 19 1.09 28.3 4.53
Isd ns (0.047) ns(3.12) ns (0.33)
Mar-96 L23 23-Sep-96 1 1.16 27.8 4.18
08-Oct-96 16 1.14 26.1 4.50
25-Oct-96 33 1.13 24.2 4.43
08-Nov-96 47 1.12 23.7 4.38
Isd ns (0.035) 1.79 ns (0.31)
S50 23-Sep-96 1 1.11 23.58 4.30
08-Oct-96 16 1.12 24.90 4.23
25-Oct-96 33 1.12 23.50 4.18
08-Nov-96 47 1.11 21.10 4.08
Isd ns (0.03) 2.0887 ns (0.51)
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Sowing date  Cultivar Sample date DAHM Length Stength Micronaire
Apr-96 L23 08-Oct-96 7 1.13 29.08 4.28
25-0ct-96 24 1.10 26.65 4.45
08-Nov-96 38 1.11 25.98 4.10
Isd ns (.044) 2.66 ns (0.47)
S50 08-Oct-96 7 1.11 26.1 4.43
25-Oct-96 24 1.09 24.5 4.50
08-Nov-96 38 1.09 22.8 4.45
Isd ns (0.037) 1.64 ns (0.27)
May-96 L23 25-Oct-96 7 1.13 304 4.10
01-Nov-96 14 1.14 30.1 3.88
08-Nov-96 21 1.15 29.0 4.10
Isd ns (0.031) ns(1.5) ns (0.33)
S50 25-Oct-96 7 1.11 26.6 4.30
01-Nov-96 14 1.13 26.4 4.35
08-Nov-96 21 1.12 25.1 4.33
Isd ns (0.029) ns(1.7) ns (0.24)
Apr-01 L23 03-Oct-01 3 1.16 31.0 3.75
09-Oct-01 9 1.17 30.9 3.88
16-Oct-01 16 1.15 29.9 3.90
19-Oct-01 19 1.15 28.8 3.70
23-Oct-01 23 1.15 294 3.93
30-Oct-01 30 1.14 29.8 3.95
02-Nov-01 33 1.15 28.9 3.73
06-Nov-01 37 1.14 29.8 3.70
Isd ns (0.035) 1.149 ns (0.32)
S50 03-Oct-01 3 1.12 29.3 3.58
09-Oct-01 9 1.12 29.0 3.58
16-Oct-01 16 1.12 28,5 3.58
19-Oct-01 19 1.12 29.1 3.58
23-Oct-01 23 1.12 28.0 3.48
30-Oct-01 30 1.12 28.4 3.35
02-Nov-01 33 1.14 28.8 3.33
06-Nov-01 37 1.11 27.3 3.80
Isd ns (0.33) 1.20 0.34
May-01 L23 02-Nov-01 2 1.13 31.9 4.35
06-Nov-01 6 1.13 30.0 4.28
13-Nov-01 13 1.13 31.7 4.15
20-Nov-01 20 1.10 29.2 4.15
27-Nov-01 27 1.13 30.4 4.68
Isd 0 ns (0.043) 1.95 ns (0.51)
S50 02-Nov-01 1.09 30.3 3.73
06-Nov-01 6 1.10 30.0 4.00
13-Nov-01 13 1.10 31.1 3.78
20-Nov-01 20 1.08 28.8 3.80
27-Nov-01 27 1.10 30.0 3.90
Isd ns (0.034) ns (1.83) ns (0.36)
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Appendix 4: The expanded Fig. 7.6 showing simulated lintdsefior weekly sowing
periods with and without the Bt sowing window

The expanded Fig. 7.6 showing the simulated aveaagemedian lint yield (bales/ha) for weekly
sowing periods for seasons when the MTPB sowing was met: A) with the Bt window (grey
bars); B) without the Bt window (white bars). Ertmar shows yield for 10 to 90% of seasons. One
bale = 227 kg of lint.
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Appendix 5: Plates showing field experiments at the ORIA

Picking the high yielding April sowing

One replicate showing from left to right Buffertbe March sowing, April sowing and May
sowing just emerged
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