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Abstract

While cotton has traditionally been the dominerop in irrigated broad-acre
farming systems of subtropical Australia, high grarices triggered a record area of
irrigated wheat production in the winter of 200&fbitunately wheat yields were
substantially lower than expected, probably dueittespread lodging (a disorder
where crops fall over). And while irrigation watgas plentiful for the 2008 season,
the typical water availability for irrigated whgatoduction in the region involves
water rather than land being the limiting factoptoduction.

Little research has been conducted on thenpatgield, water use requirement
or water productivity of irrigated spring wheattire northern grain production
region of eastern Australia, often referred tohas‘horthern grains region’. Such
information would allow growers to assess lodgiatpted yield losses, compare the
profitability of irrigated wheat against alternatierops, and determine the irrigation
strategies that maximise economic returns. Addalignthere is uncertainty within
the region over which agronomic techniques candeel to minimise the risk of
lodging without reducing grain yield.

The overarching question to be addressed bysthdy is thereforevhat are the
agronomic practices required to achieve maximunmewptoductivity in irrigated
wheat, across the northern grain production regafreastern AustraliaTwo
specific hypotheses were investigated in answehisgguestion: (1)hat lodging
constrains irrigated wheat yields in the northemaigs region, and agronomic
techniques can be used to control lodging, é)dhat when irrigation water
availability is limited, maximum whole-farm crop t@aproductivity for wheat is
achieved by partially irrigating a larger crop areather than fully irrigating a
smaller areaThese hypotheses were investigated in the coofesfiring-wheat
production systems within the northern grains regwhere water rather than
irrigable area is generally the limiting factordmp production.

The APSIM (Agricultural Production Systems 8lator) model was used to
determine the potential yield and water use requérd of irrigated spring wheat, but
first required validation against field data. Crppduction data (e.g. biomass and
grain yield) were collected from 21 wheat crop®tighout the northern grains
region in 2008 and 2009, and recorded crop conditand inputs (e.g. weather data,
sowing dates, irrigation) were used to paramet&RB8IM simulations for each
crop.

APSIM predicted biomass production satisfalgtan 2008 but substantially
over-predicted grain yield of lodged fields. Theanalifference (yield gap) between
APSIM-estimated potential yield and farmer-realigedd was 0.9 t & in non-
lodged fields, and 2.5 t ifain lodged fields. The average effect of lodgingswa
therefore estimated as a decrease in grain yieldéof ha?, the difference between
the yield gap calculated for lodged and non-lodigelds In 2009 commercial fields
generally experienced little lodging, probably do¢he use of in-crop nitrogen (N)
application to control canopy development. APSIMeyally under-predicted
biomass production and yield in these fields, satigg that the N uptake parameters
in APSIM may require adjustment. However, obseryiettls from fields of a quick-
maturing cultivar that experienced little lodgingne simulated accurately when N
was assumed to be non-limiting. Further simulatioinslly irrigated, quick
maturing wheat using 50 years of climate dataxatepresentative locations found
that the potential yield of irrigated spring wheathe northern grains region was



approximately 8 to 9 t ha and average growing season evapotranspiratienabf
crops was approximately 490 to 530 mm, dependinigcation.

The canopy management techniques of in-srapplication and reduced plant
population are widely used in rainfed wheat prontuncin temperate climates.
However they are untested on irrigated wheat irsth®ropics, and may not reduce
lodging risk in the northern grains region withguultaneously reducing yield
potential. Irrigated small plot experiments wereréiore conducted in 2009 and
2011 to examine the effect of alternative N timargl plant populations on lodging
and yield for two cultivars, under well-watered darons.

Low sowing N treatments exhibited moderateewere vegetative N stress,
having soil plus fertiliser N at sowing of lessnh0 kg ha (sometimes as low as 15
kg N hat) and the majority of fertiliser N applied in-seas@hese low sowing N
treatments had significantly less lodging and wikeehighest yielding, exhibiting
yield increases of up to 0.8 tthaompared to high sowing N treatments. Increasing
plant population above 100 plants’imcreased lodging and decreased yield in high
N treatments, but did not always increase lodgmigw N treatments. Increased
LAI, biomass and tiller count at the end of theetagjve growth phase were
correlated with increased lodging in both cultivaishough the strength of the
correlation varied with cultivar and season. Optidaegime varied slightly
between the cultivars, indicating that the optimagaof canopy management
techniques for irrigated spring wheat systems woedpliire further investigation of
genotype x management interaction. It was therefetermined that canopy
management techniques can be used to simultangoasiase yield and decrease
lodging in irrigated spring wheat in the subtropiost should be implemented
differently to the techniques used in temperat@regof Australia, where
recommended plant population and sowing N ratesigteer than those identified in
the present study.

While full irrigation of wheat in 2008 was fast to be profitable (before the
impact of lodging was apparent), irrigation wateai&bility for irrigated wheat
growing in the northern grains region is usualigited, and water rather than land is
typically the limiting factor to production. Prews studies in other regions indicate
that deficit (i.e. partial) irrigation of wheatadten considered to have greater
economic water productivity (EWP) under such cirstamces. Unfortunately, the
cost/revenue functions traditionally used to eviwsdternative irrigation strategies
are not applicable across multiple environmentd,sarch studies have not accounted
for the intrinsic value of water stored in the sithe end of the cropping season.

The APSIM model was therefore used to deteemihether growing larger areas
of deficit irrigated wheat is more profitable thiati irrigation of a smaller area in the
northern grains region, when water rather than lanie limiting factor. The
analyses accounted for the value of stored sogmatross the entire farm by
simulating rainfed crop production on unirrigatadd, and/or by assigning an
economic value to stored soil water remaining atehd of the season. Whole-farm
profitability was assessed for alternative econoamalyses where different values
(inexpensive vs. expensive) were assumed for bogaiion water and stored soill
water. Optimal irrigation strategies were thosestdered to be the most risk-
efficient, being closest to a 1:2 ‘line of indifeerce’ that identifies the two unit
increase in risk (measured as standard deviatmr®paable to farmers in return for a
unit increase in profit.

The results of the simulation study demonsttdhat irrigation strategies
involving deficit irrigation of larger areas of wditegenerally had greater levels of
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absolute profitability, and were typically morekrisfficient than smaller areas of
fully irrigated wheat. When precipitation or storsall water at sowing was
increased, the most risk-efficient strategies vileose that spread the water across a
larger area at a reduced frequency of irrigatioowelver in a low rainfall
environment when water was expensive and soil weasrgiven the same economic
value as irrigation water, fully irrigated wheataanjunction with fallow land was
found to be the most profitable and risk-efficieption. The importance of
evaluating farm-management strategies using EVEPificorporating gross margins)
instead of crop water productivity (grain yield penit of water use) was evident, as
re-ranking of farm-management strategies occureddden these alternative
methods of calculating whole-farm EWP. Accountingthe intrinsic value of stored
soil water and precipitation was fundamental toarathnding the benefit of deficit
irrigation strategies in water limited situatioas, the larger crop area sown in
conjunction with deficit irrigation strategies assed much larger absolute volumes
of soil water and precipitation. Future evaluatiofsleficit irrigation strategies
should account for such considerations.

The results of this study therefore suppaathigpothesis that lodging constrains
irrigated wheat production in the northern graiaduction region of eastern
Australia, and that agronomic techniques can bd teseontrol lodging. The study
also supports the second hypothesis that maximuotewfarm water productivity is
achieved by partially irrigating a larger area dfeat when water availability is
limited, except in low rainfall environments whemnegation water is expensive and
soil water is assigned an economic value equivadetite irrigation water.
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Chapter 1 - Introduction

1.1. Background

Wheat is one of the world’s most importanti@gtural crops, with annual global
grain production of around 600-650 million tonnBsjaram and Braun, 2008),
second only to maize in total global production whiee (the third most produced
crop) is measured on a milled production basis (I&T1.3). While Australia
produced only around 3-4% of the world’s wheat avopr the last 50 years,
Australia plays a major role in supplying wheathe global market, contributing
13% of the global wheat trade on average per annuhe same period.

Irrigation of commercial wheat in the northgnains production region of eastern
Australia (also referred to as the ‘northern graewion’ (Figure 1.1)) has
historically been relatively uncommon, as the greptofitability of irrigated cotton
means wheat is generally grown on irrigation faass beneficial rainfed rotation
crop (Hulugalle et al., 1999). However in 2008 arecareas of irrigated spring wheat
were sown in the northern grains region in respoo$egh grain prices and good
water availability. While the grain prices of 208y have been caused in part by
short term speculative futures trading on the laidkigh oil prices (Banse et al.,
2008), demand for food grain is predicted to insesaver the next 20-50 years as the
world’s population expands (FAO, 2006). Demand-ghivncreases in grain prices
are therefore likely to result in increased irreghtvheat production in the northern
grains region.

20°5
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Figure 1.1. Map of the states of Queensland (QLD)a New South Wales (NSW),
Australia, showing lines of latitude and the majortowns near field monitoring and
simulation experiment sites from this study. The sihded area represents the
approximate boundaries of the northern grain produdion region of eastern Australia.
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Maximising the rate of return per unit of gation water has for some time been
the indicator used by irrigated growers in ordemigke short term management
decisions. Various wheat studies around the waditate that maximum water
productivity (WP) for a given field can be obtaingtlen achieving near-maximum
yields (French and Schultz, 1984a; Musick et &94t North, 2007b). Additionally,
local irrigation industry analysts (John Stewarto® Daniel, pers. comm.) suggest
that irrigated wheat needs to be reliably produatedt7 t ha or greater in order to
be considered a regular profitable rotation cromorrrigation enterprise. However,
it is unclear as to whether these yield levelslmaneliably achieved in the northern
grains region as fully irrigated wheat has not begately grown. It is also uncertain
whether these vyield levels represent the maximwtdyipossible in the system, and
how much water is required by the crop to achiéesnt

In contrast, maximum WP on a whole-farm leévas generally been achieved
through the use of deficit irrigation at lower yldévels of 4-5 t hd (Zhang and
Oweis, 1999; Tavakkoli and Oweis, 2004). Defiaitgation maximises the marginal
return per unit of irrigation water instead of tharginal return per unit of land area,
by growing a crop over a larger area than coul@mtise be irrigated if the crop
water requirement was fully met. This practice rbayhighly relevant to irrigated
wheat growers in the northern grains region, andlevalso reduce lodging risk
through the reduction in yield potential of fieldgh decreased water input. While
there is little information available on the wadaailability for irrigated wheat
cropping at the end of the cotton season, croputtamgs and growers in the region
consider that the typical water availability statvsuld involve no more than a single
irrigation of approximately 1.3 ML hi(applied using furrow irrigation) being
available for wheat growing, per unit of irrigalbégm area (Hamish Bligh, Rob
Holmes, Phil Lockwood, pers. comm.).

Unfortunately, many irrigated wheat fieldslwe northern grains region in 2008
were affected by a disorder known as lodging, wipdaats fall over due to buckling
of the stem or displacement of the surface rodesysLodging occurs primarily in
fields with high potential yield, and is one of tmain limitations to maximising
yield in irrigated spring wheat production (Hoblhslk, 1998; Tripathi et al., 2005).
In 2008 lodging was the suspected cause of lovdyiiel fully irrigated crops that
had been expected to yield 7-8 tonnes$ bt ultimately yielded 3-4 tonnes ha
(Paul Castor, pers. comm.). Lodging has been manageind the world using a
combination of agronomic practices and genetidaligroved wheat cultivars. While
germplasm development is a long term solution, awed agronomic practices could
be adopted quickly in a farming system and be afenmamediate benefit in the
northern region if lodging mitigation techniques dze identified.

Little research has been conducted on thenpatgield, water use requirement
or water productivity of irrigated spring wheattire northern grains region.
Improved information would allow growers to (1) ess the size of lodging-related
yield losses and evaluate the need for (and ctesttafeness) of lodging mitigation
techniques, (2) compare the profitability of irtigd wheat against alternative crops,
and (3) determine the optimal irrigation stratedersmaximising economic return
under water limiting conditions.



1.2. Objectives

In response to these issues, the overarchiagtipn to be addressed by this study
is: what are the agronomic practices required to aceijvaximum water
productivity in irrigated wheat, across the northegrains production region of
eastern Australia?

It is intended to answer this question by stigating two specific hypotheses:

1) that ‘lodging’ constrains irrigated wheat yields the northern grains
region, and agronomic techniques can be utilisedaatrol lodging.
(2) that when irrigation water availability is limiteanaximum whole-farm
crop water productivity for wheat is achieved byt@dly irrigating a

larger crop area rather than fully irrigating a srther area.

These hypotheses are investigated in the xbotepring-wheat irrigated
production systems of the northern grains regidmere water rather than land is
generally the limiting factor to crop production.this context the northern grains
region refers to the major irrigated cropping anea@ueensland and northern New
South Wales (NSW), with the towns of Emerald and@adah representing the
northern and southern extremities of field monrtgrand simulation experiments
(Figure 1.1).

Preliminary research led to the following specesearch objectives being
developed in order to test the hypotheses:

1. Evaluate and calibrate the APSIM (Agriculturabduction Systems Simulator)
farming systems model (Keating et al., 20f@Bg¢nsure its accuracy in
predicting wheat yield potential and water use.

2. Determine the potential yield and lodging redayesld gaps associated with
irrigated wheat production systems.

3. Assess the ability of agronomic techniques tatrod lodging.

4. Determine the whole-farm crop water productiatyull and partial irrigation
strategies for the typical water limited situation.

1.3. Structure of dissertation

Chapter two of this thesis presents the pemtifiterature surveyed in establishing
the scope of this study. An evaluation of the suility of the APSIM model for
simulating irrigated wheat production is discusse@hapter three, which also
assesses potential yield and lodging related gefts for commercial production
fields during the 2008 season. A field investigatiato the ability of agronomic
techniques to reduce lodging in locally adaptedatigermplasm is reported in
Chapter four. Chapter five contains the resulta®SIM simulation experiments that
examine the optimal irrigation scheduling methaatsniaximising whole-farm crop
water productivity of irrigated wheat when irrigatiwater availability is limited.
Chapter six contains a general discussion of theltseand provides conclusions and
recommendations for future research needs to stppgated wheat growing in the
subtropics, both in Australia and world-wide.



Chapter 2 - Literature review

2.1. Water productivity and ceiling yield termino  logy

Terminology in the areas of water productiyMyP) and ceiling yield varies
between research studies, therefore it is necessdyefly review such terminology
before conducting a wider literature review. Thérdeon for water productivity
used herein is that suggested by Barker et al.320ho defined it as “the ratio of
crop output to water either diverted or consumied ratio being expressed in either
physical or monetary terms, or some combinatiotheftwo”. Additionally, the term
‘ceiling yield’ is used herein to collectively dedxe all descriptors of maximum
yield, whether predicted or measured, in resounsigdd or non-limited conditions.

2.1.1. Water productivity indices

Water use efficiency (WUE) was originally dedd as crop yield, per unit of
water used to produce the yield (Viets, 1962). Howét has since been defined in
various ways due to the different spatial and ter@pgcales over which different
research disciplines operate. Sinclair et al. (J@®nted out that WUE indices
should be defined and discussed with referendegio humerator (measures of
productivity), denominator (measures of water uae{l the time scale of the
measurements, although it may also be appropoadestuss the spatial scale at
which measurements are taken (e.g. farm vs. frdtes.

For the purposes of the present study, measidingater use efficiency
productivity are grouped according to the reasay tire used; (1) crop production
indices, (2) irrigation efficiency indices, or (8ystem evaluation indices. The term
index (or indices) is considered more appropriaéatthe word ‘efficiency’ when the
unit of numerator and denominator are not the S@R&\, 1999).

Crop production indices have generally beeadue compare different crop
management strategies, by examining the crop yesdonse to the water consumed
by the crop (e.g. French and Schultz, 1984a; Musicl., 1994; Lobell and Ortiz-
Monasterio, 2006). They typically use crop biomasain yield or the value of the
grain as the numerator, while the denominator ténd® either transpiration (water
transpired by the crop) or evapotranspiration ¢ilne of water transpired and water
lost through evaporation) (Sinclair et al., 198#&)e terms ‘transpiration efficiency’
(TE) or crop water use efficiency (CWUE) have ttaxtially been used to
discriminate between these indices (Angus and vamvbiarden, 2001). More
recently, the term ‘crop water productivity’ (CWRas begun to be used as a
substitute term for CWUE (e.g. Zwart and Bastiaans2004).

Irrigation efficiency is a term used to debervolumetric comparisons between
the water that leaves one component of the iregasupply system, and the water
that arrives at the next part of the system. Tesuth as application efficiency,
storage efficiency and distribution efficiency hdeen defined by the Australian
irrigation industry to describe individual compoienf the irrigation storage and
distribution system, so as to isolate where thatgst losses of irrigation water occur
(BPA, 1999; Dalton et al., 2001). They are completagy to crop production
indices, as they examine only the irrigation dmition component of the production
system.



System efficiency indices are defined herthase that examine crop production
indices and irrigation efficiencies simultaneouslg,that interaction between the
crop and irrigation supply system can be examiiéd.term ‘water productivity’ is
sometimes used in irrigated crop studies as amysticiency index where it
measures the crop response (or economic returmigation water inputs, and
generally encompasses water lost to the systehegidint of delivery as deep
drainage or evaporation (e.g. Tolk and Howell, 2008

2.1.2. Ceiling vield terminology

Many different terms have been used to desadiling yield in different
contexts, and the predominant terms are definddllasvs.

The term ‘yield potential’ was defined by Egg1993) a$the yield of a cultivar
when grown in environments to which it is adapteith nutrients and water non-
limiting and with pests, diseases, weeds, lodgng, other stresses effectively
controlled”. Practically, this describes an observed yield pérticular cultivar
under optimal management, but still leaves thevarlsubject to certain prevailing
climatic conditions which can fluctuate from yearyear (e.g. radiation and
temperature).

‘Potential yield’ and ‘yield potential’ havemmetimes been used interchangeably
in the literature (Sinclair, 1993; Fischer and Eddes, 2010). However Evans and
Fischer (1999) suggested that ‘potential yield'idddoe defined a&he maximum
yield that could be reached by a crop in given emnents, as determined, for
example, by simulation models with plausible pHggical and agronomic
assumptions.”

Thus, according to Evans and Fischer (199@)dypotential’ refers to a measured
yield, while ‘potential yield’ refers to a predictgield generated using known
physiological relationships. However this definitidoes not specify whether the
potential yield can be determined with any envirental resources (e.g. water) as
limiting factors. Various authors have addresseésiuhcertainty by explicitly stating
their assumptions, sometimes to the extent of adaiprefix e.g. “water-limited
potential-yield” (Wolf and van Diepen, 1995; Wuagt 2006; Hochman et al., 2009;
van lttersum et al., 2013). Other recent studigsguhe term ‘potential yield’ have
used it in the same way without a prefix (e.g. Amgad van Herwaarden, 2001;
Robertson and Kirkegaard, 2005; Lisson et al., 2@@d the term was used in a
similar way in at least one study (French and Szhii984a) that pre-dates the
definition of Evans and Fischer (1999). Additiogabbther studies have used the
terms ‘attainable’ and ‘achievable’ to define vatgof yield potential or potential
yield (e.g. Robinson, 1995; Robertson et al., 260t;hman et al., 2009).

For the purposes of the present study, thiaitleh of Fischer and Edmeades
(2010) is adopted. They made no distinction betwesantial yield or yield
potential, defining them aghe yield of an adapted cultivar when grown wita th
best management and without natural hazards sud¢ta@sfrost, or lodging, and
without water, nutrient, or biotic stress limitatie (water stress being eliminated by
full irrigation or ample rainfall)” They also stated that potential yield (PY9 “
usually determined from carefully managed fieldezkpents with the best cultivars,
which in turn can be used to calibrate crop simlatmodels for PY prediction
across time, space, and management options



2.1.3. Summary

This study aims to investigate ways of inciegsvater productivity by
determining (a) whether crop water productivityrofjated wheat can be improved
by using alternative agronomic management techsitpueeduce the incidence of
wheat lodging, and (b) whether system water proditizis greatest when wheat is
deficit irrigated over a wider area. In order t@exne the importance of reducing the
incidence of lodging, it is also necessary to dstalthe water-limited potential yield
of commercial fields from 2008 so that the yieldd@ssociated with lodging can be
determined.

2.2. Ceiling yield of irrigated wheat

2.2.1. Ceiling yield of wheat in the northern grains region.

Prior to 2008, fully irrigated wheat was rgrgkown in the large irrigation
districts of the northern grains region. In thesigation districts, wheat has typically
been grown as a rainfed rotation crop for breakiitpon disease cycles, hence little
research has been conducted to specifically assésgy yield of irrigated wheat in
the northern grains region.

Strong (1982, 1986) conducted research otirtiirg of N application in
irrigated wheat on the Darling Downs using comnalgiavailable cultivars but
only achieved maximum yields of 5.7 thander N non-limiting conditions. In
experiments conducted in at Gatton in 1995 and 1i@@6/idual plots of Seri 82
were observed to yield 8.0 t"hander irrigation (Peake, unpublished data), howeve
this international cultivar has not been releasmdroercially due to poor grain
quality. The highest yielding commercial cultivaorh the same experiments
(Hartog) had a maximum mean yield of 6.4 tla Gatton in 1996 (Peake et al.,
2011). Ultimately the highest mean yields idendiffer the region in the literature
were obtained by Meinke et al. (1997) and Keatingl.g2001) in experiments used
to develop and test the wheat module within the IMPfarming systems model
across a range of agronomic conditions. They restbpdiot yields of between 7.2
and 7.6 t hd for the cultivar Hartog, at Wellcamp and Gattorsauth-east
Queensland.

Local agricultural show records suggest thatammercial production fields
across the region irrigated wheat yields are nathhgreater than the best rainfed
yields, suggesting that ceiling yields have notrbaehieved. Results from the
Springsure Show Society in central Queensland agghwto this hypothesis, with
rainfed yields of 4.75 t hhand 4.9 t ha winning ¥ prize in 2005 and 2007, and an
irrigated yield of 5.35 t hAwinning the competition in 2008 (Ben Marshall, per
comm.). The absence of irrigated wheat competitadribe significant irrigation
districts around Narrabri, St George and Dirranbafsb indicate that high yielding
wheat has not been of interest in these distriés a long period of time. However,
Dirranbandi agronomist Greg Nichols (a local judigecotton yield competitions)
has observed wheat yields up to 6.25% imathe district (Greg Nichols, pers.
comm.).



2.2.2. Ceiling vield of spring wheat in southern Australian and international
environments

Irrigated spring wheat has been grown moreelyith southern parts of Australia
where the alternative broad-acre irrigation cragsree and maize, rather than
cotton. Much research has been conducted by részann these areas to assist
growers in achieving yields in excess of 8 T [i&tapper and Fischer, 1990a; Lacy
and Giblin, 2006). The highest reported yield fribrase researchers is 8.9 tlaven
dry (Stapper and Fischer, 1990b) which translategpproximately 10 t hawhen
corrected to the standard wheat reporting moistargent of 12%. However the
southern NSW and Victorian environments are quiterént to those experienced
throughout most of the northern grains region, hg¥onger and cooler growing
seasons that are more favourable to high yieldingavproduction (because they
experience more radiation per unit of thermal tameumulation during grainfilling).

A region of greater similarity to the northgmrains region is Mexico, which is
located at similar latitudes to south-east Queenis{albeit north of the equator)
where substantial wheat research has been condugc@tMMYT — the
International Centre for Maize and Wheat Improvem¥ields of 8.5 t ha have
been achieved in farmer production fields at laretiaround CIMMYT, presumably
harvested at or near 12% moisture, for a rangenaported cultivars (Ortiz-
Monasterio, 2002). Experimental plot yields frone game area have been as high as
9.97 t ha (Tripathi et al., 2005) although the use of suppetting was necessary to
prevent lodging in order to attain this yield. Hax@ethe highest yields recorded in
published literature for spring wheat come fromr@hiin an unusually mild
environment where Sinclair and Bai (1997) repodeéh 14 t ha crop from 1978,
an exceptional season even by the region’s ownlatds. This research group
reports that the same cultivar (Plateau 338)stiltls the world record for spring
wheat yield, which now stands at 1.013 tiar 15.2 t h& (Anonymous, 2015).

Having been generated using different cultvard in different environments,
these data have only limited relevance to thisystlrdthe absence of comprehensive
ceiling yield data for the target environment, i yield estimates generated by
crop simulation models represent a suitable altemma

2.2.3. Determining potential yield through crop modelling

Ranging from static empirical models such s photothermal quotient (Nix,
1976) to dynamic process models such as APSIM (Kgat al., 2003), models such
as these and others (e.g. AFRCWHEAT2 (Porter, 199BRES-Wheat (Ritchie and
Otter, 1985), DSSAT (Jones et al., 2003), and CRCEASStockle et al., 2003)) have
been developed by researchers worldwide to addpessfic issues of local interest.

Crop simulation models have been widely usegikemine the potential yield of
irrigated spring wheat in sub-tropical regions awmdthe world. Potential yield of
irrigated wheat has been reported to be betweenl 84 ha in India depending on
location (e.g. Aggarwal et al., 1994; Hundal andbPiyot-Kaur, 1997; Arora et al.,
2007), 7 to 8 t hain the Yacqui valley in Mexico (Bell and Fisch&894; Lobell
and Ortiz-Monasterio, 2006), while in Zimbabwe giebf up to 10 t hawere
achieved while validating ZIMWHEAT, a modified veos of CERES-Wheat
(Macrobert and Savage, 1998).

APSIM is a robust farming systems model widedgd in Australia (Robertson
and Carberry, 2010) that has been validated inrAligtand internationally in



numerous studies (as cited by Keating et al. (2@08)Holzworth et al. (2014)). The
advantage of a holistic, systems model such as MRSthat it takes account of
many factors in the farming system, in additionh® fundamental balance between
temperature and radiation. Vapour pressure de$icit,chemical and physical
characteristics, the timing of fertiliser applicatj and light interception in different
row and raised bed configurations are all factbes influence potential yield, which
can be accounted for by the APSIM model. Neverdslthere are still
environmental factors that APSIM does not yet take account, such as the effect
of high temperature during critical growth pericigh as flowering.

APSIM has accurately predicted grain yieldhigh-yielding rainfed and irrigated
wheat plot trials in sub-tropical and temperateaeg of Australia (Asseng et al.,
1998; Chenu et al., 2011; Peake et al., 2011),edlsaw in India and Europe (Asseng
et al., 2000; Balwinder-Singh et al., 2011). Howe&BSIM has not previously been
used to examine potential yield of commercial ategl spring-wheat production
systems in the northern grains region, and contamfsinctionality for the
simulation of crop lodging. As with any simulatiorodel, it should be tested for its
suitability to new applications before being religabn in a predictive sense.

2.3. Improving crop water productivity of irrigat ed wheat

2.3.1. Limitations to improving crop water productivity

Plant physiologists and breeders work to impr@WP by increasing TE (and
thus ceiling yield) through genetic improvementshe efficiency with which the
crop uses water (e.g. Condon et al., 2002; Richetrdts, 2002). In contrast, crop
agronomists focus on improving CWP by increasirargyield through changes to
the way the crop is managed. This generally octuosigh improvements to the
efficiency of rainfall capture by reducing runaéfyaporation and deep drainage
(Bouman, 2007), or reducing yield loss due to peBteases, nutritional and other
disorders such as lodging (Angus and van Herwaa&@i1).

The most well-known Australian example of adstin wheat CWP was carried
out by French and Schultz (1984a). In their st@dsgnge of rainfed crops from
South Australia were monitored for in-season waser. Water use was determined
by adding rainfall measured between sowing and ntatio the change in soil water
content for the same period, and it was assumeadithasage and runoff were
negligible. Through the examination of their datd ather data throughout
Australia, they developed a boundary function (FegL1) that defined the
maximum Yyield possible from a wheat crop as:

Grain yield (kg hd) = (total season water use — soil evaporation)0* 2

where soil evaporation is defined as the averageping season soil evaporation (in
this case 110 mm) from the region of interest. 8adporation was estimated in their
study from the plotted function and its intercejttmthe x-axis, and validated against
experimentally determined soil evaporation fromuanber of studies in similar
regions. Water use (apart from evaporation) wasrasd to be used entirely by the
plant through transpiration, and their constar2@kg ha' of grain production per
mm of water represented transpiration efficienclg)(Talmost identical to the
maximum TE they extrapolated from the glasshousgspiration studies of
Passioura (1976).
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This 20 kg hd mni! constant is now used by agronomists and groweessc
Australia as a benchmark TE for wheat. When datatgait on the line of maximum
TE, the crop is considered to have achieved theyleld possible given the water
that was available to it during the growing seastmwever, it was clear from their
study (Figure 2.1) that the majority of data powere some way from the line of
maximum TE. Further experimentation identified rarit deficiency, insect damage,
water logging, sub-optimal sowing date and weedstations as limiting factors that
prevented crops from reaching the line of maximuen(French and Schultz, 1984Db),
and nearly 30 years later commercial rainfed csiilisstruggle to achieve maximum
CWP for similar reasons (Hochman et al., 2009).
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Figure 2.1. The original French and Schultz (1984&catter plot of grain yield vs. in-
season water use, incorporatingl] O 0O ) the French and Schultz line for maximum
transpiration efficiency (TE); (O O O ) an overlaid function indicating the highest crop
water productivity (CWP) of all the data points (127 kg ha mm™); and (- - - -) the
decreased CWP function (10.7 kg hhmm) for a lower yielding data point close to the
maximum TE function.

The difference between the yield achieved toyvgrs and potential yield of the
crop is often referred to as the ‘yield gap’ (Ldketlal., 2009). The concept of the
‘yvield gap’ is used worldwide to help promote genetop improvement programs,
agronomic improvements to farming systems, andnatenal aid efforts in
agronomic and plant breeding research programss(@as 1999).

All of the biotic and abiotic factors that cohtite to the yield gap in rainfed wheat
also contribute to the yield gap in irrigated whédédwever, the disorder known as
lodging is much more of a limiting factor in irrig@a wheat production, than in
rainfed production systems.

2.3.2. Cause, effect and control of lodging in wheat

High yielding production regions around therdddave frequently experienced
yield losses due to the disorder known as lodging. Mulder, 1954; Stapper and
Fischer, 1990a; Berry et al., 2004; Fischer, 20@#)en lodging occurs, the wheat
plants fall over either because (a) the stem cedlaand folds at a weak point
(usually near the base of the plant) or (b) the@eplant overbalances, with the



weight of the plant partially levering the planbt@ystem out of the soil, which has
been saturated following rainfall or an irrigatievent (Pinthus, 1973; Easson et al.,
1993; Baker et al., 1998). The variability of swtimatic and environmental factors
also leads to variability in the incidence of latgin fields or seasons that have
similar agronomic characteristics, and has promfitedlevelopment of complex
lodging risk models that allow the assessmentddgilog risk in crops that have not
yet lodged (Baker et al., 1998; Berry et al., 2003)

Yield losses of up to 80% have been recordestverely lodged crops, partly due
to the physiological disruptions that occur in dded crop (e.g. reduced radiation
use efficiency caused by a less efficient canopycgire) and partly due to the
inability of harvesting machinery to glean the ledgrop from the soil surface
(Berry et al., 2004). Lodging can also reduce gcaiality (Pinthus, 1973; Fischer
and Stapper, 1987) which further decreases theoeicrreturn to the grower.

Some lodging prevention strategies involvedbliberate reduction of crop
inputs in order to sacrifice some yield potentiRbbins and Domingo, 1962;
Pinthus, 1973; Hobbs et al., 1998) and avoid tlkeatgr losses in yield that can occur
through lodging. However in many regions aroundweld lodging is successfully
managed using a combination of altered agrononactjiges and genetically
improved wheat cultivars with greater resistancietiging (Robins and Domingo,
1962, Pinthus, 1973; Hobbs et al., 1998). Whileettgyng lodging resistant
cultivars is a long term task, new agronomic pragican be implemented quickly,
and would be of more immediate benefit in the remthgrains region.

Reduced light quantity and quality have beemainstrated to weaken stems and
surface roots and increase lodging risk (Sparkds<amg, 2007) suggesting that
agronomic practices which increase crop vigour@mbpy density during tillering
also increase lodging risk. This result is suppgbltg the numerous studies that have
demonstrated reduced lodging associated with pexcthat reduce canopy size, such
as reduced plant populations (Stapper and FiséBéfa; Easson et al., 1993;
Webster and Jackson, 1993), delayed sowing datasy(Bt al., 2000; Spink et al.,
2000 cited in Berry, 2004), and decreased nitrqBravailability during the
vegetative growth phase (Mulder, 1954; Kheirallalet1993; Crook and Ennos,
1995; Berry et al., 2000; Tripathi et al., 2003).

Application of plant growth regulators suchti@sexapac-ethyl, chlormequat
chloride and ethephon has also been demonstrateduce lodging risk (Herbert,
1982; Knapp et al., 1987; Crook and Ennos, 199%atmi et al., 2003). These
chemicals are considered to reduce lodging rigkanily by reducing crop height
(and hence decreasing the length of the levershated to put pressure on the stem
base or surface roots), as little credible eviddrazbeen presented to support a
consistent effect of plant growth regulators omste root characteristics likely to
increase lodging resistance (Berry et al., 2004).

Additionally, altered soil conditions havealseen demonstrated to reduce
lodging risk. Reduced soil cultivation through dirdrilling (Ellis et al., 1978 - cited
in Berry et al., 2004) and rolling of the soil (Biaos, 1973) are considered to increase
soil bulk density and create a firmer platform toiet roots can anchor (Berry et al.,
2004). In irrigated wheat production, the use afed beds has also been shown to
reduce lodging (Fahong et al., 2004).

Unfortunately, these agronomic strategiesuatested in conjunction with the
cultivars, soil types and climatic conditions o thorthern grains region.
Additionally, as irrigated wheat has not been wydglown in the region, it is not
clear whether lodging alone caused the 3-4'tdifierence between anticipated and
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farmer-realised yield that was experienced in 2@08yhether another factor may
have been responsible. It is therefore an objectivhis study to determine the
extent to which lodging reduced yield in 2008, &mel ability of agronomic
techniques to control lodging in the northern gsaiegion.

2.3.3. Maximising crop water productivity for individual production fields

The French and Schultz (1984a) boundary fonatan be used to show that CWP
for a single production field increases with in@e@ water use as long as the crop
responds to increased water input at maximum TES iShvisualised by the two
overlaid lines in Figure 2.1 that intercept thegoriand two data points with different
CWP, both on or near the dashed line of maximumTF. slope of the solid line
represents CWP for the data point that had thegsigBWP (12.7 kg hlamm?) of
all data points on the graph. The slope of theedaihe (10.7 kg hAmni?)
demonstrates the lower CWP achieved for anothet ptose to the line of
maximum TE.

Musick et al. (1994) collated a large CWPadsdt for both rainfed and irrigated
winter wheat in the USA, and related it to absoluétd levels (Figure 2.2). In their
study, maximum CWP from their line of best fit washieved at the highest yields of
7-8 t hal. However there is some uncertainty as to whetientaximum CWP
actually occurred at such high yields. While thadyatic function achieved its
highest level at 8 t hla the highest measured CWP from individual datafsoi
occurred at around 6 t RgFigure 2.2). Similar patterns of CWP were obséiivea
study from northern Syria by Zhang and Oweis (1988 observed maximum
CWP in bread wheat at yields of 7-8 t'#&igure 2.3a) with a less apparent plateau
effect than Musick et al. (1994). Interestinglygylobserved a much different
relationship in Durum wheat (Figure 2.3b), wherakp€WP was reached at 4-6 t ha
1 and then decreased with increasing water apjgitan a study in southern
Australia in the central Murray Valley, North (20f)investigated CWP of irrigated
wheat under centre-pivot and lateral-move (CPLMgation systems and found that
maximum CWP occurred from 5 thap to the maximum yield of 7 t HaSteiner et
al. (1985) achieved similar results on irrigateceathusing data sets from both NSW
and South Australia, with maximum CWP occurringha highest yielding treatment
which yielded 7.8 t ha

The literature therefore indicates that sgi@® to maximise CWP of irrigated
wheat on an individual field basis vary betweendpiaiion regions, often using full-
irrigation but sometimes using less than the créydisrrigation water requirement.
However the profitability of irrigation enterprisesdependent on maximising CWP
of the entire farm, rather than for individual @sl

2.3.4. Maximising water productivity on a whole-farm basis

One disadvantage of using CWP to evaluatgation strategies is that it does not
account for the losses in irrigation storage, ttistion or application, which make
up a large proportion of irrigation losses (Daladral., 2001). Additionally, CWP
does not reflect the profitability of differentigation strategies, an important water
productivity measure for commercial irrigation eptéses. In comparing alternative
irrigation strategies it is therefore importanus®e system water productivity indices
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Figure 2.2. The relationship between water use efiiency and grain yield for winter
wheat from Musick et al. (1994).
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Figure 2.3. The relationship between water use effiency and grain yield for (a) bread
wheat and (b) durum wheat from Zhang and Oweis (199).

which assess the effectiveness of crop and irogatianagement strategies as a
whole, in conjunction with a measure of economtane

Many studies of system water productivity framound the world have used crop
production functions to determine the most profagdbvel of irrigation input (e.qg.
English, 1990; Zhang and Oweis, 1999; North, 200B)first determining the
average relationship between yield and total wadetr appropriate revenue and
production cost functions can then be generateedoas local price and cost data
(e.g. Figure 2.4).
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Figure 2.4. Cost and revenue functions (c(W and R(Wa)) showing the amount of
applied water required to achieve maximum yield (W) and maximum profit per
hectare when land (W) and water (W) are limiting. The figure also shows the depth
(or amount of equivalent rainfall) of applied water at which the net whole-farm profit
is equal to that at W, for the land (We) and water (Wew) limiting situations. From
North (2007a) as adapted from English and Rajah (295).

Such production functions define the critigaints where irrigation strategies are
most profitable when either land or water is tiiting factor. In Figure 2.4, the
marginal return per unit of water is greatest at Where the revenue function
(R(Wa)) has maximum return per unit of additional waigrut. The marginal return
per unit of land is greatest at Where the difference between R{Mnd c(W) is
greatest. However when land is limited, maximum larm profit is obtained by
applying the amount of water ats\Mvhere the difference (in $ Babetween R(W)
and c(W) is the same as found at-Vlut total water use is lower. When water is
limited, maximum whole-farm profitability is fourat a point Ww which has been
arbitrarily placed in this figure, but may be difat to W, if the decrease in net
profit from reduced irrigation per unit area cannbere than offset by irrigating a
greater area.

Many permutations of this production functicamework have been published
and these have been summarised well by North (300Rair common purpose is to
determine the maximum system WP of irrigated prtédacsystems, and thus
promote the benefits of ‘deficit irrigation’. Defigrrigation is defined herein as the
deliberate under-irrigation of the crop such thatceives less water than the amount
required to achieve maximum evapotranspiration ([Engl1990; Fereres and
Soriano, 2007). In Figure 2.4, deficit irrigatiomwd be used to apply limited water
per unit land area, such that the water applicag@agual to Wieor Wey. These
represent the depth of applied water at which tabiiity is maximised when either
land or irrigation water is the limiting factor, aawhole-farm basis.

Zhang and Oweis (1999) conducted an exteregisaomic analysis that
generated crop and cost production functions (basdeinglish,1990) for land and
water limited situations, for different averagenfall zones in Syria. They found that
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maximum system WP was achieved by using partiglation to achieve yields of 4-
5t hal, in water limited situations, whereas maximum CiaPindividual fields had
been achieved at higher yield levels. At high yiells, their crops exhibited a
typical declining marginal yield response to adudtal irrigation water. Limited
water supply and a high cost of water applicatieant it was more profitable to
grow a larger area of partially irrigated wheaathieve moderate yield levels.

In Australia, a similar study was carried butNorth (2007b) on overhead
irrigated wheat in the central Murray Valley in soern NSW, using the same
analytical framework as English and Raja (1996 )wkieer in their study, system
WP was maximised at the same vyield levels (6-7% hawhich CWP was
maximised for individual fields (North, 2007b).

While crop/cost production functions are uséu visualising the advantages of
deficit irrigation, they have a number of disadweay®@s. Firstly, production functions
vary between environments (Zhang, 2003), thus fialh and production cost data
must be collected in multiple locations in ordegtmerate functions for each
environment of interest. Additionally, functionsedrased on a long term average
yield response curve, and the recommendations wiagpply in a particular season
if rainfall or other climatic variables are markgdlifferent from the median (North
2007a). Pereira et al. (2002) also pointed outtti@success of ‘deficit’ and
supplemental irrigation is dependent on in-cropfedi volume as well as timing,
and that they are not very successful strategidsanght years in their environments
(Syria/Tunisia). Their findings may be applicalielie northern region where winter
rainfall is often low.

Additionally, crop/cost functions are less ekcial for evaluating large scale
furrow irrigated farms, where control over irrigatiwater is imprecise, and water
delivery occurs in large volumes. When the amodimtager to be applied is a choice
between 140 mm of irrigation or none, it is difficto manipulate the farming
system to the optimum point on the production fiamct

Lobell and Ortiz-Monasterio (2006) favouredadiernative approach when
optimising system WP for farmers in the Yaqui wallslexico. They used a
validated crop model (CERES-Wheat) to conduct airexperiments on varying
irrigation strategies, and applied the yield ousgota simple economic model. A
peculiarity of their study, was that the econommalgsis did not have a variable
irrigation water cost among the different irrigatistrategies, as the cost of water in
their farming system was not considered a signmtficast to the production system,
despite irrigation water becoming increasingly texiin their region. Additionally,
the fixed cost of production was so high amongrtfemers that a minimum yield
of 5t ha' was required to ‘break even’. Ultimately, theisutis showed that the most
profitable irrigation strategy depended on the am@di stored soil water at sowing.
When stored soil water was low to moderate at pignthe full irrigation strategy
was most profitable, with partial irrigation strgites becoming more profitable when
stored soil water at sowing was high.

Evaluation of these studies demonstrates druwnf points pertinent to the
current investigation:

. Both crop and economic production functions varyeen environments,
and need to be developed on a case by case badiffdoent regions.
. The appropriate level of irrigation to maximise fifrmm a given season

depends on in-season rainfall and soil water atrgpviboth of which are
highly variable in the northern grains region.
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. None of these studies investigated the opportwast/of land left idle
when irrigation water is limited, and did not acnbtor the profitability of
any area planted to rainfed wheat. The absendaéhalysis gives a
false economy to the partially irrigated treatmenttheir analyses which
cover a greater land area (and hence receive tegadsolute volume of
in-crop rainfall) than the fully irrigated treatnten

. Additionally, no allowance was made in these stsifiie in—season
storage losses, which is one of the primary faatdlsencing whole-farm
WP in the northern grains region (Cameron et 89,71 Dalton et al.,
2001). Whole-farm WP may be enhanced by irrigasimategies that
apply irrigation water across a larger land arety éathe growing season,
if storage losses are greater than soil evaporéigses for the irrigated
area.

Lobell and Ortiz-Monasterio (2006) found tha modelling approach was
beneficial for optimising system WP, and allowed tiser to examine irrigation
management regimes for multiple environments,tgpis and climatic conditions.
In a review of irrigation management techniques/ater scarce environments,
Pereira et al. (2002) statétilore research approaches are required to relateldi
responses with gross margin or revenue responsestier deficits. The development
of decision support tools integrating irrigatiomsilation models, namely for
extrapolating field trials data, economic evaluatiand decision tools should be
useful to base the appropriate irrigation managetrdegctisions for water scarcity
conditions”. Additionally, the crop modelling approach can beduto demonstrate
the level of risk associated with different stra¢sgby using historical weather data
to generate probability distributions of productenmd profitability (e.g. Hammer et
al., 1996; Hochman et al., 2009).

2.4. Conclusions

The lack of attention given to fully irrigatedheat production has meant that little
research has been conducted on the potential pradiyiof irrigated wheat growing
in the northern grains region. The prevalence djilog in the 2008 season suggests
that lodging may be a major constraint to WP inrtbehern region, however the
extent to which it limited yield in 2008 is unknoywmnd agronomic control methods
for lodging are untested in irrigated wheat progucsystems of the northern grains
region. Additionally, research from other irrigat@tieat production systems around
the world have given variable recommendations dlsganost profitable strategy for
irrigating wheat.

Therefore as discussed in chapter 1, thiedsson aims to address these issues
through:

(1) determination of the potential yield, water useursgments and lodging
related yield gaps associated with irrigated wipeatiuction systems in
the northern grains region,

(2) an investigation into the ability of agronomic ta@jues to control lodging
in locally adapted germplasm relevant to the nortlygains region, and

(3) determination of the whole-farm crop water produittiof full and partial
irrigation strategies for the typical limited-watsrailability situation
found in the northern grains region.
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Chapter 3 - Quantifying potential yield and lodging related yield-gaps
for irrigated spring wheat in the northern grains p roduction region
of eastern Australia

3.1. Introduction

In 2008, irrigated growers in the northernigggoroduction region of eastern
Australia sowed record areas of irrigated wheaesponse to high grain prices and
good water availability. The decision to sow irtighwheat followed a wet summer
in which a flood event filled water storages aftex cotton planting window had
closed. The high wheat price gave the prospecaidiee cash flow than waiting for
the next cotton crop after two years of droughtl(kitie or no crop production).
Thus the decision to sow wheat was straightforviardnany irrigated growers.
These irrigated enterprises no longer viewed thamseas cotton growers, but
rather, commodity growers needing to make the gstaéturn on the available
irrigation water.

While farm managers sought to make the greatesomic return on the
available irrigation water, widespread lodging amgnercial fields contributed to
low yields. Unfortunately, there has been littlegarch on the potential yield or
water use requirement of irrigated spring wheaheregion. Such information
would allow growers to assess the risk of lodgielgied yield losses and compare
the profitability of irrigated wheat against altate crops. Prior to the 2008 season
the highest recorded on-farm irrigated wheat yi@id$e region were between 5 and
6 t hal; no better than the highest rainfed yield in faadle seasons.

Researchers worldwide understand the berafgsnulation modelling over the
traditional field experimentation approach for ietigating many agronomic
questions. For example, Lobell and Ortiz-Monast&ia06) found that the
modelling approach was beneficial for optimisinggated farming system water
productivity, and allowed the user to examine atign management regimes for
multiple environments, soil types and climatic ciods. Additionally, the crop
modelling approach can be used to demonstrateted of risk associated with
different strategies, by using historical weath&tado generate probability
distributions of production and profitability (elgammer et al., 1996; Hochman et
al., 2009). However, generating meaningful reconuaéons from simulation
experiments depends on appropriate parameterisaitibve simulation model, which
should be demonstrated through accurate simulafigalidation data obtained from
field experiments (Passioura, 1996; Sinclair aniyBan, 2000).

Crop simulation models have been widalydito examine the potential yield
of irrigated spring wheat in sub-tropical regioAsiir and Sinclair (1991) and
Andarzian et al. (2008) validated simple mechamistodels for assessing potential
yields in Israel and Iran, at grain yields up &t.hMore complex models (CERES-
Wheat, DSSAT, WTGROWS) have been used throughalit o show that
potential yield varies between 4 and 8 tiepending on location (Aggarwal and
Kalra, 1994; Aggarwal et al., 1994; Hundal and Rjgdit-Kaur, 1997; Arora et al.,
2007; Timsina et al., 2008). In Mexico, potentiadlgs in the Yaqui Valley have
been assessed at 7 to 8 thiaing CERES-Wheat (Bell and Fischer, 1994; Lobell
and Ortiz-Monasterio, 2006), while in Zimbabwe giebf up to 10 t hawere
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achieved while validating ZIMWHEAT, a modified veya of CERES-Wheat
(MacRobert and Savage, 1998).

In Australia, the most widely used crop madehe farming systems simulator
APSIM (Keating et al., 2003; Carberry et al., 20B®jzworth et al., 2014). APSIM
has accurately predicted grain yield of high-yiefgrainfed and irrigated wheat plot
trials in sub-tropical and temperate regions ofthal® (Asseng et al., 1998; Chenu
et al., 2011; Peake et al., 2011) as well as iraladd Europe (Balwinder Singh et
al., 2011; Asseng et al., 2000). However it haspneviously been used to
investigate potential yield of broad-acre springeatproduction systems in the
subtropics, and contains no functionality for thrawdation of crop lodging.

A common aspect of the potential-yield studibeve was that validation data
were obtained from crops where water and nitrofgrwere considered non-
limiting. Interestingly, lodging was not recordesllzeing present in any of the
experiments or commercial fields from which theadatre sourced, despite the
regular occurrence of lodging in experiments amghtyielding commercial fields
used to determine potential yield in spring andter wheat (e.g. Stapper and
Fischer, 1990b; Berry et al., 2004; Tripathi et 2004, 2005).

Lodging can reduce vyield due to physiologatiafuptions (i.e. reduced radiation
use efficiency and decreased photosynthesis cdnysadess efficient canopy
structure) and the difficulty of harvesting badbdged crops (Berry et al., 2004).
Lodging has the potential to cause significant ecaic losses in mechanized, high-
input farming systems such as those of the nortgegims region, where the
achievement of grain quality benchmarks is necgdsamaximise economic returns.
This is particularly so because large amounts tdrhliser are required at high yield
levels to achieve the highest Australian grainegirotlassification of 13%, and high
soil N levels increase the risk of lodging (e.g.ltkr, 1954; Berry et al., 2000).
However no assessment has been made of yield gapsiated with lodging or other
constraints in this production system.

Therefore, the objective of this study wadétermine (1) potential yield and
water use and (2) lodging related yield gaps, éltliging-susceptible, high-input
irrigated farming systems of the northern grairggae. A significant emphasis of the
study involved validation of the APSIM model foreus achieving both objectives.
However, the widespread incidence of lodging inrttanitored commercial fields
during the study period instigated the establisitroéa second objective for this
study: to identify agronomic management practibes may have contributed to
lodging.

3.2. Materials and methods

3.2.1. Overview

Given the intensive use of the APSIM modelamfed wheat production areas of
Australia, the approach taken in this study wa@jaletermine if the APSIM model
could successfully simulate irrigated wheat proauncby assessing its ability to
simulate commercial irrigated wheat productiondseand field experiments, (b) use
APSIM to determine the potential yield and watex tesquirement of irrigated wheat
production, and (c) determine the magnitude of iloglgelated yield gaps by
comparing APSIM predicted yield to farmer-realigseld.
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3.2.2. Field measurements

Thirteen commercial wheat fields were monitdi@cbiomass development and
grain yield production at a range of locations asrthe northern grains region in
2008 to reflect the localities in which large areésgrigated wheat had been sown,
broadly representing the districts of the Darlingwids, Border Rivers and Maranoa-
Balonne.

In 2009, three commercial fields were monitonear Emerald (in central
Queensland), along with two field experiments att@ea(south-east Queensland), in
part to assess the APSIM model in a wider rangseironments, but also due to the
absence of irrigated wheat crops in the same distais 2008. The experiments at
Gatton (discussed in detail in Chapter 4) consistadultiple agronomic treatments
(plant population and bed configuration) investighin factorial combination with
two cultivars and two N application strategies. Tpl@ant populations from each
experiment were used as monitored treatments iprésent study. Crop inputs were
recorded for each field to allow simulation of fiedd with APSIM. All the cultivars
monitored are protected by Plant Breeders Riglgiislktion within Australia.

Commercial fields were soil-sampled soon agteving to determine the soll
water and N content of the soil to a depth of 180 Sowing soil samples were
analysed for gravimetric soil water content, negrlt concentration, soil organic
carbon and pH. Four or five cores from an area@pprately 0.5 hectares (100 m x
50 m) in each field were collected, and split idepth layers (0-15 cm, 15-30 cm,
30-60 cm and in further 30 cm increments to 180. @e)pth layer samples from
each core were combined with samples from the shapth layer from other cores
in the same field. The seven depth layer sampbes &ach field were then split into
two samples, one for soil mineral N analysis ane fon soil water analysis. Samples
for N analysis were dried at 20 and the nitrate-N content of the samples was
determined by using a 1:5 soil/water extractiorethnod 7B1 (water soluble nitrate)
from Rayment and Higginson (1992). Ammonium-N wasmeasured as it is
typically small in vertosol soil types in relatitm nitrate-N, and is difficult to
measure accurately when samples cannot be kepbetwéen sampling and
analysis (Neal Dalgliesh, pers. comm.). The 1:5water extraction was also used
to determine pH, while organic carbon assays whtaiimed using the Walkley and
Black method (methods 4A1 and 8B1 respectively fRayment and Higginson
(1992)). Soil water samples used in determiningigratric moisture content were
weighed in the field, then dried at 105°C for a imiam of 48 hours. Dry weight was
subsequently determined only when sample weigltwett no weight decrease over
a period of 6 hours.

For each crop, biomass samples and phenologwilg stage) observations were
taken periodically at all sites, at approximatel@3l, DC39, DC65 and maturity as
defined by Zadoks et al. (1974). Phenology wassaeskweekly when the crops
neared anthesis (DC65). Three biomass cuts of vEare taken from each site
within the section of the field that had been sainpled. The cuts were collected
from representative, healthy sections of the cavpjding localised field conditions
such as missing rows or waterlogged depressiordgdasections of the fields were
also avoided where possible when taking biomassasuthe primary objective was
to assess the potential yield of the field, andetkient to which lodging would affect
grain yield was unknown. Biomass cuts were drie8i04C for a minimum of 48
hours, and were not removed until sample weightsved no decrease over a period
of 6 hours. The distance between field sites mawaitit was difficult to keep
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biomass samples cool while being transported, talsdoossible that measured
biomass may have been reduced as a result ofa@epiduring the time elapsed
between sampling and drying.

Lodging severity for the commercial fieldsdesfined as follows: ‘Mild’ lodging
occurred more than three weeks after anthesis,avithage stem angles less than 30
degrees from vertical; ‘Moderate’ lodging occurmthin two weeks of anthesis,
and stem angle from vertical had worsened to ntaae 80 degrees within three
weeks after anthesis; ‘Severe’ lodging began atior to flag leaf emergence, with
average stem angle worsening to more than 60 defneaa vertical prior to anthesis
before straightening in a phototropic response

At three of the fields, volumetric soil watsntent was measured using a neutron
moisture meter (NMM). The NMM data were calibratedyravimetric soil water
content using a minimum of 8 soil cores taken dkerrange of moisture contents
experienced through the season. NMM readings vedsentusing a CPN 503 DR
Hydroprobe (CPN International, Martinez, USA) w16 second count. Calibration
equations were developed for the NMM using soil gasitaken during access tube
installation, and throughout the season at a rahgeoisture contents by installing
access tubes in nearby crop and taking readingisg alith gravimetric soil samples.
The first NMM readings were taken during accese tnitallation at sowing, then
two weeks after sowing, and thereafter at reguitrvals until physiological
maturity was reached.

Farmer-realised yield for each field was adkel by the grower or harvest
contractor and hence sampled lodged areas ofdlte Grain yield was recorded as
measured by a calibrated yield monitor, adjustet?td% moisture, for the section
of the field that was monitored.

3.2.3. APSIM validation simulations

APSIM 7.4 (Holzworth et al., 2014) was paramsgs to simulate each crop. The
nearest SILO database (Jeffrey et al., 2001) cérfikgs were used for each site,
augmented by farmer measured rainfall where th€®©S3dlcation was more than 5 km
from the property. Irrigation dates and volumesenestimated by the farmer as the
amount of water delivered to the field (i.e. afemm distribution losses). APSIM
irrigation efficiencies of 85% and 100% were apglier the simulation of furrow
and CPLM (Centre-Pivot Lateral-Move) irrigated @is] respectively.

The APSIM 2-stage evaporation constants ‘af ‘@ona’ were setto 4 and 2.5
respectively for the periocf1April to 315 October, and then to 6 and 4 respectively
after November %, according to the standard parameterisation faheo region
soils in the APSOIL database (Dalgliesh et al.,68)080il water content was set
equal to the measured soil water data on the daevang, and reset to equal the
measured data on the dates of measurement. lasies where soil sampling
occurred 4-6 weeks after sowing, sowing soil watetent was estimated by reverse
extrapolation using APSIM.

Soil types were classified into their approf@iAPSOIL ‘Typical Vertosol’ class
as described by Peake et al. (2010) (Appendix A)sdil cores obtained through the
season were used to assist with soil classificakeld soil parameterisation was
modified slightly from the APSOIL Typical Vertosparameters to match in-season
soil moisture measurements when they were outbelepper and lower bounds of
soil water content of the chosen soil type.
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While a range of wheat cultivars are availdbleselection within APSIM, few
have been specifically studied and parameterisedlifoegions in which they are
grown. Hence it was important to determine thatnolhegy was adequately
simulated, given the importance of flowering dat@etermining grain yield (e.qg.
Ortiz-Monasterio et al., 1994). Where the daterthasis for a cultivar was
simulated to be more than 5 days different to akesk(or the cultivar was not
available in the APSIM cultivar set) an alternatodtivar was chosen that more
closely simulated the observed anthesis phenolagyfdr the monitored field.

Furrow irrigated fields were observed to hawdifferent canopy structure to
overhead irrigated fields, due to unplanted ‘furrgaps’ (Figure 3.1). On top of the
1m beds there were generally 4 rows of wheat sph8anin apart to make a 40 cm
section of wheat on top of the beds separated lon6turrow gaps, while 2m beds
generally had 7-10 rows of wheat sown in a 140 ¢dewection separated by 60 cm
furrow gaps. An adjustment was made to APSIM tovakimulation of these crops,
by using the APSIM ‘skip_row_factor’ function ongilly developed to reduce light
interception in ultra-wide row sorghum crops (Whetlal., 2005). The proportion of
lost light interception was calculated based ol fabservations of crop height and
duration of incomplete light interception for a ttesouth configured irrigated field
(Appendix B). The APSIM ‘skip_row_factor’ functiomas calibrated at values of
0.3 and 0.68 to simulate the expected reductidigim interception of 10 and 20%
for 2 metre and 1 metre bed fields, respectivel/akesult the crops were therefore
simulated to have decreased crop growth and greid glue to the ‘furrow gaps’. It
should be noted that this parameterisation simsifde maximum yield loss likely in
north-south aligned configurations, and may ovéedtze effect in east-east
configured beds due to the low position of the isutlhhe northern sky during spring.

Figure 3.1. A late planted, quick maturing cultivar (Kennedy) sown on 1m beds with
north-south furrows at St George, showing a ‘furrowgap’ not intercepting midday
light, one week prior to anthesis.

3.2.4. Simulation of potential yield and water use

Long term APSIM simulations were conductedétermine the potential yield
and water use requirements of irrigated wheat. Bitins were conducted at sites to
represent the major irrigated cropping areas ineQskand and Northern NSW,
selected as Emerald, Dalby, St George, Goondiwidigett and Gunnedah (Figure
1.1). Simulations were conducted using SILO (Jgféeal., 2001) climate files for
each location, between 1960 and 2012. Typical \eftsoil types from the APSOIL
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database (Dalgliesh et al., 2006) were choserpt@sent the typical plant available
water holding capacity of soils at each locatiod® 2nm at Gunnedah and Dalby
(Typical Vertosol #2), and 213 mm at the remairowations (Typical Vertosol #6).

Soil moisture, nitrate-N and organic mattereweset each year at sowing, and
simulations were conducted under N non-limitingditians, by having 280 kg ha
of soil mineral N available at sowing, and an addil 150 kg ha of N added as
fertiliser within two months of sowing. The cultivused for all simulations except
Emerald was Hartog, chosen because of its apptegieenological representation
of the commercial cultivar Kennedy which was gresuccessfully without lodging
in many fields in the 2008 season. The cultivard-aas used for the simulations at
Emerald, in order to correct for the differencensstn observed phenology and the
APSIM-predicted phenology for Hartog in central ®@asland. The sowing date was
selected to represent a typical sowing date fockgoiaturing cultivars planted early
in the sowing window, as recommended by local agmaats at each location, being
the 239 May (Emerald), ¥ June (Goondiwindi, St George, Walgett) or tHel@ne
(Dalby, Gunnedah).

Three irrigation system layouts were simuldt@ceach location; centre-pivot and
lateral-move (CPLM), and one metre (1m) and tworen@m) bed furrow irrigation.
CPLM simulations were conducted using the defa#&M 7.4 wheat model
parameters. Simulations to represent the potenghd of 1 metre and 2 metre bed
furrow irrigation fields additionally used the ‘gkirow_factor’ function discussed
previously. Sowing soil moisture was set to eqido ©f the plant available water
capacity (PAWC). Irrigation scheduling was simuthte match best industry
practice, with a soil water deficit of 40 mm andmiéh (over 1.2 m in depth)
triggering irrigation events for overhead irrigatisystems and furrow irrigated
fields, respectively. These irrigation schedulesendose to water non-limiting but
still produced mild water stress during hot weatkerthat the yield and water use
requirements represented an attainable targetéthrgnown commercial fields,
rather than a perfectly grown crop.

An additional simulation was conducted for @feLM system at each location.
This simulation used modified APSIM-Wheat parangetersimulate the potential
yield of cv. Kennedy by assuming a maximum kerneighit of 45 mg (dry weight)
compared to the APSIM default of 41mg, as 45mgngraiere observed in well-
grown Kennedy crops in 2009.

3.3. Results

3.3.1. Field observations

3.3.1.1. Seasonal conditions

In 2008, the region experienced higher tharaye temperatures in the first 50
days of the growing season (Figure 3.2a) followga bery cool period for the next
30 days, then warmer than average temperaturesdst of the remainder of the
growing season. Rainfall through the growing seasgas close to the long term
average (data not shown), with a large rain ewgsttgrior to harvest in many of the
monitored fields. Solar radiation fluctuated thrbagt the season but was generally
below average due to frequent cloudy weather aindesgents (Figure 3.3a). Lodging
was evident in many of the fields by the middlgddinfilling, but worsened after
the rain event.
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Figure 3.2. The difference between average weeklgrperature and long term average
weekly temperature for (a) Dalby, Goondiwindi and $ George in 2008, and (b)
Emerald and Gatton in 2009.
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Figure 3.3. The difference between average weeklglar radiation and long term
average weekly temperature for (a) Dalby, Goondiwidi and St George in 2008, and (b)
Emerald and Gatton in 2009.

In 2009, temperature at Gatton and Emeraldakase average for most of the
first 120 days of the growing season (Figure 3.2figr which temperatures were
close to the long term average for the remaindéne®fjrowing season. Growing
season rainfall was very low in Emerald, and slighelow the long term average at
Gatton (data not shown). Solar radiation fluctuatedughout the season but was
generally above average due to infrequent cloudsthes and rain events (Figure
3.3b).

3.3.1.2. Agronomic characteristics of monitored fields

A summary of the major agronomic manageméfardnces between the fields
that were monitored is included in Table 3.1(aatdng with comments as to the
performance of the crop. Raised beds were genarsdg in fields normally reserved
for cotton production as discussed in section 3.2.3
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Table 3.1a. Location, agronomic details and crop pormance at 18 monitored fields from 2008 (fields-13), and 2009 (fields 14-18)

Field | Location Irrigation Bed Sowing Date | Cultivar Grower Harvested | Crop Lodging Severity” and General Comments
Type Configuration Yield
la Brookstead . EGA Gregory 59tha No Lodging. Water stressed during late-grain filifrrigator was
1b (S27.76° E151.44°) Lateral Move Not Applicable 12/6/08 Kennedy 7.0tha moved to another field after flowering.
2 Dalby 2m beds, No Lodging. N-stressed for long periods. In-croppplication was
(S27.18° E151.26°) Furrow no furrow gap* 13/6/08 Kennedy 45tHa delayed.
3 3m beds, No Lodging. Yellow spot (leaf disease) limited viel
Dalby Furrow no furrow gap* 13/6/08 Ventura 5.75tHa
4 Goondiwindi . . Moderate lodging. Water stressed during late ditiimg. Lodging
(S28.55° E150.32°) Centre Pivot Not Applicable 29/5/08 ventura S.ath began at anthesis, after which the grower decidetiop irrigating.
5 Goondiwindi Furrow om beds 29/5/08 Ventura sath Moderate Iodg!ng. Poor_germmatlon, excellent recpyweather
damage experienced prior to harvest.
6 St George Furrow 1m beds 5/5/08 EGA Gregory 4.8 tha Moderate lodging
(S28.04° E148.58°) )
7 St George Furrow 1m beds 20/6/08 Kennedy Seé?th No lodging, late sown.
8 St George Furrow 2m beds 10/5/08 Strzelecki t B Severe lodging - began at DC32.
Dirranbandi " .
9 (S28.58° E148.23°) Furrow 2m beds 17/5/08 Baxter 4.0 ttha Severe lodging — began at DC39.
10 Dirranbandi Furrow 2m beds 3/6/08 Ventura hatt Moderate lodging.
11 St George Furrow 1m beds 26/5/08 Ventura Bt t Moderate lodging, hail damage.
12 St George Furrow 1m beds 12/5/08 EGA Gregory | 8tBa Moderate lodging, weather damage.
Moree . .
13 (S29.46° E149.85°) Furrow 2m beds 10/5/08 EGA Gregory 5.75tha Mild lodging.
14 Comet Furrow 2m beds 20/5/09 Kennedy 6.4tha Mild lodging. Canopy managed. Mild N stress obedrat DC31
(S23.61° E148.55°) prior to in-crop N application.
15 Rolleston Furrow 1m beds 28/5/09 Kennedy 6.2 tha No lodging. Canopy managed. Severe N stress cibatvDC31
(S24.46° E148.62°) prior to in-crop N application.
16 Rolleston Lateral move Not Applicable 20/5/09 Kennedy 7.2ith Moderate lodging.
174 | Gatton (low sowing N) Hand-shift Simulated 2m 13/5/09 EGA Gregory 5.6 t hat No lodging in Kennedy; moderate lodging in Greg@@anopy
1780 | (S27.54° E152.33°) sprinklers beds, (not raised) | 5/6/09 Kennedy 7.4tha managed. Severe N stress observed at DC31 pribafplication.
184 . . Hand-shift Simulated 2m 13/5/09 EGA Gregory 5.0tha Moderate (Kennedy) and severe lodging (Gregory).
18 | Gaton (high sowing N) sprinklers beds, (not raised) | 5/6/09 Kennedy 6.1tha

* Furrows were 40cm wide and not considered to hiaviéed yield due to closure of the crop canoprothe furrow # Lodging severity defined as follows: ‘Mild’ lodgin occurred more than three weeks after
anthesis, average stem angles were less than 88ddgom vertical; '"Moderate’ lodging occurred hiiit two weeks of anthesis, and stem angle fromozadhad worsened to more than 30 degreiéisin three weeks
after anthesis; ‘Severe’ lodging began at or gdtag leaf emergence, with average stem anglsevong to more than 60 degrees from vertical pa@nthesis before straightening in a phototropsponse? Two
separate plant populations were sown and usedddehvalidation for each cultivar in each of théséls.
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Table 3.1b. Location, field alignment, simulated eapotranspiration, soil type, PAWC at sowing and irigation schedule for monitored fields from
2008 (fields 1-13), and 2009 (fields 14-18)

Field Location Bed Simulated Soil Type® Plant Growing Irrigation Schedule: Date and volume (mm equivalentainfall)
Number alignment evapo- and Available Season
(degrees} | transpiration | PAWC (mm) Water at Rainfall
(mm) sowing (mm) (mm)©
iﬁ Brookstead NA igg TV5 (226) 185 100 15June (28 mm), 21Aug (50 mm), 19 Sep (90 mm)
2 Dalby NA 375 TV5 (226) 253 170 "8Sept (100 mm), 25Sep (100 mm)
3 Dalby NA 510 TV1 (289) 193 171 1B6Sept (150 mm),™ Oct (120 mm)
4 Goondiwindi NA 359 TV7 (204) 116 173 10 irrigation events of2Wmm between 25th June and"Zep (135 mm in total)
5 Goondiwindi 5 454 TV8 (192) 139 244 $May (100 mm), 27 August (100 mm), 27Sep (100 mm)
6 St George 85 411 TV8 (192) 164 212 g (100 mm), 27 Sep (100 mm)
7 St George 5 379 TV10 (166 209 161 " Jaly (100 mm), 28-Aug (100 mm),
8 St George 80 494 TV9 (180) 217 212 fh Jaly (60 mm), 28 Aug (90 mm), 28 Sep (100 mm)
9 Dirranbandi 30 432 TV7 (204) 197 183 "1&ily (100 mm), 27 Aug (100 mm), 2% Sep (100 mm)
10 Dirranbandi 30 378 TV10 (166) 135 132 h2®Bine (100 mm), 20Aug (100 mm), 8 Oct (100 mm)
11 St George 20 403 TV10 (166 155 197 h Aig (100 mm), 28 Sep (100 mm)
12 St George 20 468 TV9 (180) 196 212  J@ly (100 mm), 28 Aug (100 mm), 28 Sep (100 mm)
13 Moree 85 450 TV9 (180) 211 182 2Aug (100 mm), £ Oct (100 mm)
14 Comet 25 460 TV4 (248) 232 15 Mauly (125 mm), % Aug (100 mm), 18 Aug (100 mm), # Sep (100 mm)
15 Rolleston 45 475 TV8 (192) 211 38 " 3uly (125 mm), 18 Aug (100 mm), 29 Aug (100 mm), 18 Sep (100 mm)
16 Rolleston NA 546 TV8 (192) 208 20 t105t6|J)r|gat|on events of between 9 and 50 mm, fr&Hh dune to 30 September (494 mm ir|
17a Gatton 5 532 TV4 (248) 172 101 EGA Gregory 11 irrigations of 15-40 mm betwedf dun & Oct (310 mm in total)
17b (low sowing N) 499 174 Kennedy 11 irrigations of 15-40 mm betwédf Jun @ Oct (310 mm in total)
18a Gatton 5 550 TV4 (248) 172 101 EGA Gregory 11 irrigations of 15-40 mm betwddft Jun & Oct (310 mm in total)
18b (high sowing N) 507 174 Kennedy 11 irrigations of 15-40 mm betwad#i Jun & Oct (310 mm in total)

A = degrees from north-south alignmeng = TV is an abbreviation for Typical Vertosof,= calculated between the date of soil samplingmngiological maturity
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Table 3.1c. Location, soil mineral N and fertilisefN applications for monitored fields from 2008 (fiéds 1-13), and 2009 (fields 14-18)

Field Location Soil mineral N at sowing In-crop N applied: Total N
number (kg N ha?) date of application and (kg N hat) (sowing N + in-
(090 cm) | (90-180 cm) Total crop N application)
(0-180 cm)
ig Brookstead 252 181 433 None applied 433
2 Dalby 110 0 110 39 Sep (75 kg h3 185
3 Dalby 308 165 473 None applied 473
4 Goondiwindi 350 38 388 None applied 388
5 Goondiwindi 167 55 222 13" Aug (23 kg hd) 245
6 St George 321 152 474 14" Aug (60 kg ha) 534
7 St George 529 126 655 None applied 655
8 St George 496 238 734 None applied 734
9 Dirranbandi 344 158 502 None applied 502
10 Dirranbandi 269 78 347 None applied 347
11 St George 330 251 580 None applied 580
12 St George 496 246 742 None applied 742
13 Moree 182 191 373 18" Aug (37 kg ha), 15" Oct (37 kg ha) 447
14 Comet 58 94 152 10" July (140 kg hd), 3¢ Aug (30 kg ha) 322
15 Rolleston 40 13 53 18" July (100 kg hd), 14" Aug (100 kg ha) 253
30" June (33 kg hY, 25" July (33 kg ha), 4" Aug (42 kg ha),
16 Rolleston 158 240 398 10" Aug (20 kg hd) 526
17a Gatton a1 19 60 EGA Gregory: 21 July (190 kg hd), 18" Aug (50 kg hd) 300
17b (low sowing N) Kennedy: 1MAug (190 kg hd), 10" Sep (50 kg h3
18a Gatton 94 31 125 EGA Gregory: 21 July (125 kg hd), 18" Aug (50 kg hd) 300
18b (high sowing N) Kennedy: 10Aug (125 kg ha), 10" Sep (50 kg h}
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In 2008, many of the wheat crops were sowfiadds that had high levels of soll
N (Table 3.1c), as fertiliser N had been appliethwhe intention of sowing a cotton
crop the previous summer. However the cotton wasately not sown due to
insufficient water availability at sowing time. 2909, crops were generally sown on
fields with lower levels of soil N (Table 3.1c) @am effort to reduce their lodging risk
as part of a technique known as canopy managemiisttechnique is used
internationally to improve crop yield through aceés N later in the season, while
also decreasing lodging risk (Sylvester-Bradleglet2000). Moderate to severe N
stress was observed (as leaf yellowing) in mosthese crops prior to the application
of N during late tillering and early stem elongatio

3.3.1.3. Crop yield

In 2008, fields that experienced no lodgingded between 4.5 and 7.0 thall
but one of the non-lodged fields were assesseeiag disease, N or water-limited
(Table 3.1a). Grain yield in moderately to seveieljged fields was low, ranging
from 3.2 to 5.0 t & (Table 3.1a). The worst lodging was observedslu§ of the
long-season cultivars Strzelecki and Baxter.

Grain yield in 2009 was generally higher, witalds ranging from 5.0 to 7.4 tha
1. The lowest yields were produced by the long-seasttivar EGA Gregory, which
lodged under both high-N and canopy-managed N regjab Gatton (Table 3.1a).

3.3.2. Validation of the APSIM model

3.3.2.1. Simulation of phenology (2008 and 2009)

APSIM simulated crop development of most crimpeach growth stages close to
anthesis to within 5 days of the observed dateufiei@.4a). The exceptions were two
crops of cv. Ventura in 2008, and three Kennedp<ino Central Queensland (CQ)
in 2009. In these crops APSIM simulations usingdetault cultivar settings reached
growth stages substantially faster than observeiddriield, and initial simulations of
season yield potential were markedly lower (byag t hat in the most extreme
case) when the initial phenology parameters weee.ugor these crops, an
alternative APSIM cultivar was selected to représieam in the APSIM validation
simulations, such that the simulated growth-stafjenithin 5 days of the observed
growth-stage (Figure 3.4b).

3.3.2.2. Simulation of biomass, grain yield and yield components from 2008 crops

APSIM tended to over-predict total biomass i 2008 monitored crops (Figure
3.5a), and there was a near-significant differdretaveen the regression slopes for
the lodged and non-lodged crops (p=0.063), witmibre-lodged crop biomass yields
over-predicted at maturity more than the lodgegsré&rouped linear regression
explained 91% of the variation across all fieldsj the RMSD was 2.3 t Ha29%
of the mean observed biomass.

Farmer-realised grain yield across the 13i§étom 2008 was not well predicted
by APSIM (Figure 3.5b). Many of the fields expeed moderate to severe lodging
(Table 3.1a), which began between mid stem-eloagathd mid grainfilling.

Lodging in mildly lodged fields began either indajrainfilling, or during a severe
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Figure 3.4. Phenology gap (difference in days beter observed and simulated time to
reach a growth stage) vs. the observed near-anthegrowth stage of the crop for the
2008 and 2009 commercially monitored fields, (a) por to and (b) after the
reconfiguration of cultivar phenology parameters. Qiltivar key: O = Baxter, ® =
Ventura, x = CQ Kennedy,o = Kennedy, 9 = Strzelecki, A = EGA Gregory).

weather event at maturity. The weather event (1BD+m of rainfall across three
days) occurred before most of the fields could & ésted.

While some of the data points fell close te 1hl line (Figure 3.5b),
approximately half of the fields yielded <75% o&tAPSIM predicted yield, due to
lodging and weather damage losses. The worst Igdgas observed in fields of the
long-season cultivars Strzelecki and Baxter. Helgelded slighty more than the
APSIM predicted yield, which may have been causemhtorrect simulation of crop
water input as the farmer was uncertain of irrgatolumes applied later in the
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Figure 3.5. Simulated vs. observed (a) above-grourddomass for each sampling date
throughout the season and (b) farmer-measured graigield for the (O) lodged and @)
non-lodged crops monitored in 2008. Horizontal barén (a) represent the standard
error of observed biomass.
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season when the irrigator was being used almostantty. The average yield gap
(simulated — observed grain yield) of the lodgedd was 2.5 t ha(with a standard
error of 0.55 t hd) when Field 4 was excluded from the analysis.

APSIM did however predict the yield of the Aodged plots well, with 67% of
the variation accounted for by linear regression, @a RMSD of 1.0 t i 18% of
the mean grain yield. The average yield gap (sitedla observed grain yield) of the
non-lodged fields was 0.9 t hgwith a standard error of 0.24 t Hahowever two of
the non-lodged crops had yields more than 20% bé&lewAPSIM predicted yield. In
one (Field 3) a severe infestation of yellow spdtrénophora triticirepentislimited
yield. In the other (Field 2) soil N at sowing magve been over-estimated due to
difficulties obtaining a representative soil samgle anhydrous ammonia had been
applied in bands shortly before soil sampling.

Grain number was better predicted by APSIMy(Fe 3.6a), with grouped
regression explaining 60% of the variation onceuattier (Field 9) was excluded
from the regression analysis. Kernel weight was Vesll predicted (Figure 3.6b),
with most of the fields simulating the APSIM thre&hkernel weight (dry) of
0.041g when the observed average kernel weighbetseen 0.025 and 0.038
grams. The poor prediction of these yield componémtField 9 was probably
caused by the severe lodging observed in this.field
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Figure 3.6. Simulated vs. observed (a) grain numbexnd (b) kernel dry weight for the
(O) lodged and @) non-lodged monitored fields in 2008. Linear regrgsion in (a)
excluded the outlier Field 9 which also lodgedX).

3.3.2.3. Simulation of biomass, grain yield and yield components from 2009 crops

In contrast to the 2008 season, APSIM genetadtjer-predicted total biomass in
the 2009 monitored crops (Figure 3.7a). The groupgtkession of all crops
explained 86% of the variation between observedsandlated biomass, with an
RMSD of 2.3 t h&, 27% of the mean biomass (Figure 3.7a). The Kenoseaps
from central Queensland (CQ) simulated very closelybserved data. However,
biomass production in the Kennedy and Gregory ciopise low N field at Gatton
was under-predicted by up to 50% in some compasisamd simulation of grain

29



20 p 10 7
@ = e ®) ’
y =0.8581x - 0.0112 p.
— R2=0.9158 B —
(] © 8 X ///
< = .
= = B .
2 s
© = ’
E >- 6 - .//
o £ ’
o IS L’ ;%@
= ) L7
L = .
< i) P
3 S 4 . .0
£ 5 L’
2 £ .
U) 4
R T T T 2+ T T T
0 5 10 15 20 2 4 6 8 10
Observed Biomass (t ha 1) Observed Grain Yield (t ha 1)
_ 17500 S 0.06 7
' (©) ’ (d)
1S
2 =R El ,
§ 15000 - % S 0.05 - -
) ’ x3
= o= .
g . g5 e
2 4 = 2 ’
E 12500 - o™ $2 o004 - ee
z g < L
< <o sz .
§ ’ ‘(E D ,,/
G . = L
5 10000 - L E 003 - .
2 . ) e
ks . L
g I i L’
7] al
7500 T T T 0.02 T T T
7500 10000 12500 15000 17500 0.02 0.03 0.04 0.05 0.06

Observed Average Kernel
Dry Weight (g)

Observed Grain Number (grains m  -2)
Figure 3.7. Simulated vs. observed (a) above-grourddomass for each sampling date
throughout the season, (b) grain yield, (c) grain mmber and (d) average kernel dry
weight for the 2009 crops: O) Gatton high N Kennedy, @) Gatton low N Kennedy, €)
Gatton high N Gregory, () Gatton low N Gregory, and (x) Kennedy grown in entral
Queensland. The dashed line (- - - -) representseii:1 line, the solid linel@ O) in (a)
represents the grouped linear regression for all da. Duplicate points at Gatton are
derived from two plant populations within the sameexperiment.

yield across the range of CQ and Gatton crops dicocurately predict observed
grain yield (Figure 3.7b).

Grain number and kernel weight from the Ga6@9 crops were not accurately
simulated across the range of crops (Figure 3./wjth grain number being over-
predicted for the three of the Gregory crops (wlatthodged) and substantially
under-predicted for the Kennedy crops in the loncdhopy managed field. Kernel
weight was simulated to be at the maximum APSIMadifvalue of 0.041 g for all
Gatton crops. Yield component data from the CQ £mpre not collected.

All except one of the APSIM simulations from 208uggested that yield-limiting
N-stress occurred during the growing season, wialtgigible water stress was
recorded. Visible observations of N stress sympt(ieas yellowing) were also
recorded during tillering and early stem elongatiotwo of the CQ Kennedy crops,
and the Kennedy and Gregory grown in the low Ndfei Gatton. In these crops, N
stress was observed to rapidly decline (as ragdrgng of the canopy) in response

30



to in-crop N application, while the APSIM simulat®suggested that N stress
remained in the crop for two weeks longer than ohesein the field (data not
shown).

The 2009 simulations were re-run under N nontihg conditions by adding
additional soil mineral N to the APSIM soil file msure that no N stress occurred
during the simulation. Prediction of biomass (F&8r8a) improved in N non-
limiting simulations, with linear regression accting for 89% of the variation, and
RMSD of 1.8 t ha (18% of the mean observed biomass). The predictidimth
yield and grain number improved (Figure 3.8b,c)wate still poorly correlated with
the observed data. Interestingly the grain yield@hnedy in the low N field was
still under-predicted by 1.5 t aa surprising result given the severe N stress
observed in this field prior to in-crop N appli@atiat DC31. Due to the APSIM cap
on maximum kernel dry weight, no change in the jotexh of average kernel dry
weight was observed (Figure 3.8d) in N non-limitsigiulations. Maximum
observed kernel weight of 45.5 mg was observe&é&medy in this field, 10%
greater than the default APSIM value of 41 mg. Addally, observed grain number
for Kennedy in this field was 20% higher than siatatl grain number (Figure 3.8c).
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Figure 3.8. Simulated vs. observed (a) above-grourmdomass for each sampling date
throughout the season, (b) grain yield and (c) grainumber and (d) average kernel dry
weight, for N non-limiting simulations of the 2009crops: (O) Gatton high N Kennedy,
(®) Gatton low N Kennedy, @) Gatton high N Gregory, @) Gatton low N Gregory, and
(x) Kennedy crops grown in central Queensland. Thdashed line (- - - -) represents the
1:1 line, the solid line @0 O) in (a) represents the grouped linear regressiorof all data.
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3.3.2.4. Summary of APSIM validation for the cultivar Kennedy in 2008 and 2009
assuming no N limitation to crop growth

In N non-limiting simulations across both 2Q0&1 2009, APSIM predicted the
yield of Kennedy with approximately 10% error osdgFigure 3.9a), with an RMSD
of 1.0 t hat, 16% of the mean observed grain yield. The moseme outliers were
at Field 3 where prolonged N stress was experieanddot fully relieved, and at
Field 17 where severe vegetative N stress was ws@rior to in-crop N
application. The accuracy of the simulations wath&r improved by increasing
maximum kernel weight to 45 mg in the simulatioosFields 17a and 18a where
larger kernel weights were observed (Figure 3.8&¢reasing the RMSD to 0.73 t
ha' (11% of the mean observed grain yield), withintéiege of normalised RMSD’s
reported against mean observed data for other maoded in other spring wheat
potential yield validation studies (Timsina and Hahreys, 2006).
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Figure 3.9. Simulated - observed grain yield vs. aerved grain yield when using N
non-limited simulations for all Kennedy crops monibred in 2008 and 2009, when (a)
maximum kernel weight of 0.041 g was used for alkaps, and (b) maximum kernel
weight of 0.045 g was used for crops where observkedrnel weight was greater than
0.041 g. (x) canopy managed crops experiencing sevearly N stress, O) canopy
managed crops experiencing moderate early N streq®) non-canopy managed crops
with high soil mineral N levels at sowing, andA) crops experiencing prolonged N
stress through to maturity. The area within the daked lines includes crops where
simulated yield varied from observed yield by lesthan 10%.

3.3.2.5. APSIM prediction of crop water use in 2008

Detailed soil water monitoring occurred in #nfgelds (1a, 3, 5). At Field 1a and
3, APSIM tracked the use of total profile extradtedoil water well (Figure 3.10a,b).
However at Field 4, after simulating observed watar closely during the first half
of the season, simulated water use diverged frenmibasured soil water contents
from 100-150 days after sowing. The farmer at libesition was uncertain about the
exact amount of water applied later in the seaandi,it is possible the values used in
the simulation were lower than the actual volumevafer applied to the crop.
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received one less irrigation, but from which no yilel estimate was obtained.

3.3.3. Assessment of agronomic management factors potentially contributing to
lodging in the 2008 crops.

The average yield gap between simulated asdrabd grain yield for the
monitored fields in 2008, was 0.9 thim the non-lodged fields, and 2.5t hia
lodged fields. Yield gaps generally increased wittreased severity of lodging
(Figure 3.11a), and soil mineral N at sowing (Feg8rl1b). Of the 13 fields
monitored in 2008, 11 had more than 300 kg bisoil N at sowing (measured to
180 cm depth) with more than 200 kgl N in the top 90 cm (Table 3.1c). Five
fields had more than 500 units N to 180 cm depghtlye N requirement to produce
above ground biomass in a wheat crop with 8% drain yield is approximately 250
kg hat N (Ortiz-Monasterio, 2002). One field (Field 7)haore than 500 kg Heof
soil mineral N available at sowing but did not ledgrobably because it was sown
late and was unable to develop the biomass and pakntial required to create the
physical crop conditions necessary for lodgingdouo.

Fertile tiller number per unit area was assessédrmest, and plotted against yield
gap (Figure 3.12). When fertile tiller number wascalated on a whole-field area
basis, no significant relationship was observedben yield gap and fertile tiller
number per unit area (Figure 3.12a). However wladcutating the fertile tiller
number on a bed area basis (omitting the unsowoviugap from the calculation of
ground area), a significant linear relationship whserved between fertile tiller
number and yield gap (Figure 3.12b).
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Figure 3.12. Relationship between yield gap (simuiad - observed grain yield) and
fertile tillers number, when calculating fertile tiller number on (a) the whole field
basis, and (b) the bed area basis (i.e. excludinggown areas in furrows) for ©)
lodged fields, @) non-lodged fields and including a linear regressn (solid line) for
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3.3.4. APSIM simulated potential yield and water use for irrigated wheat in the

northern grains reqgion

CPLM irrigation was found to produce 10-12f6l20-22% higher average yield

compared to the furrow irrigated 2m and 1m bedpedding on location (Figure
3.13). The use of higher maximum kernel weightdennedy in the CPLM
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Figure 3.13. Boxplots for potential yield from 110/ear simulations of cv. Kennedy
under best industry practice irrigation at (a) Dalby, (b) Emerald (c) Goondiwindi, (d)
Gunnedah (e) St George and (f) Walgett. Simulatioanalyses were for ‘Im’ bed furrow
irrigation, ‘2m’ bed furrow irrigation, CPLM (Centr e Pivot-Lateral Move) irrigation
systems, and CPLM+ (CPLM systems with higher poteindl kernel weight). Boxed
areas indicate the upper and lower quatrtiles, whisérs represent the upper and lower
deciles, and the area bounded by circles represeri®% of all years. Median year is
represented by the solid line within the interquartle range box.

simulations increased yield by an additional 10%aath location. The highest long
term average yield for the CPLM simulations using &djusted maximum kernel
weight of 0.045 g was simulated at Gunnedah (8d}, while the lowest average
yield was observed at Emerald (7.8 tthal'he range for 95% of simulated outcomes
(i.e. £ 2 standard deviations from the mean) actlos<4.10 year simulation was 2.4,
2.8 and 3.2 t hiafor the 1m, 2m and CPLM analyses on average atinessix
environments.

Evapotranspiration water use was also affelsyeidrigation method (Figure
3.14). The CPLM irrigation had 6-11% and 13-18%hleigmean evapotranspiration
across locations compared to the furrow irrigatedahd 1m beds. Using the higher
maximum kernel weight for Kennedy in the CPLM siatidns had no effect on
simulated evapotranspiration compared to the sitmis using the standard kernel
weight. In this case, the crops continued to traiasgd the same rate regardless of
whether the simulation had filled the crop ‘sin&’dapacity. Mean
evapotranspiration from the CPLM simulations ranfyech 530mm at Gunnedah to
495mm at Emerald. The range for 95% of simulatddaues (i.e. = 2 standard
deviations from the mean) for evapotranspiratios W48, 172 and 198 mm for the
1m, 2m and CPLM analyses respectively, on averagesathe six environments.
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Figure 3.14. Boxplots of evapotranspiration water se from potential yield simulations
for cv. Kennedy under best industry practice irrigaion at (a) Dalby, (b) Emerald (c)
Goondiwindi, (d) Gunnedah (e) St George and (f) Walett. Simulation analyses were
for ‘Im’ bed furrow irrigation, ‘2m’ bed furrow irr igation, CPLM (Centre Pivot-
Lateral Move) irrigation systems, and CPLM+ (CPLM systems with higher potential
kernel weight). Boxed areas indicate the upper anlbwer quartiles, whiskers represent
the upper and lower deciles, and the area bounded/lzircles represents 90% of all
years. Median year is represented by the solid lin@ithin the interquartile range box.

3.4. Discussion

3.4.1. APSIM validation

3.4.1.1. Phenology

One of the critical tasks in simulating cropgisuring that crop phenological
development is simulated correctly. This is neagslsacause the length of the
crop’s growing season and the timing of floweringelation to in-season water and
N stress can drastically alter the final yield afrap (e.g. Stapper and Fischer,
1990a; Ortiz-Monasterio et al., 1994). However,ldrge number of wheat cultivars
available to Australian growers means that someveu$ used by growers in the
course of this study have not been subjected twaigs phenological investigation.
Their phenological parameters are derived fromtéchdatasets that do not represent
the diverse range of production environments useddmmercial wheat production
in Australia. Thus in this study, APSIM generalignslated flowering date well in
cultivars that had been calibrated against largeasits of regionally representative
phenology data, such as the widely grown cultiegef Gregory and Kennedy. The
cultivar that was modelled with the most difficultsas Ventura, a lesser known
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cultivar sourced from southern Australia in 2008ifs reputed good performance
under irrigated conditions (Paul Castor, pers. comm

3.4.1.2. Prediction of biomass & grain yield in lodged fields in 2008

In the 2008 season when residual soil N at sgwias generally high, observed
biomass was predicted well by APSIM during theyegrbwth stages. However later
in the season, APSIM-simulated biomass was gegegediater than measured
biomass, a similar pattern to other APSIM evalusim the same region (Wang et
al., 2003; Chenu et al., 2011). These differened&édéen observed and predicted
biomass were probably due in part to the biotic @dtic stresses (e.g. lodging,
disease and nutritional limitations) experiencediélg crops that are not simulated
by models such as APSIM. Over-prediction of biontagy also have been due to
the difficulty of drying green biomass samplesiincaen soon after sampling at
remote locations. Testing indicated that green bssrsamples (as opposed to
samples taken at crop maturity) could lose up 8 D5 their dry weight when not
placed into a drying oven on the day of collecewen if they were refrigerated
during the interval between collection and dryidgté not shown). It is also possible
that some of the differences in this study weresedby varietal differences in
phenological development and biomass partitiongiggn that biomass
accumulation parameters for Australian wheat calswvithin APSIM have
predominantly derived from the cultivar Hartog, athiwas released in the 1980’s.
Newer, higher yielding cultivars such as Kennedy maduce less vegetative
biomass and higher harvest index under high yigldonditions.

Across the full range of commercial cultivégsted in 2008, farmer-realised
grain yield was not predicted accurately in lod§eftls, but was noticeably better
predicted in non-lodged fields. This contrastechwiite prediction of biomass which
was similarly accurate in both lodged and non-ladfyelds. This contrast was
potentially caused by the specific sampling of dgked areas where possible in the
collection of biomass cuts (section 3.2.2.), whef@amer-realised grain yield was
measured across the entire crop area. Howevelitalsa have been caused by
inability of commercial harvesting machinery to qaetely glean the lodged crop
due to the low placement of wheat heads. Additignahattering (grain falling on
the ground) and/or sprouting of the grain may Haaen more prevalent in lodged
fields, and were likely to have worsened betweencttilection of maturity biomass
cuts and the subsequent commercial harvest.

3.4.1.3. Prediction of biomass & grain yield in canopy managed fields in 2009

Irrigated wheat fields monitored in the 20@8son were generally sown to quick
maturing cultivars, and grown using the canopy mganaent technique of in-crop N
application. This followed a concerted educatiompaign on agronomic techniques
available for reducing lodging risk (e.g. Peake Andus, 2009) that was conducted
between the 2008 and 2009 seasons. Ultimatelyirigdg 2009 was not as severe in
canopy managed fields. Most of these fields expe&d visible N stress during
tillering, followed by a rapid relieving of the esis after application of N (and
irrigation to incorporate the fertiliser) duringrBastem-elongation.

Based on its tendency to under-predict th@@2f0mass and grain yield data, it is
suggested that the APSIM wheat module under-estsrthe ability of spring wheat
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cultivars to recover from N stress, although maetailied testing is required to
confirm the underlying reasons behind this obsemaSpecifically, this trend was
observed under conditions where N fertiliser wgdiad during the cropping season
to alleviate severe N stress, and then incorponate@r ideal (irrigated) conditions
for rapid N uptake. Additionally, it is importard hote that the influence of seasonal
conditions was confounded with the different gragviachniques used between the
two seasons of field monitoring. Further testingaplicated field trials is required to
confirm that the canopy management technique ofap-N application does reduce
lodging in Australian wheat cultivars.

3.4.1.4. Prediction of ceiling yield

The APSIM model parameters for wheat bionseskyield development were
primarily constructed from the wheat cultivar Hgria experiments conducted in the
mid 1990’s. While Hartog is no longer widely grownthe region, the cultivar
Kennedy is closely related to Hartog and achiehedchighest yields recorded during
the field monitoring, with four yields of 7 t ar greater. Yields of Hartog have
been closely simulated by APSIM in high yieldinghfad experiments in the region
(Chenu et al., 2011; Peake et al., 2011), and ARS8l also able to predict the yield
of most Kennedy crops from this study with 10% eowoless, if the simulations
assumed no N stress within the canopy managedfigleihce the model was
considered suitable for estimating the yield pogtmf Kennedy in the region,
assuming it is grown under optimal conditions &mat todging is avoided.

While it is readily apparent that the standaRE5IM parameterisation under-
predicted grain yield in the highest yielding figldhe basis for this trend is unclear.
It is possible that potential yield of the cultivéennedy may be higher than the
cultivar Hartog, which was used in APSIM parametion experiments in the early
1990’s. However it is also possible that the carm@nagement technique of in-crop
N application may have been the primary causeefrtbreased grain yield.

The observed maximum kernel weight for Kennatdgatton means it is
appropriate to use this larger value (0.045 g) wemrducting simulations on the
yield potential of irrigated wheat in the north@mnains region. However, the yield of
two treatments in Field 17b (at Gatton in 2009)enstill under-predicted by more
than 1 t h&, even once maximum kernel weight in the simulatioas increased by
10% to match the observed data. Observed grain euwds also 20% higher than
simulated for these crops.

Despite this trend it was decided not to staméously re-parameterise grain
number determination routines in APSIM. This demsivas taken due to the
preliminary nature of the ‘skip-row-factor’ pararagsation developed for this study,
which directly impacts upon grain number determoratinaccuracy in the
calibration of ‘skip-row-factor’ and its applicatido the low N fields at Gatton could
have been related to over-estimation of grain numbeerefore further
experimentation is recommended to determine whéthemp N application or
genetic improvements in modern cultivars increastertial yield through both
increased grain number as well as average kerrightve
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3.4.2. Potential vield and water use for irrigated wheat under different agronomic
management regimes in the northern grains region

The simulations conducted to determine podégteld indicated that long-term
average potential yields for the cultivar Kennedy &t hat or greater for CPLM
irrigation systems at Dalby, Goondiwindi and Guraetedvhen using the standard
APSIM parameterisation. When the maximum kernebWweof Kennedy was
increased to the 45 mg (dry weight) ceiling obsdnwethe field experiments in this
study, the average potential yield of Kennedy ur@@eLM irrigation increased by
approximately 10%, rising above 8 thimr St George and Walgett, and reaching 9.1
t ha! at Gunnedah. In contrast to the yield simulatioveter use was unchanged in
the simulations that used a higher maximum kerreggst parameter because the
duration of grain filling and green leaf area washanged.

These yields are higher than the previousdsgpublished yields identified for
the region of 7.2-7.6 t ha(Meinke et al., 1997; Keating et al., 2001) anghleir than
farmer-realised yields previously obtained in tegion in irrigated production fields.
However, within the duration of the field monitagidescribed herein and shortly
following its completion, 8 t hagrain yield has since been achieved in at leaseth
commercial fields of irrigated bread wheat in tlogthern grains region (Peake et al.,
2012; Hamish Bligh, pers. comm.; Greg Rummery, pgsim.). Additionally, five
commercial cultivars have been recorded as yieldirgg 9 t ha in subsequent field
trials not reported herein, the highest yield &9t hat being recorded for the
cultivar Trojan at Spring Ridge (near Gunneda90a4 (Peake and Gardner,
unpublished data).

However it is also important to note that sea-season variability meant that
there was a simulated range in grain yield of apipnately 3 t ha across 95% (two
standard deviations) of the historical climate rdcd@hus, yields 1.5 t halower
than the long term average could occur under CP{d¢fess in some years even
though water and N may not be limiting. The simedia¢vapotranspiration
requirements to achieve potential yield also vabietiveen location and season, with
average evapotranspiration water use varying betw86 and 530 mm depending
on location for the CPLM system simulations.

The potential yield simulations indicatedtthen and 2m bed irrigation systems
would have a lower potential yield (in the orde2@P6 and 11%) than CPLM
systems. However, these estimates rely on calclthtierences in light interception
that require further field validation, to determivbether crops grown on raised beds
on an east-west configuration are able to part@iypensate for the decreased light
interception observed in ‘furrow gaps’ (Appendix B)

3.4.3. Causes and impacts of lodging on irrigated wheat production in the northern
grains region in 2008.

3.4.3.1. Mechanisms and causes of lodging

Berry et al. (2004) broadly summarised lodgyredd reduction effects as being
due to the reduction of grain number or size thhopigysiological effects (such as
reduced ability to produce assimilate due to didganopy structure and decrease
light interception), or the inability of harvestieguipment to physically capture the
grain from prostrate plants. It is likely that eaast some of the fields in this study
experienced ‘physiological’ yield loss from lodgjnmarticularly those fields which
lodged at or prior to anthesis, the most sensgresvth stage to lodging related yield
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loss (Pinthus,1973). Physical capture of the graind also have been disrupted in
some fields through grain sprouting, potentiallgréased by lodging due to
decreased airflow within the lodged canopy. Shatgefgrains falling out of the
florets prior to harvest) may also have been acedetl by lodging during harvest, as
wheat heads substantially askew from vertical atignt are probably more prone to
drop grains in front of the header front during kia@vesting process. An additional
cost to the industry in 2008 was absorbed by haoagractors (which are heavily
used by Australian wheat growers), who chargedramail increase in harvesting
fees for lodged crops even though badly lodgedsisbmetimes took twice as long
to harvest.

Lodging has previously been associated withemged shading caused by the
development of a thick crop canopy (Sparkes and K2007). Previous studies (e.g.
Easson et al., 1993; Stapper and Fischer, 1990&y Beal., 2004) have
demonstrated increased lodging susceptibility obagmic strategies such as high
seeding rates, decreased row spacing and increasiddal soil mineral N at sowing,
each of which increase biomass production duriteging. The agronomic and
climate data from this study supported these figslinvith increased tiller density
and higher soil N reserves correlated with the tgregeld gaps observed in lodged
fields.

3.4.3.2. The effect of agronomic management on lodging in 2008

The cost of lodging in 2008 has previously beenservatively estimated at $20
million AUD (Peake and Angus, 2009). In this stuthe calculated average loss due
to lodging was 1.6 t hi(the difference in yield gap between lodged ana-iodged
fields). Discussions with commercial agronomist®as the region suggest that the
area of lodged wheat in 2008 was at least 60-7(h@0@uring the 2008 season the
wheat price fluctuated wildly, and rose to over @4@r tonne for the highest quality
classification. Therefore the cost of lodging towers may have been in excess of
$30-$40 million if the lodged crop could potentyafiave been accepted into the
highest quality grade, even after accounting foreased harvesting costs due to
lodging.

The longer-season cultivar Gregory experiemederate to severe lodging even
when grown using canopy management technique®i@@A9 Gatton trial, which
suggests that Gregory is more prone to lodging thamuick maturing cultivar
Kennedy. Maximum yield of Gregory in these fieldasib.6 t hd, nearly 2 t ha
below the best yielding Kennedy treatments, yeugations of both N limited and N
non-limiting conditions suggested Gregory shoukld/il.5-2.0 t hda more than
Kennedy in these fields. This trend emphasisestpertance of evaluating the
accuracy of simulation models for new applications.

The long-season cultivar Strzelecki has bessdun APSIM simulations to
suggest that yields of 10 t‘hanay be possible in the region with the use of fong
season cultivars (Peake and Angus, 2009). Howeeeorte commercial field of
Strzelecki monitored in 2008 yielded just 3.3 t e to lodging and associated
harvest losses, 5.5 tfhaelow the simulated grain yield for this field. && long-
season cultivar Baxter also experienced severerlgdg 2008, irrigated growers in
the northern region have been advised to grow guiaturing cultivars until testing
of commercial cultivars has been conducted to deter whether high yielding long-
season cultivars with acceptable levels of lodgesistance can be identified (Peake
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et al., 2012). If such cultivars exist, they malymately possess greater yield
potential than the quick maturing cultivar Kennedy.

3.5. Conclusions

The results of this study show that the poteniigidyof irrigated spring wheat in
the northern region is currently between 8 anth&%, and requires approximately
490-530 mm of evapotranspiration. On average atodged fields in 2008, lodging
was associated with a 1.6 theeduction in farmer-realised yield, although theees
a 5.5 t hd difference between APSIM predicted yield and farmezlised yield in
the worst lodged field. Lodging was probably exheged in many fields by high
levels of soil N at sowing and the use of lodgingeeptible cultivars.

The study also demonstrated some limitatidriee@APSIM model in simulating
high yielding wheat production under irrigationdathe rate of recovery of crops
from N stress when experiencing rapid changesiliNsavailability. However it has
also demonstrated the value of using simulationetsofr yield gap analysis. While
APSIM was unable to predict yield in fields affettgy lodging, APSIM predictions
of yield were strongly correlated with the obseryeald of non-lodged fields in the
2008 season. This enabled use of the model to &stitihe cost of lodging by
calculating potential yield ‘benchmark’ estimataeghe yield gap analysis, and
allowed the identification of agronomic charactécsin fields that are likely to have
contributed to the widespread lodging experience208.

Further study is necessary to determine whegtbintial yield in the region could
be higher than reported in the present study, tiivabe use of in-crop N application
or longer season cultivars. Such a study would fiegd to identify lodging resistant
longer season cultivars, or be conducted using arecal aids such as lodging nets
to prevent lodging from influencing experimentadults. Further investigation is
also required to determine whether agronomic teghes such as in-crop N
application can effectively reduce lodging riskvatit reducing yield potential in the
northern grains region.
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Chapter 4 — An investigation into the ability of ag ronomic methods to
reduce lodging in irrigated spring wheat in the nor thern grains
production region of eastern Australia

4.1. Introduction

Research into high yielding wheat productioggests that maximum crop water
productivity for an individual field is obtained wh achieving near-maximum yields
(French and Schultz, 1984a; Musick et al., 1994)weler, achieving high wheat
yields in both irrigated and rainfed environmeras been limited by the disorder
known as lodging (Stapper and Fischer, 1990b; Betraf., 2004; Peake et al.,
2014b), defined as the ‘permanent displacemenlamit ghoots from an upright
position’ (Pinthus, 1973). Additionally, deficitrigated crops can also be at risk of
lodging in favourable seasons with high potentiald;

Yield losses of up to 80% have been recordestverely lodged crops, partly due
to the physiological disruptions that occur in dded crop (e.g. reduced radiation
use efficiency caused by a less efficient canopycsire), and partly because
harvesting machinery cannot completely glean tdged crop from the soil surface
(Berry et al., 2004). Lodging can also reduce gcaiality (Pinthus, 1973; Fischer
and Stapper, 1987) which further decreases econ@tums.

Lodging can be managed using agronomic preaad/or the use of genetically
improved, semi-dwarf wheat cultivars with greagsistance to lodging (Reitz and
Salmon, 1968; Pinthus, 1973). While plant genetiprovement is a long term task,
improved agronomic practices can be implementeckuiThis is pertinent to the
irrigation districts of subtropical Australia, wieehigh grain prices have recently
stimulated a rapid expansion in irrigated wheatipotion, and yields are
constrained by lodging (Chapter 3) (Peake et lL4B).

Reduced light quantity and quality have beemanstrated to weaken stems and
surface roots and increase lodging risk (Sparkds<amg, 2007) suggesting that
agronomic practices which increase crop vigour@arbpy density also increase
lodging risk. This supports numerous studies imgpand winter wheat that have
demonstrated lodging reduction through practicasréduce canopy size, such as
reduced plant populations (Stapper and FischelQd;9®asson et al., 1993; Webster
and Jackson, 1993), later sowing dates (Berr{,,€2@00; Spink et al., 2000 cited in
Berry, 2004), and the application of plant growggulators (Herbert, 1982; Knapp et
al., 1987; Crook and Ennos, 1995; Tripathi et20003). These practices are known
as ‘canopy management’ techniques and are usedhiied winter wheat production
to improve yields through reduced biomass produaciimproved access to nutrients
later in the season and decreased lodging riskéStdr-Bradley et al., 1997;
Sylvester-Bradley et al., 2000).

Decreasing nitrogen (N) availability duringthegetative growth phase is another
canopy management technique that has been widelgrirated to reduce lodging
(Mulder, 1954; Kheiralla et al., 1993; Crook andhbs, 1995; Berry et al., 2000;
Tripathi et al., 2003). However, a feature of thasd other studies was that total
season N availability varied between treatmentsigiray reductions in these studies
may have been achieved by lowering the yield patkot low lodging treatments,
and it remains unclear whether in-crop N applicatian reduce lodging risk without
reducing yield potential. A range of studies (&f@ddowson et al., 1961; Bremner,
1969; Islam et al., 2002) have attempted to addhressincertainty with experiments
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that varied sowing N application before applyingnpdementary in-crop N rates to
ensure total season N was the same for all treasménfortunately due to lack of
lodging or other experimental limitations in thesedies, they were unable to
conclusively demonstrate that in-crop N applicatieduces lodging while
maintaining maximum yield potential.

Bremner (1969) showed that in-crop applicabbi reduced lodging in rainfed
winter wheat compared to treatments with the samauat of N applied at sowing,
without reducing yield. However their yield levé¢s5 t hat) suggested that yield
was limited due to water or nutrient limitation(ahd their results were not tested
statistically. Widdowson et al. (1961) conductedikr experimentation, comparing
autumn and spring applications of the same N fidtey observed increased yield in
most (but not all) years, and also observed cargisbdging reductions associated
with in-crop N application. However their yield k&g of 4-5 t ha suggest that their
experiments may also have been water or N limaad,may not be applicable to
modern spring wheat germplasm capable of yieldihhd.

Islam et al. (2002) conducted an investigationpdit &l timings at different
application rates and found a yield advantage &s®acwith in-crop N application
at yield levels of 4-5 t hg but observed no lodging in any of the treatmedtbbs
et al. (1998) presented data from an unknown lonahat indicated in-crop N
application reduced lodging of irrigated spring &hi@ a subtropical environment,
but data were not presented to show whether in{§rapplication yielded similarly
to sowing N treatments. Crop monitoring reporte@€hapter 3 observed less lodging
and smaller yield gaps in canopy-managed fieldaever the use of canopy
management techniques was confounded with locatidrseason. In the most
applicable study identified, Fischer (1993) invgated split N applications in high
yielding (up to 7.5 t hd) irrigated spring wheat on low fertility soils afmlind that
delaying N application to DC31 (Zadoks et al., 19d not reduce yield, however
they did not observe lodging in their experimenddaionally, their experiment was
conducted in a temperate environment with a loggewing season than found in
subtropical environments.

While previous research suggests that in-digpplication could be used to
reduce lodging risk of irrigated wheat in the saptcs, it remains unclear whether it
can effectively reduce lodging without reducinglgipotential when used in
combination with the cultivars and climatic conaiits of the northern grains region.
In particular, the short duration between initiatend flag leaf emergence in
subtropical regions (sometimes as little as 4-5kapmay hinder the ability of a
wheat crop to recover from an early N deficit amdidav plant populations and
achieve maximum yield. Therefore the objectivehis study was to determine
whether the canopy management techniques of infdrapplication and low plant
populations reduce lodging risk without decreasimgyield potential of irrigated
spring wheat in subtropical Australia.

4.2. Methods

4.2.1. Experimental design

Experiments were conducted at the Gatton CSH#&@arch station (S27.54°
E152.33°) in 2009 and 201&Experiments aimed to compare lodging susceptibility
and yield of alternative N timing strategies in donation with different plant
populations. Nitrogen timing x plant populationatments were tested in
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combination with two cultivars; EGA Gregory (a leagason cultivar hereafter
referred to as Gregory), and Kennedy (a quick nraguwultivar), both of which are
white-grained semi-dwarf bread-wheatsi{icum aestivum

All experiments were fully irrigated, usingrtthshift sprinklers. The standard
plot configuration for all experiments simulatecdbtwetre wide beds using blocks of
seven rows (23.3 cm apart) sown over 1.4 m andaeghby 60 cm wide wheel-
track gaps, sown on flat ground with no raised bAdsalternative plot/row
configuration was also sown in the 2009 experimenits the objective of
investigating the yield potential and lodging syxitslity of one metre wide beds in
comparison to the standard two metre wide plotesélcontained two sets of three
rows of wheat separated by a 60 cm gap, thus reptiag paired one metre wide
beds which covered the same area as a standanmthé¢ive-bed plot. All plots were
sown as seven metre long plots, with plot-endsnaa to create five metre long
plots on the day of harvest.

In 2009 four adjacent experiments were cotetlim the same field, with each
experiment conducted using a single cultivar. Txygeements were sown on
different dates; 18May (Gregory) and%June (Kennedy) in order to optimise yield
potential for the phenology of each cultivar. Twdle experiments (one containing
each cultivar) were conducted on a section of ifld fvith low residual soil N that
had been prepared by growing and harvesting biofmaissa forage sorghum crop.
These two experiments had the majority of theietjuirement applied ‘in-crop’, at
late GS32 and GS39 (as defined in the modifiedndalccode of Tottman (1987)).
The other two experiments (one for each cultivajerconducted on an adjacent
section of the same field which had been fallowad @ntained the majority of the
season N requirement as residual soil N, presesawveing. Field history of the two
areas was identical prior to the forage crop, anildesting revealed no nutrient
deficiencies (other than N) in either section & tield. The aim of the N application
strategies was to create differential N levelsmytillering (the vegetative growth
phase), after which non-limiting amounts of N wobk&lapplied. N application
regimes and residual soil N levels for the expenta@re presented in Table 4.1.

N regime was varied minimally within each 2@%eriment due to concerns that
highly variable N rates could influence neighbogrptots. Each experiment
consisted of a 2 x 3 factorial, consisting of the bed configurations (one metre or
two metre), and three agronomic management regih@sand 200 viable seeds’m
sown without additional N, and 200 viable seedssown with an additional 50 kg
ha® N applied at sowing. The aim of the seed ratestwastablish contrasting plant

Table 4.1. Residual soil N and in-crop N regimes fahe 2009 and 2011 experiments.

Gatton 2009 Gatton 2011
Low Low High High Low Medium High
Sowing Sowing N Sowing N Sowing N Sowing N Sowing N Sowing N
N +50 +50
kg ha N kg ha N
Sowing soil N
(to 180 cm) 60 60 125 125 15 15 15
Fertiliser N (sowing) 50 50 0 50 150
Fertiliser N
(GS31-32)* 190 140 125 75 200 150 50
Fertiiser N 5, 50 50 50 50 50 50
(flag leaf)
Total soil + fertiliser N 300 300 300 300 265 265 265

*Top-dressing occurred at GS32 in 2009, and GS2Dir1.
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populations of approximately 100 plantg ifthe standard plant population used in
rainfed wheat production in the northern grainsmegand 200 plants ¥(the
maximum recommended plant population for irrigatdekat growing in southern
Australia (Lacy and Giblin, 2006)). The additiomaivas applied to applicable
treatments as urea spread by hand after sowing(lmutto emergence), and
incorporated with an irrigation of 20 mm. Plotsiwfertiliser N applied at sowing
had less N applied later in the season (Table When sowing the experiment, a
single bed configuration was used exclusively ichgalanting run, thus creating a
split plot design. Each treatment was replicatedelimes except for the treatments
where 200 viable seeds?were sown with the additional 50 kg, which were
only replicated twice due to space limitationsha irrigated area.

Observations in 2009 indicated that low N pload not accessed N from adjacent
high N plots during the vegetative growth phaseeréfore in 2011, all N treatments
were included within the same experiment. A forageghum crop was grown and
baled in the summer of 2010/2011 to decrease #ieua soil N for the
experimental area.

The 2011 experiments used only the standavdhetre wide plots as described
for the 2009 experiments. The factorial designuded two cultivars, three N
regimes and two seeding rates (100 and 200 viaelgssiTt), across three replicates.
The cultivars were sown in separate ‘split-plot&thim each replicate on ¥avay (
Gregory) and the™8of June (Kennedy) in an attempt to optimise yf@tential for
the phenology of each cultivar, while allowing &ttal comparison between the
two cultivars. Rain between the two sowing dateamhéhat as also occurred in
2009, the difference between sowing dates was fahge intended. The three N
regimes (Table 4.1) had varying rates of N appdiesowing, GS31 and flag leaf
emergence. The second application (GS31) was datieat a noticeably earlier
growth stage than in 2009, because N stress iloth@l treatments was more severe
due to the lower soil residual N compared to 2009.

4.2.2. Field measurements

Soil samples were taken on the day of sowondetermine the soil water and N
content of the soil to a depth of 180 cm. Sowinigsamples were analysed for
gravimetric soil water content, nitrate-N concetind soil organic carbon and pH.
Four or five cores were collected from the expentakarea in each year, and split
into depth layers (0-15 cm, 15-30 cm, 30-60 cmiarfdrther 30 cm increments to
180 cm). Depth layer samples from all cores werslined to give a single sample
for each depth layer. The seven depth layer sanfifgeseach experiment were then
split into two samples, one for soil N and onedoil water. Samples for N analysis
were dried at 40C and the nitrate-N content of the samples wagaéated by
using a 1:5 soil/water extraction, method 7B1 éxvabluble nitrate) from Rayment
and Higginson (1992). The 1:5 soil/water extractias also used to determine pH,
while organic carbon assays were obtained usinyhkkley and Black method
(methods 4A1 and 8B1 respectively from Raymentldigginson (1992)). Soill
water samples used in determining gravimetric mogstontent were weighed in the
field and then dried at 105°C for a minimum of 48irs. Dry weight was
subsequently determined only when sample weigltwett no weight decrease over
a period of 6 hours.
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Biomass samples were taken from & Sections of the plot comprising a 25 cm
section across the entire 2 m plot width, whiclstimecluded a proportionate area of
the simulated ‘furrow gap’. Samples were collea@e®&S31, anthesis and maturity,
dried at 80°C for a minimum of 48 hours, and waseramoved until sample
weights showed no further decrease over a peri@édhofurs. Anthesis samples were
taken on the average date of 50% anthesis fofa8 wiithin a given experiment in
2009, and on the day of 50% anthesis for indivigials in 2011. Fertile tiller
number was determined from a subsample of eachdssmut at GS31, anthesis and
maturity. Leaf area (measured using a LICOR LI-3H20 area meter) was
measured at GS31 and anthesis and used to calmd&rea-index. Phenology
ratings were taken using the decimal code systesoritbed by Tottman (1987),
which offers a more precise definition of growtages around floral initiation than
the decimal code of Zadoks et al. (1974), whicétiiscommonly used by Australian
researchers and agronomists. Growth stage (‘G$atioo has been used herein
when the system of Tottman (1987) has been usédstribe crop growth stage,
whereas the Decimal Code (‘DC’) notation was usbdmreferring to growth stages
in accordance with the system proposed by Zado&k €1974).

Grain was harvested from the plots using meiziea small plot headers. Plot
yields were adjusted linearly to account for thesaremoved in collecting biomass
samples. Grain yield is reported at 12% moistuagutated by weighing subsamples
of grain from each plot on the day of harvest, tgnng samples in the same way as
the biomass samples. Biomass and kernel weighta obtained from
subsamples of the machine harvested grain, angresented on a dry weight basis.
Grain and biomass yield were calculated for th@enwo-metre plot width, which
included a portion of unsown wheel track situatetthivw the harvested area.

4.2.3. Lodging ratings and statistical analysis

Regular lodging ratings were used to calcukaterage lodging during
grainfilling’ which is referred to in the resultaddiscussion as ‘grainfill lodging'’.
Lodging was rated on the first day possible afsahepotential lodging event
(rainfall or irrigation), and every 4 to 5 daysween lodging events. Ratings for a
given day were similar to those used by Mulder @)9hd Stapper and Fischer
(1990a), consisting of the average stem angle frertical for the whole plot. This
was used to calculate average lodging during ghayf multiplying each daily
score by the number of days before the next scasetaken, and then averaging
these over the number of days between anthesibamdst. This method quantifies
the likelihood that lodging may have caused physjal disruption to the crop. In
contrast, a lodging score taken at harvest mayhmlyvdue to a single late lodging
event immediately prior to harvest, and thus wawdtreflect on the development of
lodging through the season.

Experiments were analysed using linear mixedels with the REML (restricted
maximum likelihood) procedure in Genstat (versidi. In 2009 the four
experiments were analysed together in a multi-envirent analysis (with a split-plot
design within each of the four experiments (congddixed effects) due to the one
metre vs. two metre bed comparison), to deterniiagronomic treatments
interacted with cultivar or residual soil N levelthe four different experiments. The
statistical analysis examined the factorial desifjtihe three seed rate x N
combinations, across the two bed configurationt) bbwhich were also designated
as fixed effects. Square root transformation wasssary prior to analysis of
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average lodging during grainfilling, and the resutported have been back-
transformed. The treatment structure was alsotjgargid in the 2011 analyses to
investigate the factorial combination of seed raté-regime x cultivar (each of
which were designated as fixed effects). In allyses the level of significance was
set at 5% unless stated otherwise. The least signtfdifference (LSD) procedure
was used to compare levels of an effect if thesEsas significant.

4.3. Results

4.3.1. Field observations

4.3.1.1. Seasonal conditions

In 2009, temperatures were slightly above ayebetween sowing and anthesis,
after which temperatures were close to the long teverage for the remainder of the
growing season (Table 4.2). In 2011, temperatuere slightly below average
during tillering, and were approximately equallte tong term average for the
remainder of the growing season (Table 4.2).

Table 4.2. Average daily temperature and irrigationvolumes for the experimental
period in 2009 and 2011.

May June July August September  October  Total

Average Daily Temperature (°C)

2009 17.0 14.4 13.1 16.8 18.7 20.7
2011 16.0 13.6 12.9 14.8 16.8 19.5
Long Term Average 16.9 14.2 13.2 14.4 17.3 204
Irrigation + Rainfall (mm)
2009 129 56 96 74 145 50 550
2011 85 33 130 122 132 147 649

Each experiment had more than 150 mm of steoédvater at sowing, and in-
season rainfall and irrigation combined was attlB88mm for each experiment
(Table 4.2). This ensured that more than 650 mmiadér was available for growing
season evapotranspiration when taking rainfaltestsoil water and irrigation into
account.

4.3.1.2. Agronomic characteristics of monitored fields

The low N regimes induced visible N stressathbyears. In 2009, the low N plots
were moderately yellowed by GS32 and had a didyinifferent canopy structure
(shorter and more upright leaves) than the highdispln 2011, the low N plots
showed extreme yellowing and stunting by lateriitig and the decision was taken
to apply in-crop N at an earlier growth stage (GS8tdging was severe in 2009,
with lodging in many plots beginning prior to angieefollowing an irrigation event.
Lodging was less severe in 2011, not beginninginteeatment until after anthesis.
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4.3.2. Analysis of management regimes X bed types across experiments in 2009

An analysis of the management x bed type fadtdesign was conducted across
the four 2009 experiments to determine if the ¢féé¢he agronomic treatments was
consistent across cultivars and/or soil residudlittle interaction was observed
between the management regimes and experimentsostrof the observed traits
(Table 4.3), hence the effect of agronomic managémvas generally stable across
the two cultivars and both residual N levels.

4.3.2.1. Established plant population

Final plant population varied between experitaeén 2009, with the two
experiments of cv. Kennedy averaging 65% estabkstirthe number of emerged
seedlings per 100 viable seeds sown), while thg@yeexperiments averaged only
40% establishment. Final plant populations werectioee much lower than intended
(Table 4.3, 4.4), with high/low populations on age across experiments of
approximately 73/37 plants ffor Gregory, and 117/68 plantsfor Kennedy. The
addition of 50 kg hd N at sowing did not significantly affect establisént in any of
the experiments (Table 4.4). Established plant [atioms were not significantly
different (p>0.05) between bed configurations (€ahB).

4.3.2.2. Anthesis date

Although an attempt was made to sow the twivems on separate days in order
to synchronise anthesis, rain between the sowitgsdielayed sowing of the quicker
maturing cultivar (Kennedy). Anthesis date wasnated for each individual plot due
to the difficulty of assessing anthesis on alétslin heavily lodged plots. However,
approximate anthesis date was 7 days differentdetvthe cultivars, with
Gregory treatments reaching 50% anthesis on appaigly the 3 of September,
and Kennedy reaching 50% anthesis on approximttelg®' of September.

4.3.2.3. Grainfill lodging and grain yield

Significant differences were observed betwegreements for grainfill lodging
and grain yield, with grain yield highest in thadé lodged experiments (Figure 4.1).
The experiments sown on soil with greater N avéglab sowing yielded less and
lodged to a greater degree than the duplicate empets, where N was primarily
applied in-crop. The grain yield increase obtaibgapplying N in-crop was 0.85 t
ha! in Kennedy, and 0.54 t ftan Gregory (Table 4.3).

Within-experiment management regimes did ntract with experiment (Table
4.3) for lodging or grain yield, therefore the agomic treatments in the factorial
design had a similar effect across all four experita. The addition of 50 kg haf
N at sowing to the high seeding rate caused afgignt increase in grainfill lodging
across all four experiments, accompanied by a sigaificant (p=0.055) decrease in
yield of 0.3 t ha (Table 4.3), compared to treatments where thetiaddi N was
applied in-season (at GS32). The higher seed rdteat have significantly different
grain yield or lodging to the low seeding ratehaitgh grainfill lodging was
numerically greater in the high seed rate treatment

48



Table 4.3. REML F probabilities and main effect meas from the analysis of management x bed type x espment at Gatton in 2009.

Growth Stage 32 Anthesis Maturity
Plant Tiller count Biomass LAI Fertile tiller  Biomass LAI Average Grain  Biomass Harvest Grain Average
population  (tillers m?)  (thal)*  (cm?cni?) count (t hat)* (c? cn?) grainfill yield (t haty* index number kernel
(plants n) (tillers n?) lodging  (t hab)** (%) (grains n?  weight
(%) /1000) (mgy*
REML F probabilities
Exp.  <0.001 0.002 0.006 <0.001 <0.001 <0.001 0.016 <0.001 <0.001 0.003 <0.001 0.003 <0.001
Man. <0.001 <0.001 <0.001 <0.001 0.008 0.167 0.209 <0.001 0.055 0.234 0.127 0.009 0.536
Bed 0.041 0.003 <0.001 0.007 <0.001 0.059 0.131 <0.001 <0.001 <0.001 0.192 0.004 0.29
Exp. x Man. 0.132 0.094 0.138 0.036 0.078 0.241 0.621 0.723 0.14¢ 0.034 0.509 0.121 0.88
Exp. xBed  0.939 0.654 0.964 0.688 0.979 0.781 0.43 0.057 0.439 0.448 0.629 0.467 0.564
Man. x Bed  0.385 0.856 0.148 0.53 0.253 0.768 0.245 0.342 2510. 0.048 0.282 0.224 0.927
Exp. x Man. x Bed  0.772 0.241 0.174 0.183 0.135 0.515 0.413 0.325 .9440 0.78 0.744 0.59 0.666
Experiment means
Gregory -
High sowing N 69.0b 727 a 3.0a 5.1* 637 a 16.8a 6.47 a 714 a 494d 17.4* 0.25¢ 11.7 ¢ 375c
Gregory -
Low sowing N 53.9c 512 b 22b 2.8* 528 b 152 a 5.99a 40.2b 5.48c 16.9* 0.30c 12.8b 38.6¢C
Kennedy -
High sowing N 100.7 a 712 a 29a 5.5*% 481 b 11.6b 5.87a 255¢ 6.02b 15.0* 0.35b 12.7 bc 42.3b
Kennedy -
Low sowing N 100.7 a 548 b 24b 3.7* 356 ¢ 10.2¢c 4.48b 3.2d 6.87 a 14.4* 0.42a 139a 442 a
Management means
High SR +50N 944 a 740 a 3.0a 5.2* 509 ab 139a 5.84a 395a 5.64b 16.7* 0.30 a 12.8a 40.5a
High SR + zeroN 96.2a 623 b 2.7b 4.3* 521 a 8.5 5.53a 27.1b 5.91 ab 15.2* 0.35a 13.0a 40.9
Low SR + zeroN 52.7b 511c 22¢c 3.4* 471 b ».8 5.73a 225b 5.93a 15.8* 0.34a 125a 40.6 a
Bed type means
Two metre beds 839a 692 a 29a 4.7 a 537 a al3.8 582a 344 a 6.0la 16.5* 0.33a 13.1a 410a
One metre beds 78.2a 558 b 23b 39b 463 b a3.1 559a 246 b 5.65b 15.3* 0.33a 12.4b 40.3 a

Shaded cells indicate F probabilities that arei@mt (p<0.05). Means with different suffix-letseare significantly different from other meanshiitthe same main effect group. Main effect growjik a suffix

asterisk(*) were not tested for significant diffieces due to the presence of higher order interextibbreviations: Exp., experiment; Man., manageniged, bed type; SR, seed rate; LAI, leaf are@in “Reported
on a dry weight basis'Reported at 12% moisture.
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Table 4.4. Established plant populations for the ttee management treatments within
each of the four experiments in 2009. Treatments i different suffix letters within
each column are significantly different $<0.05)

Established Plant Population (plant)m

Gregory Gregory Kennedy Kennedy
Management* High sowing N Low sowing N High sowiNg Low sowing N
High + 50 83.7a 62.3a 1133 a 1253 a
High + 0 82.8a 65.3a 1138 a 1158 a
Low +0 405b 34.2b 75 b 61b

*(sowing rate + applied N (kg Ha at sowing)
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Experiment Experiment

Figure 4.1. (a) Average grain yield and (b) averaggrainfill lodging for the four 2009
experiments. All means for grain yield and lodgingare significantly different
(p<0.05).

Bed type also had a significant effect on lnggacross all experiments, with two
metre beds significantly more susceptible to logdhman one metre beds. However
the two metre beds still had a significantly gregtain yield of 0.35 t hAmore than
the one metre beds on average across experimeatite (Z.3), probably due to the
greater ground area sown in the wider bed conftgura

It should be noted that the grain yield datdable 4.3 is not directly comparable
to the data presented for these treatments inrthequs chapter (Table 3.1a) as it
does not present the three-way interaction datainexdjto make the direct
comparison (whereas the data presented in TabMésthe measured data for the
equivalent three-way interaction).
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4.3.2.4. Anthesis and maturity biomass and yield components

At anthesis, biomass, tiller count and LAl&thibited similar trends to grainfill
lodging, although the main effects of these trase not always significant in the
REML analysis (Table 4.3). Across experiments, esithhbiomass, tiller count and
LAl were highest in the Gregory experiment withthgpwing N, and lowest in the
Kennedy low sowing N experiment. Across managemagimes, maximum levels
of these traits tended to occur in the high seeditg+ 50 kg hAN treatment, and
their lowest values were recorded in the low segdite treatment. Unsurprisingly,
these traits were also greater in the two-metrecoedfiguration than the one-metre
bed configuration when measured at anthesis.

At maturity, significant experiment x managemand management x bed-type
interaction was observed for biomass (Table 4.B¢ @xperiment X management
interaction was observed partly as different pattef biomass response to
management between the two Kennedy experimentar@-#y2a), where biomass
tended to decrease as the lodging susceptibilitheofnanagement regime increased
in the high sowing N experiment, whereas the ogpdsend was observed for
Kennedy in the low sowing N experiment. It may disoe been due to decreased
biomass in the Gregory ‘High 0’ treatment in they lsowing N experiment which
was ultimately not significantly different to thamse treatment in the high sowing N
experiment (Figure 4.2b). The management x bedityeeaction was observed as
slightly greater differences between the bed typéle ‘Low 0’ and ‘High O’
treatments compared to the ‘High 50’ treatmentgyfé 4.3), possibly indicating
that the additional 50 kg Haof N at sowing increased the ability of 1m bedslter
into the furrow gap and create more biomass.

25

(a) (b)
20 | i n.s.

n.s. n.s.

15 4 1

10 - :

Maturity Biomass (t ha -1)

Low O High 0 High 50 Low O High 0 High 50

Management Regime Management Regime

Figure 4.2. Management regime x experiment interagin patterns for maturity
biomass in (a) Kennedy and (b) Gregory, for the lovsowing N (white bars) and high
sowing N (grey bars) experiments. ‘Low 0’ = low s&lng rate with zero additional
sowing N, ‘High 0’ = high seeding rate with zero aditional sowing N, ‘High 50’ = high
seeding rate with an additional 50 kg ha N applied at sowing. Paired data marked
with ‘n.s.” are not significantly different (p>0.05), paired data marked with an asterisk
(*) are significantly different (p<0.05).
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Figure 4.3. Management regime x bed type interactiopatterns for
maturity biomass, showing 1m beds (white bars) andm beds (grey
bars). ‘Low 0’ = low seeding rate with zero additimal sowing N, ‘High
0’ = high seeding rate with zero additional sowingN, ‘High 50’ = high
seeding rate with an additional 50 kg ha N applied at sowing. Paired
data marked with ‘n.s.” are not significantly different (p>0.05).

Harvest index was significantly different betm experiments, with the highest
harvest index of 0.42 recorded in the least lod#eshnedy — low sowing N)
experiment (Table 4.3). Harvest index was not $icgmtly different between
management regimes or bed types. Grain yield éifiegs between experiments
were explained by increases in both grain numbeéraaerage kernel weight, but no
significant differences were observed for eith@ldicomponent among management
regimes (Table 4.3). The increased yield of tworenbeds compared to one-metre
beds was logically explained by a significant irse in grain number and non-
significant increase in average kernel weight (€ahB).

4.3.2.5. Vegetative growth traits and their relationship to lodging

Management and bed type had a significant.(jiy@ffect on biomass, tiller
count and LAl at the end of the vegetative growthge. On average across the four
experiments, higher seed rate and the additio® &iggha N at sowing significantly
increased biomass production, tiller count and &AGS32 (Table 4.3).
Unsurprisingly, the same traits were also signiftbagreater in the two-metre beds
compared to the one metre beds. Significant intieragvas observed between
experiment and management regimes for LAl dueighty different rates of LAI
increase across management regimes between thmitivars (Figure 4.4).
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Figure 4.4. Management regime x experiment interaain patterns for Leaf
Area Index at late GS32 for (a) Kennedy and (b) Grgory, for the low
sowing N (white bars) and high sowing N (grey barg)xperiments in 2009.
‘Low O’ = low seeding rate with zero additional sowng N, ‘High 0’ = high
seeding rate with zero additional sowing N, ‘High 6’ = high seeding rate
with an additional 50 kg ha® N applied at sowing. Paired data marked with
‘n.s.” are not significantly different (p>0.05), pared data marked with an
asterisk (*) are significantly different (p<0.05).

There was a strong correlation between gthlaéiging and biomass, LAl and
tiller number when measured at GS32 (Figure 4.B@s€ relationships were initially
examined on average across all four experimenggi{€i4.5a-c) due to the absence
of significant higher order interactions for mostleese traits (Table 4.3), and then
examined separately for each cultivar (Figure 4)5d-

On average across all experiments, there vga®ag linear relationship between
grainfill lodging and tiller count, biomass and L@igure 4.5a-c). Similar levels of
correlation were observed for the same compariadesn examined separately
between the Gregory and Kennedy experiments (Fipbe:-f). However the x-axis
intercept was significantly different (p<0.05) fach cultivar, indicating that
Gregory was more susceptible to lodging than Keypndten grown using the same
agronomic management regimes. Progression of Igdgrmer time in 2009 reflected
the average grainfill lodging score for all of tim@in effect comparisons (Figure
4.6), as no re-ranking was observed among the affent comparisons between
observation dates.
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Figure 4.6. Progression of lodging at Gatton in 2@for the main effect of (a)
experiments with (- - - -) low residual soil N, [d O) high residual soil N, ©) Kennedy
and (®) Gregory, (b) management regimes withlM) high seed rate, no additional
sowing N @) low seed rate, no additional sowing NA) high seed rate with an
additional 50 kg ha' N at sowing, and (c) bed typedd) two metre beds @) one metre
beds.
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4.3.3. Analysis of cultivar X N rate x seed rate at Gatton in 2011

An analysis of the cultivar x N rate »edeate factorial design was conducted
for the 2011 experiment to determine whether tfecebf sowing N rate and seed
rate were consistent across cultivars. Signifi¢pr0.05) cultivar x N rate and
cultivar x seed rate interaction was observed fostmagronomic traits measured at
GS31 (Table 4.5), but these interactions wereyaighificant for the same traits
when assessed at anthesis and maturity (TableThé)effect of sowing N rate and
seed rate was therefore variable between cultthanisg the vegetative growth
phase, but was more stable when measured at oraafteesis. However, cultivar x
N rate interaction was significant (p<0.05) forigfdl lodging and was approaching
significance (p=0.066) for grain yield, thus théeet of N rate was considered
variable between cultivars for these traits.

4.3.3.1. Established plant population

Establishment was greater in Gregory (87%x0) thannedy (63%) on average
across all treatments in 2011, and significant (pSPtwo-way interactions were
observed for plant population between cultivar bath N rate and seed rate (Table
4.5). Final plant population of Kennedy was lowetdw sowing N treatments, but
no change was observed for Gregory between N tezatinsuggesting that the
germination of Kennedy may have been slightly aéiddy low soil N status. The
interaction between cultivar and seed rate wasrebden the slightly larger
difference in establishment between Gregory (8584d)Kennedy (60%) at the high
seed rate, compared to the difference betweemtheultivars at the low seed rate
(92 and 70%). This trend was potentially due t@difties in counting emerged
plants in the high seed rate plots of Gregory whiefan producing tillers before
counts were taken, thus making it difficult to aiguish between separate plants and
tillers emerging below the soil surface from theeglant.

4.3.3.2. Anthesis date

Untimely rain disrupted the intended gap betweultivar sowing dates that was
intended to synchronise anthesis between the tWwans. Consequently, anthesis
was 11 days later in Kennedy on average acros$eN aad seed rates (Table 4.6).
Significant (p<0.05) cultivar x N rate interactioas observed as a substantially
delayed anthesis date in the low sowing N ratere@ry in comparison to the
higher sowing N rates, a trend not observed ts#me extent in Kennedy (Figure
4.7a). Seed rate did not have a significant effecanthesis date (Table 4.6).
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Table 4.5. REML F probabilities and main effect andsignificant higher order
interaction means for traits measured at GS31, fronthe analysis of cultivar x N
rate x seed rate at Gatton in 2011.

Growth Stage 31

Plant Tiller count ~ Biomass LAI
population  (tillers nT?) (tha?) (cn? cn?)
(plants n?)
REML F probabilities
Cv. <0.001 <.001 <.001 <.001
N. rate 0.892 <.001 <.001 <.001
S. rate <0.001 0.095 0.029 0.057
Cv. x N. rate 0.024 0.891 <.001 0.018
Cv.x S.rate  <0.001 0.008 0.02 0.055
N rate. x S. Rate 0.44 0.937 0.078 0.133
Cv. x N rate. x S. Rate 0.759 0.512 0.332 0.829
Cultivar means
Gregory 131.4* 590* 1.7* 2.95*
Kennedy 95.0* 350* 1.4* 1.83*
Nitrogen rate means
High 114.0* 605 a 2.3* 3.89*
Medium 113.0* 451 b 1.5* 2.38*
Low 112.6* 349 ¢ 0.8* 1.19*
Seed rate means
High 144.8* 494* 1.6* 2.54*
Low 81.6* 432* 1.4* 2.18*
Cultivar x N rate means
Gregory high sowing N 124.6 a 741 a 275a 5.05a
Gregory medium sowing N 1315a 591b 161c 3.09b
Gregory low sowing N 138.1a 457 ¢ 0.74 e 1.31cd
Kennedy high sowing N 103.4b 482 a 191b 2.89b
Kennedy medium sowing N 94.4 bc 329b 1.33d 1.76 c
Kennedy low sowing N 87.1c 256 ¢ 0.84 e 1.07d
Cultivar x seed rate means
Gregory high S rate 170.1 a 687 a 1.89a 184 a
Gregory low S rate 92.7c 501b 151b 16b
Kennedy high S rate 1194 b 332c 1.35b 135¢c
Kennedy low S rate 70.5d 368 c 1.37b 1.35¢c

Shaded cells indicate F probabilities that areiiggmt (p<0.05). Means with different suffix-letteare
significantly different from other means within teeme main effect group. Main effect groups witutix
asterisk(*) were not tested for significant diffieces due to the presence of higher order interetio
Abbreviations: Cv., cultivar; S rate, seed ratej,Léaf area index



Table 4.6. REML F probabilities and main effect meas for traits measured at anthesis or maturity, fran the analysis of cultivar x N rate x seed rate
at Gatton in 2011.

Anthesis Traits Maturity Traits
Fertile tiller Biomass LAl Date of Average Grain Biomass Harvest Grain Average Height
count (t hah)* (cr? Anthesis Grainfill Yield (t hab* Index Number Kernel (cm)
(tillers n1?) cnt?d) (Day of Lodging  (t ha)* (%) (grains m?  weight
year) (%) /1000) (mg)*
REML F probabilities
Cv. 0.005 0.766 0.197 <0.001 <0.001 <0.001 0.258 <0.001 0.700 0.000 <0.001
N. rate 0.115 0.022 0.005 <0.001 <0.001 0.012 0.041 0.949 0.216 0.021  <0.001
S. rate 0.701 0.832 0.047 0.098 0.006 0.002 0.076 0.747 0.204 0.054 0.012
Cv. x N. rate 0.167 0.756 0.154 <0.001 0.015 0.066 0.908 0.971 0.832 0.028 0.051
Cv. x S. rate 0.617 0.718 0.9 0.474 0.219 0.372 0.245 0.588 0.409 0.344 0.408
N rate. x S. Rate  0.745 0.866 0.938 0.229 0.099 0.237 0.167 0.544 0.724 0.393 0.400
Cv. x N rate. x S. Rate 0.595 0.461 0.64 0.609 79.7 0.126 0.325 0.808 0.630 0.138 0.367
Cultivar means
Gregory 383 a 8.16 a 4.64 a 241.3* 23.8* 563b 5.1h 0.34b 13.8a 36.1* 1024 a
Kennedy 327b 8.05a 4.38 a 252.9* 9.8* 6.85a 58 0.42a 13.7 a 44.9* 98.6 b
Nitrogen rate means
High 380 a 8.80 a 5.52a 244.6* 21.7* 6.11b .61b 0.37 a 133 a 41.1* 1046 a
Medium 330 a 799ab 4.26b 245.3* 14.9* 6.44a 156 a 0.39a 140a 41.3* 1034 a
Low 356 a 7.52b 4.15b 251.4* 13.9* 6.17ab 11, 0.38a 140a 39.2* 934b
Seed Rate means
High 359a 8.06 a 431l a 247.7 a 18.1a 6.05b 24d45. 0.39a 136 a 399a 98.9b
Low 351a 8.14 a 498 a 246.5a 12.7b 6.43a .344 0.37a 140 a 412 a 102 a

Shaded cells indicate F probabilities that arei@mt (p<0.05). Means with different suffix-letseare significantly different from other meanshaitthe same main effect
group. Main effect groups with a suffix asterigkftere not tested for significant differences duéhe presence of higher order interactions. Alibt®ns: Exp., experiment;
Man. management; Bed, bed type; SR, seed rate;lé#fl area index’Reported on a dry weight basi&Reported at 12% moisture.
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Figure 4.7. (a) Date of anthesis for N rate x cular means, and (b) grain yield vs.
anthesis date for N rate x seed rate means fo©) Kennedy and @) Gregory, at Gatton
in 2011.

Anthesis date was not strongly correlated gitin yield among N rate x seed
rate means within cultivars (Figure 4.7b). The @Grgdreatments were lower
yielding in general than the Kennedy treatmentstiog was unlikely to be due to
frost as no frost events were recorded duringhheetweeks prior to anthesis in
Gregory, and no frost damage was observed in aaynrent. A slight negative
correlation was observed between anthesis datgramdyield in Gregory, probably
due to the extreme N stress of the low sowing Bttnents, which reached anthesis
later due to late developing tillers initiated afiiee application of N at GS31.

4.3.3.3. Grainfill lodging and grain yield

The only significant higher order interaction either grain yield or grainfill
lodging in 2011 was the cultivar x N rate interantiwhich was significant (p<0.05)
for grainfill lodging, and approaching significan@=0.066) for grain yield (Table
4.6). The low and medium sowing N treatments inr&ety were not significantly
different to each other for either yield or grdinfbdging (Figure 4.8a). However the
medium sowing N treatment did have significantlgsléodging and greater yield
compared to the high sowing N treatment (Figur@)}4.8

In the Gregory treatments, no significanteliéinces were observed among N
regimes for grainfill lodging (Figure 4.8b), butagm yield was significantly lower
(p<0.05) in the low sowing N treatment than the medsowing N treatment, which
in turn was numerically higher but not significangireater (p>0.05) than the high
sowing N treatment.

The main effect of seed rate was significarid(05) for both yield and grainfill
lodging in 2011, with grainfill lodging of 18.1% dri2.7% for the high and low seed
rates on average across cultivars and N rateslolles seed rate also produced
significantly higher yields (6.4 vs. 6.0 t'‘Hahan the higher seed rate on average
across all N rates and both cultivars.
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Figure 4.8. Yield (O) and average grainfill lodging @) across 3 N regimes for (a)
Kennedy and (b) Gregory in 2011. Means on the sammesponse curve with different
superscript letters are significantly different (p<0.05).

4.3.3.4. Anthesis and maturity biomass and yield components

At anthesis, biomass, tiller count and LAI Isamhilar numerical trends to grainfill
lodging but the main effects of these traits weskalways significant in the REML
analysis (Table 4.6). Anthesis tiller count wasgigantly (p<0.05) greater in
Gregory compared to Kennedy, but was not signitigatifferent between N rates
and seed rates, despite being numerically greatténe highest N rate. Anthesis
biomass and LAI was significantly greater at thghleist N rate, but not significantly
different between cultivars or seed rates (p>0.05).

At maturity, biomass was not significantlyfdient (p>0.05) between cultivars or
seed rates, but was significantly greater (p<Of@5)he medium N rate than the low
N rate (Table 4.6). Biomass of the highest N raas wot significantly different to
either the medium or low N rate due to its interragdranking. Harvest index was
significantly greater for Kennedy than Gregory (B8), but was not significantly
different between N rates or seed rates, and ntehigrder interactions were
observed either for maturity biomass or harvesgxnd

The main effects of cultivar, N rate and sesd were significant (p<0.05) for
plant height, but no significant higher order iatdrons were observed (Table 4.6).
Gregory was significantly taller than Kennedy (38), and the low N treatment was
significantly shorter than the medium and high éatments. Surprisingly, the low
seed rate treatments showed a small but signifigastt.05) height increase of 3 cm
compared to the high seed rate, that may have @xtdue to increased competition
for N (and hence increased N stress) among theehgant populations, which
could have led to decreased height.

No significant differences (p>0.05) were obserbetween any treatments for
grain number in 2011 (Table 4.6). However averagradd weight varied
substantially between treatments, exhibiting sigaift (p<0.05) cultivar x N rate
interaction (Table 4.6). This interaction was okiedras a substantial decline in
average kernel weight for the Gregory low N ragatment (33.6 mg) compared to
the medium and high N rate treatments (37.9 an@ 13@. - data not shown). In
Kennedy, there was no significant difference inrage kernel weight between N
rates, with all three N rates producing kernel Wisghetween 44.8 and 45.2 mg (data
not shown). There was also a near significant rafigct (p=0.054) of seed rate on
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average kernel weight, with the low seed rate liati@ mg heavier grains on
average over cultivars and N rates.

4.3.3.5. Vegetative growth traits and their relationship to lodging

Cultivar, seed rate and sowing N rate genehal a significant (p<0.05) effect
on biomass, tiller count and LAI at the end of Wiegetative growth phase (Table
4.5). Increased application of N at sowing causedeiase biomass and tiller
production, and a subsequent increase in LAl itn loattivars, although the presence
of significant cultivar x N rate interaction medhat the proportional response to
increased N varied between cultivars for biomasslakl (Table 4.5).

There was also significant interaction (p€).between seed rate and cultivar for
tiller count and biomass, and near significantraatgon for LAl (Table 4.5). The
interaction effect was observed due to Gregoryrasi significantly higher tiller
count, biomass and LAI at the higher seed ratelendennedy did not have a
significant response to increased seed rate (p»@0%any of these traits. This
suggests that Kennedy seedlings had greater afoilégjust their tiller development
in response to variable establishment, whereasdByesgedlings tended to tiller
prolifically even when establishment was higher.

As observed in 2009, a strong positive coti@iavas also observed in 2011 for
the cultivar Kennedy between grainfill lodging amndmass, LAl and tiller number
measured at the end of the vegetative growth pffagere 4.9). However in contrast
to 2009, the same trend was not observed in Greuaity little correlation evident
between the same traits (Figure 4.9). This wasgbiytrelated to the different
progression of lodging in Gregory (Figure 4.10cydhere the low N, low seed rate
treatment initially did not lodge but then lodgeshkily toward the end of
grainfilling (Figure 4.10c), and because slightaeking between N treatments also
occurred over time in combination with the highdseste (Figure 4.10d). The
progression of lodging in Kennedy was similar tattbbserved in 2009, with more
lodging observed in treatments with higher levélsawing N (Figure 4.10a,b).
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Figure 4.9. Grainfill lodging vs. (a) tiller count (b) biomass and (c) LAl measured at
GS31 for the six N rate x seed rate treatments atd®ton in 2011 for (O) Kennedy and
(®) Gregory.
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Figure 4.10. Progression of grainfill lodging at Gaon in 2011 for the (a,c) low and (b,d)
high seed rate treatments of (a,b) Kennedy and (g,&regory for (O) low sowing N, @)
medium sowing N and &) high sowing N treatments.

4.4. Discussion

The objective of this study was to determireether the canopy management
techniques of in-crop N application and reducedptepulation were able to reduce
lodging without decreasing yield, in a sub-tropieavironment relevant to the
northern grains region. The results of this studywged that treatments with the
highest level of sowing N were typically more lodlgisusceptible and lower
yielding than in-crop N treatments, although thieseds were less evident in the
cultivar Gregory in the 2011 experiment.

The results from 2011 also showed that thia pignt populations (from 120 to
170 plants %, depending on cultivar) were significantly moreding susceptible
and lower yielding than the low plant populatiof® {o 90 plants r depending on
cultivar), which are more equivalent to those usegiinfed cropping in the northern
grains region. However the two plant populatiomatngents were not significantly
different for lodging or grain yield in the 2009@@timent (although lodging was
numerically greater in the high plant populatiofis result was potentially related
to the poor establishment in 2009 that resultqalant populations much lower than
intended, which in turn may have negatively impddair yield of the low plant
population treatments. The additional bed-width parrsons made in 2009 also
showed that crops grown on two metre wide beds Wwgteer yielding but more
lodging susceptible than crops grown on one meide Wweds.

The trends in yield were associated with gearin both grain number and kernel
weight in 2009 when lodging occurred at (or slightéfore) anthesis in many
treatments. In 2011 when lodging occurred in malrgill for most treatments, the
changes in yield were almost exclusvely relatech@nges in kernel weight. These
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results are unsurprising, given that grain numbevheat is determined in the weeks
prior to anthesis (when the 2009 treatments begérdge), and kernel weight is
influenced by conditions experienced during grédinfy (when lodging began in
2011).

The results of this study agree with the eigpee in high-yielding winter-wheat
production where canopy management practices acerasitinely to maximise yield
and decrease lodging risk (Sylvester-Bradley etl@97; Berry et al., 2000;
Sylvester-Bradley et al., 2000), and confirm oba@ons from the field monitoring
study (Chapter 3) on the potential benefits of pgrmrmanagement for irrigated wheat
production in the northern grains region. The expents also showed that the
highest yielding treatments tended to have the $bWwAl at anthesis, with the
highest yields in both years coming from treatmevith anthesis LAl of 4.0 - 4.5.
This is also in agreement with previous canopy rganeent studies which have
found that achieving maximum yield does not reqmaximum canopy
development (Sylvester-Bradley et al., 1997).

Agronomic strategies such as high plant pdpria, decreased row spacing and
increased soil residual N at sowing have also lassnciated with increased lodging
susceptibility in other regions (Stapper and Fisch®90a; Easson et al., 1993; Berry
et al., 2004). These strategies logically incrdasmass production during the
vegetative growth phase, however none of theseestmleasured vegetative growth
or development at GS31. Sparkes and King (2007 pdstrated in pot trials that
artificial shading could be used to alter light gty (photosynthetically active
radiation, or PAR) and quality (the ratio of red:fad wavelengths) and influence
lodging risk by modifying the structural characstias of wheat plants that affect
lodging susceptibility (e.g. stem strength and pdate spread). In a subsequent
study, Sparkes et al. (2008) demonstrated that irfgRcepted at GS31 on a per
plant basis was highly correlated with root plgieead measured just prior to
maturity. Therefore the results of the presentysgugpport and extend the findings of
these previous studies, as increased tiller dersbynass and LAl at GS31-32 were
correlated with increased lodging. These findingggest that it may be possible to
develop calibrations for crop sensors to deteagitogirisk on the basis of biomass
development, for a specific growth stage.

While vegetative growth traits were relatednitreased grainfill lodging in both
of cultivars in 2009, the same relationship way atiserved in one cultivar
(Gregory) in 2011, which may have been due to @meabdrs. Firstly, a number of
Gregory treatments lodged early but recovered sdratdue to phototropic stem
straightening. This had the effect of mitigatingeage grainfill lodging in some of
the earliest lodged treatments, and mirrors theltsesf Easson et al. (1993) who
found that recovery from lodging was more likelye@rlier lodged treatments.
Secondly, the Gregory ‘low N and low seeding réteatment showed almost no
lodging for much of grainfilling, but then lodgeedvily over the final three weeks.
This increased its average grainfill lodging todisvcomparable with other
treatments that lodged mildly, early in grainfifiinwithout worsening in severity.
Therefore it is possible that recovery of lodgingaeptible treatments, combined
with severe late lodging of treatments that sholitd lodging early in grainfill,
contributed to the weakness of the relationshipvben grainfill lodging and
vegetative growth traits for Gregory in 2011.

However the weaker relationships between loglgind vegetative traits in 2011
could also be due to the effect of environmentailai@n on the development of
lodging risk. As discussed by Baker et al. (1998) Berry et al. (2003), other
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critical crop structures relating to lodging risiciude stem height and centre of
gravity, stem natural frequency, stem wall thiclgjesar surface area and ear weight,
among others. These crop structures and chardideiase developed after GS31,
therefore environmental conditions during latergtostages (e.g. stem elongation,
anthesis and grain filling) may mitigate or exaegelthe level of lodging risk that
has developed during tillering, and may have cbatad more significantly to

lodging susceptibility in 2011 than in 2009. Furthrevestigation is required to
determine the relative importance of environmeotaditions during different crop
stages in the development of lodging risk.

In 2009, the highest yields were obtainedathlzultivars on the low soil N field,
when residual soil N was just 60 kg N*han 2011, the highest yields for both
cultivars were achieved when 50 kg'td was added at sowing to 15 kg'raf soil
residual N. Therefore the optimum soil + fertilid¢at sowing under non-limiting
conditions for achieving maximum yield with low lgidg risk is probably between
50-100 kg ha N under fully irrigated conditions, given that thedition of an extra
50 kg ha' N at sowing increased lodging in 2009. This N lalso agrees with that
recommended for winter wheat (Berry et al., 2004% nevertheless noteworthy that
some severely N-stressed treatments were abledweeand achieve high yields
when soil N was just 15 kg Hat sowing (in 2011) and no further N was applied
until GS31. No studies were identified that haviei@eed near-maximum yields in
treatments with such low levels of residual soil N.

In applying these results to a commercial pobidn environment, it is important
to remember that (1) these results were obtaindérumlly irrigated conditions that
maximised N availability (and potentially soil N meralisation) during vegetative
growth, and (2) induced N deficiencies were reltewéth non-limiting amounts of N
(incorporated with irrigation) immediately follongrthe end of the vegetative
growth phase. These conditions mean that the sasquire further investigation for
their applicability to furrow-irrigated producti@ystems of the northern grains
region, where regular application of small irrigativolumes is not possible.

Further investigation is also warranted ifite kbdging susceptibility of a wider
range of commercial cultivars relevant to the nemihgrains region. While more
severe lodging was observed in Gregory than Kennedly at sowing prevented this
assessment from being made under the conditiosgnahronised anthesis. Such
conditions are preferred when assessing cultivatsdifferent phenological
development patterns, to ensure that environmentalitions which cause lodging
events and influence the development of grain yaeédexperienced at similar
growth stages. Further comparison of these and othvars when sown on their
optimum sowing dates would be beneficial to irrgghgrowers in identifying the
most lodging resistant germplasm for use in iregawvheat production.

When making recommendations to farmers inteatAustralia, Lacy and Giblin
(2006) recommended 100-120 kg'Hd at sowing, 150-200 plants hestablished,
and 500-800 tillers rhat GS31 for irrigated wheat production fields tairgge8 t hat
in southern NSW. The plant populations, N regima$tdler numbers at GS31
identified herein for minimising lodging risk whileaintaining yield potential were
lower than those recommended for southern NSW. ttlnfately the soil mineral N
content at the beginning of the 2008 season waadyrhigh in many fields (Chapter
3), as they had been prepared for cotton cropsateed ultimately not sown. It is
therefore important for the management of lodgmm¢tlude pre-season testing for
soil mineral N, as a prerequisite to developingaamagement strategy that will
minimise lodging risk.
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4.5. Conclusions

The results of the study demonstrate that@m®py management techniques of
in-crop N application and reduced plant populatian be used to decrease lodging
while maintaining the yield potential of subtrogigaigated spring wheat. Variation
in lodging susceptibility was also observed betwthentwo subject cultivars, with
the cultivar Gregory more prone to lodging than Keuhy, although further
assessment is recommended to confirm this trendrwmhditions where anthesis of
the two cultivars is synchronised. Additionallyetstudy demonstrated a close
correlation between canopy development in the aiyetgrowth phase and lodging
risk, which could potentially be used to develogdmg risk assessment tools for in-
season detection of lodging risk. However thistrehship did vary between
cultivars and seasons, and further investigatiomaiganted to determine the relative
importance of climatic conditions during differembp stages in the development of
lodging risk.

The plant populations and N regimes identifrethis study for minimising
lodging risk while maintaining yield potential wdmver than those recommended
for irrigated wheat growing in temperate climatésauthern Australia, and
optimum sowing N levels were much lower than thosasured on commercial
production fields in 2008. It is therefore impottéor the management of lodging to
include pre-season testing for soil mineral N, gasemequisite to developing a
management strategy that will minimise lodging risks also important to note that
the irrigation method used in this study (frequavdrhead irrigation throughout the
season) probably enhanced N availability in lowéatments. Further investigation
is warranted to determine the importance of eaglsen irrigation in maintaining N
availability in canopy managed fields in subtropiemions, to improve its
applicability to furrow irrigated fields in whichrigation is applied less frequently.

65



Chapter 5 — An investigation into the whole-farm wa  ter productivity
of alternative irrigation strategies relevant to th e northern
grains production region of eastern Australia

5.1. Introduction

Recent climate change projections suggestitha030 under median climate
change scenarios, surface water availability valir@ase by approximately 9% in
the north-eastern districts of the Murray Darliragin, and in dry years this
reduction could be as large as 20-50% (CSIRO, 2@&)h projections mean that
irrigation enterprises may need to implement mel@anges to farming practices
(e.g. the use of alternative crops or agronomidogg) to maintain water
productivity (WP) and profitability of their entaipes.

Irrigated wheat is one such alternative tlzat tecently generated interest among
irrigation enterprises in the region, particularlyyears such as 2014 when irrigation
water storage levels are low in autumn. In suctuanstances, irrigation farmers
often consider it more profitable to use the renmgmvater on a wheat crop rather
than conserving it over winter for use on a subseatjaotton crop (Jamie Street,
pers. comm.). Unfortunately, the optimum irrigatgirategy for wheat grown in
such circumstances has not been established footfigern grains region.

As discussed in the literature review (Chagdethe profitability of irrigation
enterprises relies on maximising economic watedpectvity (EWP) for an entire
farm rather than an individual field. Maximum fatevel EWP for irrigated wheat
has often been achieved through the use of defigupplemental irrigation (Zhang
and Oweis, 1999; Tavvakkoli and Oweis, 2004; Gesnts Raes, 2009), although in
dry seasons the advantage of deficit irrigatioatstyies are less apparent (Pereira et
al., 2002).

Deficit irrigation is defined herein as thdiderate under-irrigation of the crop
such that it receives less water than the amougjiined to achieve maximum
evapotranspiration (English, 1990; Fereres anda8ori2007). It should also be
noted that the terms ‘deficit’ and ‘supplementargigation have been used to
describe various specific irrigation strategiesefeand Raes (2009) summarised
this difference as follows: (a) supplemental irtiga generally refers to crops that
rely primarily on rainfall, but have some irrigatiapplied, perhaps at drought
sensitive growth stages, while (b) deficit irright@ops generally receive close to the
full irrigation water requirement, but have watathlield at certain growth stages
that are less sensitive to water stress. For siitylideficit irrigation’ is used to
describe both types of strategy in the presentystud

In practice, deficit irrigation under watemited conditions enables irrigation and
cropping over a larger area than could otherwisadbéeved if the crop water
requirement was fully met. This practice may behhjigelevant to irrigated wheat
growers in sub-tropical Australia, who considett tih@ typical water availability for
an irrigated wheat crop would involve no more thasingle furrow irrigation (or
approximately 1.3 — 1.5 ML h being available at sowing, per unit of irrigakdem
area (Hamish Bligh, Rob Holmes, Phil Lockwood (pemsnm.)). Deficit irrigation
of wheat in the northern grains region could als@tlvantageous due to its lower
lodging risk (achieved through lower potential gligler unit area) compared to fully
irrigated wheat crops.
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As discussed in the literature review (Chag)emvater productivity analyses of
alternative irrigation strategies have frequentei conducted using crop production
functions (sometimes combined with economic analylsat include additional cost
and revenue functions) that examine the relatignbhtween yield or economic
return, and water consumed. Despite their prevalan@VP evaluations there are a
number of disadvantages associated with theirinskiding variability between
environments (Zhang, 2003) and seasons (Perealg 8002). They are also unable
to assess the system WP of alternative irrigaticatesyies that hold water in ‘on-
farm’ storage for varying durations (section 2.3Another disadvantage is that the
analyses that use these functions typically asshatdhe irrigation water is applied
uniformly across the entire study area, and thusatl@account for alternative whole-
farm management strategies available to irrigaaechérs. Such alternatives include
growing part of the farm as a rainfed crop, or ieg\some of the arable area fallow
to increase stored soil water reserves for a suiesgarop.

Additionally, evaluations of WP in wheat thetve used crop production and
cost-revenue functions have generally not accouiatetthe volume of water stored
in the soil at the end of the cropping season ghgng and Oweis, 1999;
Tavvakkoli and Oweis, 2004; Ali et al., 2007). Sutalyses are often conducted by
calculating water consumption as in-season prexdipit + applied irrigation water,
or by estimating evapotranspiration. However, d-@ftrseason stored soil water
were assigned an intrinsic value in economic aealylull irrigation strategies could
be relatively more profitable because they are rikety to leave water in the soil at
physiological maturity (Zhang et al., 2004). Suongiderations are important to
irrigation areas of the northern grains regionaés sown summer crops (e.g.
sorghum, maize, mungbeans) are legitimate cropmitigns immediately following
a wheat crop, and the presence of stored soil watezases the likelihood of sowing
the subsequent crop.

These deficiencies can however be addresgbdiva use of a validated cropping
system model. For example, Lobell and Ortiz-Monast006) optimised on-farm
WP for farmers in the Yaqui Valley, Mexico, by carating simulation experiments
using varying irrigation volumes and applicationieda Their results showed that the
most profitable irrigation strategy varied depemgdom the amount of stored soil
water at sowing, with deficit irrigation more priafile when stored soil water at
sowing was plentiful.

Unfortunately the limited scope of previous \AfRalyses along with the
variability of optimum irrigation strategies betweedifferent regions, indicates that it
IS uncertain as to whether deficit irrigation isare profitable strategy than full
irrigation in the northern grains region. Therefdhee objective of this study was to
determine whether whole-farm economic water praditgt( EWP) under water-
limited conditions is maximised through deficitigation of a larger cropping area,
as opposed to fully irrigating a smaller area. $hely was conducted in the context
of broad-scale furrow-irrigated farms of the northgrains region (where irrigation
water rather than land is the limiting factor toghuction), using the APSIM farming
systems model.
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5.2. Materials & Methods

5.2.1. Overview

A key component of simulation model experingaatthat the model must first be
‘validated’ — that is, the model needs to accuyasehulate the system being
investigated. The APSIM farming systems model usdtis study (Keating et al.,
2003; Carberry et al., 2009) is the most widelydus®p model in Australia, and has
accurately predicted grain yield of high-yieldiregnfed and irrigated wheat plot
trials in sub-tropical and temperate regions oftAal® (Asseng et al., 1998; Chenu
et al., 2011; Peake et al., 2011), as well as nojiiand India (Asseng et al., 2000;
Balwinder Singh et al., 2011). APSIM has also b&grcessfully utilised by
commercial cropping enterprises to identify optimamfed and irrigated cropping
strategies (e.g. Carberry et al., 2009; Power.ef@l 1; Gaydon et al., 2012).

In Chapter 3, APSIM was evaluated in irrigagpdng-wheat production systems
of the northern grains region, and was found tauate yield, biomass and soil
water content satisfactorily for irrigated fields,the absence of lodging and severe
N stress. However as the previous evaluation of IM&Sability to predict water use
(Chapter 3) was conducted on three separate conahigetds, it was necessary in
the present chapter to examine the ability of AP&Mredict water use under
multiple irrigation regimes in the same field, tinérm its suitability for predicting
crop water use over a range of irrigation treatisient

After validation of the APSIM model, simulaii experimentation was conducted
to determine the optimum irrigation strategiesrf@ximising whole-farm EWP.

This first involved the simulation of six possiliéend uses (fallow land, rainfed
production, two partial and one fully irrigated ¢kase). Different combinations of
these land-uses were then evaluated to determiiehwbmbination resulted in the
highest whole-farm EWP.

The simulations were conducted across mulgpgronments with two
alternative levels of stored soil water at sowingyrder to assess the applicability of
alternative irrigation strategies at a range oatmms and sowing conditions. Whole-
farm EWP was then assessed for alternative econamaiyses where different
values (inexpensive vs. expensive) were assumeabtarirrigation water and stored
soil water.

5.2.2. Validation of the APSIM model

5.2.2.1. Field experiments

A field experiment was conducted at the AdgtraCotton Research Institute
farm (S 30°12' 22.24", E 149°35' 55.34”) near Weaa\\NSW in 2011. Three
furrow irrigation treatments were applied in a cdetgly randomised block design
across three replicates, such that the 9 plotiseo€ultivar Spitfire (sown on'&7"
June) were aligned in a single row, and furrowgation treatments could be applied
to individual plots. Ten metre wide sections of wheere sown as buffer between
irrigation treatments to prevent sub-surface fldwrregation water between plots.
Plots were eight metres long and two metres wionon raised beds with 7 rows
of wheat spaced 25 cm apart, and separated by Midenfurrow gaps’

The three treatments consisted of a (1) asimgdation at sowing, (2) an
irrigation at sowing followed by a single in-crapigation, and (3) sown into stored
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soil water, and fully irrigated after GS32 (Tottmd®887). Nitrogen application
occurred at sowing for the partially irrigated traants, and during the season for the
fully irrigated treatment in order to reduce lodgirsk.

The soil was a brown vertosol, with plant aaklié water capacity (PAWC) of 248
mm measured to 180 cm, and bulk density ranging ftd1 g cr¥ in the surface
(0-15 cm) layer to 1.47 g cfrin the deepest layer measured (150-180 cm).
Meteorological data were collected at the site gisin automated weather station.
Grain yields are reported at 12% moisture.

Soil water content was measured using the saetlkeod described in section
3.2.2 for soil layers deeper than 15 cm. Neutromstuace meter (NMM) readings
with a CPN 503 DR Hydroprobe (CPN International riiteez, USA) were taken
with a 16-second count at regular intervals dutirgseason. NMM data were
calibrated to gravimetric soil water content ussog cores taken at sowing and
periodically during the season to sample a ranga@$ture contents. For
calibration, access tubes were installed in theslbm which the samples for
gravimetric analysis were collected, and NMM regdimmediately taken. The
surface layer (0-15 cm) was monitored using a MILBeta probe (Delta-T Devices,
Cambridge, UK) calibrated on the same cores usedliorate the NMM. Soil
characterisation data for Drained Upper Limit (DWod Crop Lower Limit (CLL)
were obtained as described by Dalgliesh and FA&k@8) for DUL, and by using the
lowest NMM moisture readings in the rainfed treatise¢o determine CLL.

5.2.2.2. APSIM validation simulations

Experimental results from the field trials ee@ompared to APSIM simulations of
each experimental treatment. Measured plant-avaik®hl water and soil mineral N
at sowing, plant available water capacity, sowiatgd, plant populations,
meteorological data, irrigation dates and irrigati@lumes from the field
experiments were used to parameterise each siwnlasi appropriate. The APSIM
“skip_row_factor’ parameter (set at 0.2) was usedimulate the decreased light
interception due to 50cm ‘furrow gaps’ betweenithgation beds as discussed in
Chapter 3 and Appendix B. The cultivar Spitfire has been previously
parameterised for use in APSIM, so the cultivar MA&S used within the simulations
for the 2011 experiments on the basis of its apprtgrepresentation of Spitfire’s
flowering date.

5.2.3. Investigation of whole-farm economic water productivity using long-term
APSIM simulation experiments

The investigation of whole-farm EWP first réga simulation of six land-uses
with varying levels of irrigation input.; fallow tal, rainfed cropping, three deficit
irrigation land-uses, and a fully irrigated landeu¥arying ratios of these alternative
land-uses were investigated to determine how lbassé irrigation water for
obtaining the maximum partial gross margin for atire 1000 hectare farm, where
1400 ML was stored in an on-farm water storagéetieginning of June (the time
of sowing). This represents a typical limited wadeailability status for broad-scale
furrow irrigators of the northern grains regionwhich more land is available for
irrigation than the area which can be irrigatechveitsingle furrow irrigation (which
typically requires 1.3-1.5 ML of irrigation water storage, per hectare of land to be
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irrigated). Many of these irrigators are reliantaapturing water during occasional
flood events and storing it on-farm for use in fthgent cropping seasons, when
water availability is insufficient to fully irrigatthe crops. Furrow irrigation was the
focus of this study as it is the predominant forfnirragation infrastructure deployed
across the region.

5.2.3.1. Land-use simulations

A series of long-term APSIM simulations weredocted for three locations
(Goondiwindi, Gunnedah and Emerald) and each o$ith&and-uses, using two
levels of stored soil water at sowing (100mm op}efFhe exception was rainfed
cropping, which was not simulated in conjunctiothwaero stored soil water at any
location as it is known to be substantially unveafWoeller et al., 2009).

The four irrigated land-uses were simulatedanjunction with 200 mm of stored
soil water as follows: (1) ‘One irrigation’, a deifiirrigation land-use involving a
single irrigation where the entire irrigation suppl400 ML) was applied evenly
across the entire 1000 ha farm, (2) ‘Two irrigaso a partially irrigated land-use
that applied the irrigation water across half & tarm (500 ha), split into two
applications, and (3) ‘Three irrigations’, a lanskeuhat involved up to three
irrigation events on one third of the farm area3(83), and (4) ‘Fully irrigated’, a
land-use that used up to four irrigations on onargu (250 ha) of the farm area. In a
small number of seasons which experienced highdefegrowing season rainfall,
the second, third or fourth irrigation were not ajs applied due to high levels of
soil moisture. In such cases the simulation wédlsstiuded as part of the analyses,
hence the number of irrigations in the title of lhed-use simulation represent a
potential maximum, rather than the actual numbemrigfations applied in all
simulations.

Similar land-use simulations were also condiicteder the assumption that zero
soil water was available at sowing prior to irrigat However for these land-use
simulations the area grown was adjusted to acdoulie larger sowing irrigation of
230 mm that was required to fill a completely drgfpe, compared to the irrigation
of 140 mm that was required to fill the soil prefivhen 100 mm of soil water was
stored at sowing (Table 5.1, 5.2).

5.2.3.2. Farm-management strategies

Seven farm-management strategies were devefoped/estigation in
conjunction with 100 mm of stored water at sowimge irrigating the entire farm
area, and six derived from the factorial combinatdthree irrigated land-uses in
conjunction with the two remaining land-uses; rathtropping or fallow land (Table
5.1). Only four farm-management strategies wereldged for the zero soil water
simulations (Table 5.2), all of which included @il land as the sole alternative land-
use because rainfed cropping was not a realistiorop the absence of stored soill
water at sowing.

70



Table 5.1. Proportion of land-use areas used for thseven farm-management strategies
when 100 mm of stored soil water was available abwing prior to irrigation, and 140
mm of irrigation was applied on average for both saing and in-crop irrigations.

Farm-

Maximum

Associated area

o Alternative  Irrigated of fallow or
management lIrrigation land-use no. of .
land-use area (ha) i inar rainfed land-use
strategy irrigations (ha)

S Sowing Irrigation only S 1000 1 None
S+1/F Sowing + 1 in-crop Fallow 500 ) 500
S+1/R irrgation Rainfed
S+2/F Sowing + 2 in-crop Fallow 333 3 667
S+2/R irmigations Rainfed
S+3/F Sowing + 3 in-crop Fallow 250 4 750
S+3/IR irmgations Rainfed

Table 5.2. Proportion of land-use areas used for fmm-management strategies when
zero stored soil water was available prior to sowig, an irrigation of 230 mm was
applied at sowing, and average in-crop irrigation vas 140 mm.

Farm Irrigation Land-Use Alternative Irrigated  Maximum Associated area
Management land-use  grea (ha) no. of of fallow (ha)
Strategy irrigations
S Sowing Irrigation only Fallow 600 1 400

S+1/F Sowing + 1 in-crop Fallow 375 2 625
irrigation

S+2/F Sowing + 2 in-crop Fallow 273 3 727
irrigations

S+3/F Sowing + 3 in-crop Fallow 214 4 786

irrigations

5.2.3.3. General methods for land-use simulations

All long term simulations were conducted using10 year historical weather data
set for the three locations; Emerald, Goondiwinl &unnedah, representing
locations to the north, middle and southern entheforthern grains region. The use
of such data sets allows the simulated agronongicneto be tested in the full range
of weather conditions that have been experiencddeimast 110 years. Weather data
were obtained for each location from the SILO dasab(Jeffrey et al., 2001).
Representative APSIM soil types (Peake et al., P0APpendix A) were used for
each location, with Gunnedah simulations using dgipVertosol #3 (PAWC = 255
mm to a depth of 180 cm), while the Emerald andr@omindi simulations used
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Typical Vertosol #7 (PAWC = 204 mm to a depth 00 I8n). Kennedy was the
cultivar simulated for all long term experiments; Which the maximum kernel
weight was increased to 45 mg due to the capalofiennedy to produce 45 mg
grains under irrigation as observed in Chaptertie APSIM *skip_row_factor”
parameter (set at 0.2) was used to simulate theased light interception due to
50cm ‘furrow gaps’ between the two metre wide mtign beds, as discussed
previously (section 3.2.2, Appendix B).

Previous validation of APSIM for irrigated spy wheat (Chapter 3) observed
under-prediction of grain yield in fields managesing low levels of soil N
(approximately 50 kg haN or less) for the reduction of lodging risk. Téfre all
long-term simulations conducted in this study weagied out assuming moderate
levels of soil + fertiliser N at sowing for fullyrigated treatments (100 kg-hal).
Higher levels of soil + fertiliser N at sowing weauweed for rainfed and partially
irrigated treatments (120 and 150 kg't). The sowing and in-crop N application
schedule (Table 5.3) aimed to replicate farmer-pesttice for rainfed and irrigated
wheat production, and thus varied between land-depending on the yield
expectation of the irrigation strategy, and whetherin-crop N strategy was likely
to be used for lodging-risk reduction (i.e. in tard-uses with three and four
irrigations) .

Table 5.3. Fertiliser N application regime for thedifferent land-use simulations

Land-use Soil + fertiliser N Scheduled in-crop Tactical in-crop
available at N Application (kg ha) N applicatiori*
sowing (kg hd)

Rainfed 120 - 30 kg N haper
application

Sowing irrigation only 150 - 30 kg N Haper
application

Sowing + 1 in-crop irrigation 150 50 (with in-crapigation, 30 kg N héat per
variable growth stage) application

Sowing + 2 in-crop irrigation 100 100 (GS31) 30Ndhat per
application

Sowing + 3 in-crop irrigation 100 100 (GS31) 30Ndhat per
application

**Tactical in-crop N was only applied if total soilias below 50 kg N habetween the end of tillering and the beginning of
flowering, and either 10 mm of rain or an irrigatievent occurred.

In addition to the scheduled N applicatiotsctical’ N applications were also
applied within each simulation when residual soilétreased below 50 kg N*ha
prior to anthesis, to simulate the use of addifiomarop N application when yield
expectation increased in high rainfall years (T&b8). N application strategies were
the same for a given land-use regardless of thed tehsowing soil water, because
the higher sowing irrigation applied to the zerd s@ter simulations meant that
water-input remained the same per unit of land.area

The 1400 ML of irrigation water stored at tregimning of the season was
assumed to be stored in a single dam 33 ha invdtea maximum storage capacity
of 2800 ML, a slightly above average storage cdpdar the broad-scale irrigated
farms of the northern grains region (CCCCRC, 20APSIM manager-logic was
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used to reduce the amount of water in storageryn2per day, the median seepage
for farm storages in the region (CCCCRC, 2011), iantkase the water level in the
storage by the equivalent depth of rainfall. APSinager-logic was also used to
reduce the volume of water in storage by evaparascalculated using the FAO56
method (Allen et al., 1998) for calculating potah@vapotranspiration. Differences
in mean long-term runoff from each of the farm-ngeraent strategies at each
location were negligible (between zero and 5 mmgl, \@ere not accounted for in the
modelling of irrigation water storage volumes.

The irrigated land-use simulations each assuimat the first irrigation was
applied one-day after sowing, in part to simulate practice of ‘watering up’ after
dry sowing. This often occurs on irrigation farnighe northern grains region when
wheat is sown 6-8 weeks after cotton has been s@d@nd insufficient rainfall has
fallen to moisten the seed bed sufficiently to geate the seed. However it is also a
common practice for irrigated wheat growers ta@ate soon after sowing even when
stored soil moisture at sowing would be considex@ehjuate to germinate the seed.
In the case of a fully irrigated crop the technigumsures that early crop growth is
not water limited. In the case of a deficit irrigdtcrop, applying an irrigation soon
after sowing ensures that the irrigation waterpigli@d before the soil water deficit
becomes larger than the amount of water availaislerigation (per unit area), in
which case the volume of irrigation water in st@agay no longer be sufficient to
irrigate the entire crop area.

The default APSIM irrigation efficiency for gaarigation event was set at 0.75
for all simulations; hence for irrigation eventsl&0 mm, 90 mm was added to the
crop root zone, and 30 mm was assumed lost tortpping system as evaporation,
deep drainage, and tail drain losses. The APSIM terigation efficiency’ therefore
encompasses both distribution efficiency and appba efficiency (section 2.1.1.;
Dalton et al., 2001). In-season irrigations wergligg when the soil water deficit to
a soil depth of 120 cm was greater than 100 mmMLt ha?, the typical irrigation
‘refill point’ used by furrow irrigators throughotiie region.

Irrigated land-uses that stored water lattr ihe cropping season (in order to
apply a second, third or fourth irrigation) hadwér proportion of the initial 1400
ML applied during the first irrigation of the seasd his was necessary in order to
compensate for the greater storage losses thatredaduring the season in land-uses
with multiple irrigation events, and ensure thaggtion-event volume was
approximately the same for each irrigation everhivia given land-use. This was
achieved by parameterising APSIM to apply irrigasi@s a proportion of the
remaining stored irrigation water. For example, ‘tnegle irrigation at sowing’ land-
use had 100% of the available irrigation water oo the entire 1000 hectare farm
on the date of irrigation (equating to 1.4 ML 0.75 (irrigation distribution and
application losses)). Subsequently the ‘sowingir-drop’ irrigation treatment had
approximately 45 % of the available irrigation waagplied on the first irrigation
date to the cropped area, and 100 % of the rentpimater applied on the second
irrigation date. This meant that the average itiigaevent volume for the ‘sowing +
1 in-crop’ irrigation land-use was 1.3 ML fhhefore irrigation application and
distribution losses were accounted for, whereastieeage irrigation-event volume
applied for the fully irrigated land-use (which haglto four irrigation events) was
approximately 1.15 ML ha Any water remaining at the end of wet seasons was
credited to gross margin analyses at the relevace pf irrigation water.

It should be noted that furrow irrigators haway a limited ability to adjust
irrigation timing, as the size of the soil watefidigis closely related to the amount

73



of irrigation water that can be applied in practiGeowers who delay their irrigation
in an attempt to conserve it for later growth pesidypically end up applying more
water per unit area than intended, and then haséfioient water remaining to
irrigate the entire cropped area. Hence this stidyot attempt to optimise the
timing of these in-crop irrigations during the gliag season.

Irrigation scheduling was modified slightly filne three and four irrigation land-
uses to allow application of irrigation at a smiafieil water deficit than normal, in
years when insufficient rain fell to allow incorpdion of scheduled N applications at
the beginning of stem elongation (GS31). If thé waiter deficit was less than 50
mm, an 80 mm irrigation was applied to incorpomdfeat an irrigation efficiency of
0.6. If the soil water deficit was greater thann®@, the full irrigation amount for the
first scheduled irrigation was applied, also atreigation efficiency of 0.6. This
allowed the simulation of larger application ansgtdbution losses that occur when
applying irrigation to moist soil early in the grong season, solely for the purpose of
incorporating the in-crop N application.

5.2.3.4. Determination of partial gross margins.

Partial gross margins (GMs) were used to atalthe economic return of
different farm-management strategies by subtra¢htiegosts involved in preparing
land and managing the wheat crops from the incoenemted by the wheat
production. It was appropriate to use the wordtiphito describe these gross
margins because long term costs associated witdssinficture (e.g. depreciation)
and other farm overheads were not included in tizdyais. The pricing of each
operation was based on gross margins preparetifgated wheat in northern New
South Wales (Scott et al., 2012) but modified gligto reflect grower practices
across all irrigation areas of the northern graggson.

Consultation with irrigation agronomists relsebthat the fixed cost per unit area
of irrigated and rainfed production would be similaxtensive tillage operations are
necessary following a cotton crop, and these wensidered to fully apply to a
subsequent crop regardless of whether the fieldtovhs irrigated. Base harvest
costs were the same for both rainfed and irrigkted-uses, and set at the price
normal for irrigated fields due to the difficulty turning harvesting machinery
adjacent to irrigation channels at the end of ld fie technical issue that would also
affect rainfed crops grown in a field traditionatlgserved for irrigated cropping. The
only differences between the fixed cost (per ureagof irrigated and rainfed
cropping were an additional fungicide applied taated crops at $6 Haand an
insecticide application at $5 fdo prevent build-up of an aphid population. Astsuc
the base cost applied was $236.24 fw rainfed crops, and $247.24 Yar
irrigated crops.

The cost of fertiliser and water (and theiplagation) were the primary costs that
varied between simulations. Nitrogen (priced aB&Jer kilogram of N) was
assumed to be applied as urea, with no cost ofcapioin if applied with an
irrigation, and a cost of $8 Hdor applying 65 kg ha of urea before a rain event.
Phosphorus, potassium, sulphur and zinc are tldopr@ant nutrients other than N
that are frequently applied in fertiliser produlstsgrain producers of the northern
grains region. For the purposes of the gross mauggtyses, fertilisers containing
these elements were assumed to be applied at @eatecal to the amount of these
nutrients removed per tonne of grain. The nutientoval rate was assumed to be
10% above their critical concentration in grairrgsorted by Lester and Bell (2010)
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for fields in the region, and the total cost ofiteplacement was calculated to be
$21 per tonne of grain. The cost of insurance awxk$ were applied at 3.07% of the
price of grain (which was $250 per tonne), while ttariable cost of harvesting was
applied at $10 per tonne of yield above 2.5t {the minimum vyield level to which
fixed harvesting costs were applied). The priceiaesl that the same quality grain
could be produced with each strategy and in eaah yeflecting the lack of
importance placed on grain protein concentratiofobgl growers during the period
encompassed by this study. This was due to thd pniae differences available for
higher quality grades that gave little incentivathieve specific grain protein and
end-user quality requirements.

Four alternative EWP analyses were develogeta factorial combination of
high vs. low water price, and including/excludiihg application of this price to the
net usage of stored soil water through the wheatigig season. The irrigation water
price was applied to the net usage of soil waterder to reflect that stored soil
water has an economic value, because it decrdasasnount of water required to
sow the next crop. The use of APSIM allowed theusation of water accumulation
in fallow fields according to the specific curvemioer characteristics associated with
each of the ‘Typical Vertsol' soil types as per &ieSOIL database (Appendix A,
Dalgliesh et al., 2006). The length of the simudaideat growing season was
determined as the time between sowing and physeabmaturity, and used to
calculate crop evapotranspiration as well as theis&ge of soil water.

Low-priced water was assumed to cost $40 pmyatitre, a price that covers the
cost of pumping the water in and out of the fararaggje, assuming that no price was
applied directly to the water because it was haeeeBom a flood event. High-
priced water was assumed to cost $120%hcorporating pumping costs as well as
an $80 ML price directly applied to the water, as sometimasirs when river flow
volumes are low and irrigated producers need tohase water from a limited pool
available to growers within a district.

5.2.3.5. Evaluation terminology

Crop Water Productivity (CWP) is a broad term et be defined in many ways.
For simplicity of communication, the following tesnare used in the remainder of
this chapter to describe different forms of CWP:

1. CWRr —measured as yield divided by evapotranspiratigrt (nnt! hat); used
only to evaluate individual land-uses.

2. CWRT+E —measured as yield divided by the sum of evapsgiaation, irrigation
storage/distribution losses, and infield drainazgsés (kg mm* ha); used to
evaluate either individual land-uses or the whaledf management strategies.

3. EWP - ‘economic’ water productivity calculatesing one of the partial gross
margin (GM) analyses. Effectively the unit meadoreEWP is partial GM ($)
per 1400 ML of irrigation water, for the entire I0Bectare farm. However for
simplicity in discussion of the results, the measofrpartial GM will be stated
only as a dollar value.
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5.3. Results

5.3.1. APSIM Validation

5.3.1.1. Field observations and agronomic management

The 2011 validation experiment received highan average rainfall, although the
month of July was dry (Figure 5.1). Although cataniperatures were experienced
just prior to anthesis, no visible frost damage gtoms were observed. Substantial
rainfall in late November after physiological matyidelayed harvest, but was not
observed to cause any grain sprouting that could hffected measurement of grain
yield.
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Figure 5.1. Maximum and minimum temperature and daly rainfall for the 2011 field
experiment.

The validation experiment was conducted onwitii low levels of residual soil
N, as the experiment was sown soon after the htao¥@scotton crop. Soil and
fertiliser N and irrigation volumes for the threggation treatments are listed in
Table 5.4. The fully irrigated treatment was groawaing the canopy management
technique of in-crop N application (Sylvester-Bedet al., 2000) for the reduction
of lodging risk. As such, the fully irrigated tre@nt was visibly N stressed by the
end of tillering, and remained visibly N stressediliafter the application of in-crop
N in early August, after which it recovered rapidlyd showed no visible sign of N
stress by the beginning of September. The ‘sowamgl ‘sowing + 1 in-crop’
irrigation treatments showed no signs of visiblstiss, having had the majority of
their N applied at sowing. No significant lodgingswbserved in any of the
irrigation treatments prior to harvest.
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Table 5.4. Soil mineral N status, fertiliser N andrrigation water volumes for the
validation experiment at Narrabri in 2011.

Irrigation Treatment Soil Residual N Fertiliser N applied  In-crop fertiliser N Irrigation

prior to sowing prior to sowing (kg N hat, Date) (mm, date)
(kg N hat) (kg N hat)

Sowing Irrigation 36 150 -- #, 9-Jun
Sowing + 1 in-crop 36 150 50, 9 Sep #, 9-Jun
irrigation 100, & Sep
Sown on rain 36 10 150, 9 Aug 50, 9" Aug
moisture, full ‘in- 50, 8"Sep 40, 8" Sep
crop’ irrigation 40, 27" Sep
75, 20" Oct

# The sowing irrigation was not measured, as itaggdied before the initial measurement of soilevat

5.3.1.2. Comparison of simulated and observed yield and water use

Anthesis date for the sowing irrigation andvgag + 1 in-crop’ irrigation
treatments was 15-September, with the fully ireglreatment reaching anthesis
seven days later, probably due to the effect ofrtkexop N regime. APSIM was
parameterised to accurately simulate the anthesesaf the two partially irrigated
treatments, such that the simulated anthesis daddlve same day as the observed
data (data not shown). However the same paramatierisdid not accurately
simulate anthesis for the fully irrigated treatmenwitich was simulated to occur 1
day later than the partially irrigated treatme#tslays earlier than observed. While
the yield of the partially irrigated simulations svelose to the observed grain yield,
simulated yield of the fully irrigated simulatioraw 2.2 t hd, nearly 4 t hd below
the observed grain yield (Figure 5.2). This ismailsir result to that observed when
simulating severe early season N stress in Ch8pter

An optional APSIM routine was applied to inase the sensitivity of phenology
response to N stress, and better simulate the\dasedelay in flowering date as a
consequence of the early season N stress. Thiaetasved by setting the APSIM
parameter N_fact_pheno descriptiért0 2, rather than the default setting of 100 viahic
does not invoke a N stress effect on phenology.arhended simulation accurately
predicted the delay in flowering date of the futiygated treatment without altering
the anthesis date of the ‘sowing’ and ‘sowing H-tiop’ irrigation treatments.
However despite the delay in flowering date, ityancreased simulated yield to 3.3
t hal, still 2.8 t hat below the observed grain yield of 6.1 t'ha
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Simulated Grain Yield (t ha?)
\

Observed Grain Yield (t ha?)

Figure 5.2. Simulated vs. observed grain yield fathe three irrigation
treatments in the 2011 field experiment, prior to @plying corrections
to the simulation of the in-crop N application treament. The dashed
line (- - - -) represents the 1:1 ratio between obsved and simulated
data, the horizontal error bars represent the standrd error of the
mean observed grain yields.

APSIM accurately simulated water use in tlwvisig irrigation’ and ‘sowing + 1
in-crop irrigation’ treatments (Figure 5.3a,b). Hoxer, water use for the fully
irrigated treatment was initially under-simulat&igure 5.3c, solid line), due to the
inability of APSIM to simulate the recovery fromveee early-season N stress as
observed herein, and discussed in Chapter 3.

In this instance APSIM was able to predictabserved water use during early-
season growth as N stress was beginning to devdmpever, the predicted and
observed water use diverged markedly in late Augs#tPSIM was unable to
simulate the recovery in crop biomass that wasrebsgan the field.

An amended simulation of the full irrigatioe&tment was conducted to determine
whether APSIM was able to simulate late-seasonrwaie This was achieved by (1)
changing the date of N application in the simulatio the day of sowing, and (2)
resetting soil water after each of the first twigation events, which compensated
for the subsequent over-simulation of early-seagater-use which had been
satisfactory in the initial simulation. As shownhkigure 5.3c (dotted line), the
simulation of late season water use for the fuligated treatment was satisfactory
once these compensations were made. The amendgldtsom also improved the
prediction of grain yield to 5.6 t Haclose to the observed yield of 6.1 t'ha
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Figure 5.3. APSIM simulated total soil water (solidine) and measured total soil water
(red squares) for a range of management regimes Barrabri in 2011: (a) irrigated at
sowing with all N applied at sowing (b) irrigated @ sowing with one in-crop irrigation,
and all N applied at sowing, and (c) sown into sted moisture at sowing with low
residual soil N levels, with four in-crop irrigations and two in-crop N applications. The
dotted line in (c) shows simulated water use fromraadditional APSIM simulation that
was amended to prevent the underestimation of bionsa in response to severe early N
stress.

5.3.2. Land-use simulations

5.3.2.1. Environmental characterisation

The three environments used for the long-termd-use simulations differed in
terms of temperature, radiation and rainfall dataugh the wheat growing season
from June to October, as obtained from the SILQloke (Jeffrey et al., 2001).
Average daily temperature and radiation decreased horth to south, with
Emerald having higher average temperatures and/negenore radiation than
Goondiwindi and Gunnedah (Figure 5.4 and 5.5). Agerrainfall from June to
October (Figure 5.6) was similar at GoondiwindGainnedah (212 and 237 mm) but
lower at Emerald (156 mm).
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Figure 5.4. Average daily temperature (June to Noveber) as
obtained from the SILO database (Jeffrey et al., 20) from
1889-2013 for Emerald, Goondiwindi and Gunnedah.
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Figure 5.5. Average daily radiation (June to Novemér) as obtained
from the SILO database (Jeffrey et al., 2001) fromi889-2013 for
Emerald, Goondiwindi and Gunnedabh.
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Figure 5.6. Average monthly rainfall (June to Octoler) as obtained from the SILO
database (Jeffrey et al., 2001) from 1889-2013 f&merald, Goondiwindi and
Gunnedah.

The higher temperatures at Emerald (FigurglBdito decreased duration of the
simulated wheat growing season, with the averagaoeu of days from sowing to
harvest being 128 days, compared to 142 and 168@tdiwindi and Gunnedah. As
a result, growing season rainfall (calculated anwative rainfall between the date
of sowing and physiological maturity in each sintaia) showed greater differences
between environments than June to October raifiadl01, 174 and 212 mm,
respectively for Emerald, Goondiwindi and Gunnedah.
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5.3.2.2. Comparison of land-use simulations.

Irrigation storage losses were greater in tbeenfrequently irrigated land-uses, as
they required water to be held in storage for lerigeallow irrigation later in the
growing season (Table 5.5). Up to 11% of the 14Q0df/lirrigation water stored at
sowing was lost to seepage and evaporation inRber ‘irrigations’ land-use,
compared to between 5% and 7% being lost whenrtiigation was applied earlier
in the season across a larger land area in the ifngations’ land-use.

Table 5.5. Simulated water lost (as % of the 1400 Mof irrigation water stored at
sowing) from storage as evaporation or seepage ftive simulated irrigated land-uses at
Emerald, Goondiwindi and Gunnedah

Land use simulation

Location, and stored One Two irrigations Three Four irrigations
soil water at sowing  jrrigation (sowing + one irrigations (sowing + three
(mm) (at sowing) in-crop) (sowing + two in-crop)
in-crop)
Emerald (100) 0.0 6.0 8.3 114
(zero) g9 6.5 7.9 11.0
Goondiwindi (100) 0.0 6.5 8.1 111
(Zero) g0 6.0 7.5 10.3
Gunnedah (100) 0.0 7.2 8.2 111
(Zer)) g0 5.0 7.7 10.6

Unsurprisingly, grain yield and evapotransypaaincreased in land-uses with
greater irrigation input at each location (Figuréabf), for the simulations that had
100 mm of stored soil water at sowing. C¥Rgrain yield per unit of
evapotranspiration) was also greater in the lard-tisat involved higher levels of
irrigation (Figure 5.7g-i). However CWR e (which included seepage and storage
losses of irrigation water in the denominator tep@aked in the second most heavily
irrigated treatment (S+2) (Figure 5.7j-1). This whge to the increased seepage and
storage losses incurred by the most frequentlgated treatment (S+3), which had
similar grain yield to S+2. These trends were alnentical to those found in the
simulations where zero stored soil water was ablglat sowing, hence the data for
the zero soil-water simulations is not shown.
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Figure 5.7. Boxplots for grain yield, evapotranspiation, CWPer (Grain yield/ ET) and
CWPer+e (Grain yield/(ET + drainage + irrigation storage losses)) for the five cropped
land-use options and three locations, for long termsimulations using 100 mm of stored
soil water at sowing. Boxed areas indicate the uppand lower quartiles, whiskers
represent the upper and lower deciles, and the ardzounded by circles represents 90%
of all years. Median year is represented by the gdlline within the interquartile range
box, while the mean value is represented by the det line.
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5.3.3. EWP analysis of farm-management strategies

As discussed in section 5.2.3.4, fouraitve EWP analyses were conducted
by calculating partial gross margins (GMs) fronaatbrial combination of the
relative values used for irrigation water (inexpeaws. expensive), and whether this
value was applied to the net change in storednsigr between sowing and harvest
(Table 5.6). However a disadvantage of using meatigb GM as a measure of EWP
is that the mean value does not demonstrate tis®iséa season variability
associated with alternative management options.

Table 5.6. The four alternative analyses used faalculating whole-farm EWP.

EWP analysis lcd&tion method

GMao Irrigation water price of $40 ML, ASW not priced

GMag+ ASW Irrigation water price of $40 ML with ASW also priced at $40 ML
GMi20 Irrigation water price of $120 ML, ASW not priced

GMz120+t ASW Irrigation water price of $120 MELwith ASW also priced at $120 ML

ASW: the net change in stored soil water betweernrgpand harvest

In order to illustrate this variability, thelationship between gross margin and
growing season rainfall is presented (Figure 8}He ‘GMio analysis of the ‘zero
soil water at sowing’ simulations for GoondiwinwVhile the difference between
mean partial GM for farm-management strategiekimadnalysis was small ($5000,
or $5 per hectare), it is apparent that the optinfarm-management strategy varies
substantially between low and high rainfall yedmshigh rainfall years, applying a
single irrigation to the entire farm at sowing wablle most profitable, however the
same strategy would be least profitable in lowfediryears. In median years (decile
0.5 in Figure 5.8b), all farm-management strategidsbit similar partial GM.

In order to encapsulate this risk/return traffea commonly used modified
mean-variance approach (e.g. Barah et al., 198Cadvm et al., 1991; Carberry et
al., 1993; Hammer et al., 1996) was used to idgogtimum farm management
strategies. The approach (demonstrated in Fig@ree5using the data from Figure
5.8) first involves plotting mean gross margin stendard deviation of the mean for
each farm-management strategy. A line (termedigtkéeturn frontier) is then
drawn, beginning at the origin, after which ith&h joined to the farm-management
strategy with the smallest coefficient of variati@V, i.e. standard deviation /
mean), labelled point 1 in Figure 5.9. The fronthe¥n proceeds to the farm-
management strategy with the next lowest CV thatahbigher GM and standard
deviation than the previous point on the frontiabélled point 2).

This rule is applied until no further farm-nag@ment strategies have both a
greater partial GM and standard deviation. Strategituated on this frontier are
potentially logical choices for a grower dependimgtheir level of risk aversion,
whereas strategies lying beneath the frontier (@mt 4) would be illogical in terms
of maximising mean partial GM or reducing risk adternative strategies exist that
fulfil either criteria.
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Figure 5.9. Mean partial GM (GM4o) vs. standard deviation of the
mean for farm-management strategy comparison at Gaaliwindi
when zero soil water was available at sowing. (—Risk/return
frontier; (- - - -) 1:2 line of indifference; A = all irrigation at sowing
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An additional frontier used in the analysisesmed the ‘line of indifference’ (the
dashed line in Figure 5.9) This line representsltBeatio between gross margin and
standard deviation that has been found to représenihtermediate level of
risk/return trade-off preferred by the majoritygrbwers in multiple cultures (Barah
et al., 1981; Ryan, 1984; McCown et al., 1991) basl previously been used in
conjunction with the risk frontier (McCown et a991; Carberry et al., 2000).

In the particular example in question (Figur@) % can be seen that point 2
(S+1/F) is the farm-management strategy with thetrfavourable position on the
risk/return frontier, as its mean partial GM issgdo the highest, possessing the
second lowest standard deviation and a noticeabfet mean partial GM than the
strategy with the lowest standard deviation. Ferrdfmainder of this study these
‘optimum’ strategies are referred to as the mask-efficient’ strategies. For
simplicity of presentation, only the 1:2 line oflifference will be presented on
remaining risk/return graphs.

5.3.3.1. Risk/return analyses - Emerald

When evaluating CW&+e at Emerald, the ‘irrigation + rainfed’ strategiesre
more risk efficient (Figure 5.10a) than the ‘irriigen + fallow’ strategies, each
having CWRr+e of approximately 10 kg mwhen 100 mm of soil water was
available at sowing. The strategy with the higimsan CWer+e (S+2/R) also had
the second lowest variance, and was considerethoiserisk efficient strategy as it
was closest to the 1:2 line of indifference.

When calculating EWP, different irrigationagggies were closest to the 1:2 line
of indifference depending on the particular EWPlysia used (Figure 5.10b-e).
When ASW was not priced in the calculation of partial Gihst farm-management
strategies lay close to the 1:2 line of indiffereriEigure 5.10b,d). However when
ASW was included in the calculation of partial Glve single sowing irrigation and
partially rainfed strategies were less risk efintithan the strategies that incorporated
an area of fallow land (Figure 5.10c,e). The S42fRtegy was consistently located
on or near the line of indifference for each of WP analyses. The S+1/F and
S+3/F strategies were also close to the line affer@nce in most analyses, with the
exception of S+1/F which was noticeably furthenirthe line of indifference in the
GMz120+t ASW analysis (Figure 5.10e).

When zero soil water was available at sowinigraerald, all strategies except
S+3/F were situated on the line of indifferencéhi@ CWR+.e analysis. Two
strategies (S+2/F and S+3/F) were closest to tieedf indifference in each of the
EWP analyses (Figure 5.10f-)). While the ‘S’ andLS+strategies were considered
risk efficient in the CWR.c analysis, they were substantially below the lifie o
indifference in the EWP analyses.
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Figure 5.10. (a,f) Farm scale CWPr+e vs. standard deviation of the mean, and
(remaining graphs) EWP vs. standard deviation of te mean, from the comparison of
farm-management strategies at Emerald with (a-e) IDmm or (f-j) zero soil water at
sowing. The alternative methods of calculating EWRvere (b,g) GMig; (c,h)

GM ot ASW; (d,i) GM12g (€,)) GM 120t ASW. Farm-management strategies are denoted
as follows: x = S (a-e) or S+F (f-))® = S+1/F;® = S+2/F A = S+3/F;0 = S+1/R;00 =
S+2/R,A = S+3/R
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5.3.3.2. Risk/return analyses - Goondiwindi

When 100 mm of soil water was available atiasgwgreater differences were
observed between farm-management strategies intet@WR:... and EWP
analyses at Goondiwindi, than observed at EmeFaldr strategies ('S’, S+1/R,
S+2/R, S+3/R) were markedly closer to the linenglifference in the CWR.e
analysis than the remaining farm-management siest€figure 5.11a). Of these, the
S+1/R and S+2/R strategies were also at or nedinghef indifference for all of the
EWP analyses. The three strategies involving ase&slow land were not close to
the line of indifference except in the G+ ASW analysis (Figure 5.11e). As was
the case in Emerald, the valuation8W within the EWP analyses improved the
relative profitability of the three strategies itwiag fallow land, but they were only
close to the line of indifference when the pricevatter was high (Figure 5.11e).

Similar trends were observed within the zerbwater simulations at
Goondiwindi (Figure 5.11f-j) to those observed atdfald. In the CWR.c analysis
all farm-management strategies except the S+3d4kegly were close to the line of
indifference, although the 'S’ strategy was slightiore risk efficient than the S+1/F
and S+2/F strategies. However in the EWP analysesS’ and S+1/F strategies
receded from the line of indifference wh&rSW was priced, and when the price of
water increased (Figure 5.11g-)). The S+2/F styate@s the most consistent, being
situated on the line of indifference for all the BVenalyses.

5.3.3.3. Risk/return analyses - Gunnedah

The trends for data at Gunnedah were sinoléndse at Goondiwindi whether
100 mm or zero soil water was available at sowkigyre 5.12). The same four
farm-management strategies (‘S’, S+1/R, S+2/R, Bndiere closest to the line of
indifference in the CWR.e analysis when 100 mm of soil water was available a
sowing (Figure 5.12a). Of these, the S+1/R and B+®ategies were also at or near
the line of indifference for all of the EWP analgq&igure 5.12b-e), with the S+1/R
strategy situated on the line of indifference faclke analysis.

When zero soil water was available at sowihg,'S’ strategy was the most risk
efficient in the CWEr.e analysis (Figure 5.12f). As with the Emerald and
Goondiwindi EWP analyses, the ‘S’ and S+1/F stiategeceded from the line of
indifference as the price of water increased AW was priced into the EWP
analyses (Figure 5.12g-j). The S+1/F and S+2/Regjyawere equally consistent,
situated on the line of indifference for threelod four EWP analyses.
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S+1/R;0 = S+2/R,A = S+3/R
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Figure 5.12. (a,f) Farm scale CWPr.e vs. standard deviation of the mean, and
(remaining graphs) EWP vs. standard deviation of te mean, from the comparison of
farm-management strategies at Gunnedah with (a-€)0D mm or (f-j) zero soil water at
sowing. The alternative methods of calculating EWRvere (b,g) GMig; (c,h)

GM ot ASW; (d,i) GM12g (€,)) GM 120t ASW. Farm-management strategies are denoted
as follows: x = S (a-e) or S+F (f-))® = S+1/F;® = S+2/F A = S+3/F;0 = S+1/R;00 =
S+2/R,A = S+3/R
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5.3.3.4. Sensitivity analysis to increased farm water allocation

The over-arching whole-farm situation inveategl thus far represents the most
limited water situation faced by growers in theg&rregion: a single application of
irrigation water possible per hectare of irrigalaled, equating to 1400 ML of
irrigation water available to a 1000 hectare fatrtha beginning of the season.
However in order to understand the applicabilityhaf results to alternative
situations where a greater volume of water werdabla per unit of land area, an
additional analysis was carried out in which theoant of irrigation water stored at
sowing was 2800 ML, or 2.8 ML (two irrigation apgdtions) per hectare of irrigable
land. This analysis was carried out solely for farmanagement strategies that had
100 mm of soil water at sowing at Goondiwindi. llbeved the S+1 strategy to be
applied to 1000 hectares, while the S+2 strategyapplied to 666 hectares, and the
S+3 strategy applied to 500 hectares. These skeatbgd double the irrigated area of
the equivalent farm-management strategies fronotiggnal analyses (which had
1400 ML of irrigation water available at sowinghd*S’, S+1/F and S+1/R
strategies were no longer applicable due to thatgrezolume of water available.

The results of this additional analysis (Fegbrl3) showed that the predominant
effect of the additional irrigation water was a stantial increase in both CWke
and EWP in absolute terms, necessitating the uaedtferent scale for the y-axes of
Figure 5.13. The CWR.¢ of 15.9 kg h&d mnt? (Figure 5.13a) observed for the most
risk-efficient strategy was nearly 50% greater ttienCWR+.e of the equivalent
strategy in the original limited water analysisgiiiie 5.11a), and whole-farm partial
GMs were typically $250,000 to $300,000 greateg(Fé 5.13b-e).

Farm management strategies were ranked siynitathe original 1400 ML
analysis for both the CWR.e and EWP analyses (Figure 5.13), with the S+2/R and
S+1 strategies being closest to the line of indéffiee in most of the analyses.
However, slight differences were observed in thatire risk-efficiency of farm-
management strategies within the EWP analysesarticplar, the S+3/F and S+3/R
strategies receded slightly from the line of ingliéfnce in comparison to the other
strategies, demonstrating that the additionalatran water was not used as
effectively when concentrated on a smaller area.

In order to better ascertain the trends actdssf the CWP and EWP analyses
conducted in this chapter, the results from eadh®finalyses have been
summarised in Table 5.7 by showing the differemc€WP (or EWP) between the
optimum farm management strategy and each of trex firm management
strategies, for a given analysis. Effectively ttiifference is calculated as the
difference between the y-intercept for the 1:2 bhéendifference that intersected the
optimum farm-management strategy (displayed infeig%.10-5.13), and the y-
intercept calculated for the 1:2 line of indiffecerthat intersected each of the other
farm-management strategies in the same analysesr(dashown). Results from all
analyses that had 1400 ML of irrigation water aafal¢ at sowing (i.e. Figures 5.10—
5.12) have been summarised in Table 5.7, whilegkelts of the analyses which had
2800 ML of irrigation water available at sowingdtre 5.13) have been summarised
in Table 5.8.
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of soil water was available at sowing. The alternate methods of calculating EWP were
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are denoted as followsd = S+1;8 = S+2/F, A = S+3/F;0 = S+2/R,A = S+3/R;
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Table 5.7. The difference between the y-intercepf the 1:2 line of indifference which
intersected the optimum farm management strategy,ral the y-intercept of the line of
indifference that intersected each of the remaininfarm management strategies, when
1300 ML of water was available at sowing. The unibf measure was kg mni in the
CWP analyses, and ($'000) in the EWP analyses. Thptimum strategy (where
difference = zero) is highlighted in dark grey, whie near-optimum strategies (within 0.5
kg mm for the CWP analyses, or within $10/ha for te EWP analyses) are highlighted
in light grey.

Site, and Farm management strategy
CWP/EWP analysis s S+1/F S+2/F S+3/F S+1/D  S+2ID  S+3ID
Emerald (100mm of PAW at sowing)
CWP:t+e -0.8 -1.3 -1.3 -2.6 -0.3 0 -0.1
GMyo -26.6 -5.9 0 -19.7 -9.9 -0.9 -16.4
GM+ASW -58 -17 0 -9.8 -41 -29.7 -42.5
GMio -27.5 -6.7 0 -15.1 -10.7 -15 -16.3
GMyogt ASW -158.8 -60.5 -17.6 0 -138.2 -119.6 -96.1
Emerald (Zero PAW at sowing)
CWPR:t+e -0.2 -0.2 0 -0.5 na na na
GMyo -96.2 -44 -4 0 na na na
GM+ASW -107.5 -53.5 9.4 0 na na na
GMi2 -99.9 -47.7 -7.5 0 na na na
GMyogt ASW -126 -66.2 -13.8 0 na na na
Goondiwindi (100mm PAW at sowing)
CWP:t:e -0.4 2.2 -3.1 -4.2 -0.1 0 -0.3
GMyo -18.7 -60 -90.3 -132.2 0 -5.9 -37.8
GM+ASW -19.4 -43.4 -63.5 -99 0 -3 -32.2
GMizo -18.9 -59.4 -88.2 -124.8 0 -6 -36.7
GMyogt ASW -30.2 -11.5 -11.3 -21.6 7.7 -1.9 0
Goondiwindi (Zero PAW at sowing)
CWP:r4e 0 -0.3 -0.5 -1.2 na na na
GMyo -51.7 -15.1 0 -13.2 na na na
GM+ASW -60.9 -20.7 0 -8.1 na na na
GMi2 -53.1 -16.1 0 -9.7 na na na
GMygt ASW -81.2 -31.8 0 -8.9 na na na
Gunnedah (100mm PAW at sowing)
CWP:t:e -0.3 -2 -3.2 -4.4 0 0 -0.4
GMyo -18 -100 -159.5 -214.4 0 -23.4 -61.7
GM+ASW -19 -76.7 -122.9 -170 0 -20 -56.1
GMio -18.7 -99.3 -156.7 -205.1 0 -23.2 -58.7
GMyagt ASW -24.4 -16.8 -31.9 -62.6 0 -9.4 -17.6
Gunnedah (Zero PAW at sowing)
CWP:t+e 0 -0.4 -1 -1.8 na na na
GMyo -23.8 0 -5.3 -27.9 na na na
GM+ASW -29.1 -0.4 0 -17.6 na na na
GMi20 -24.2 0 -4.2 -21.7 na na na
GMygt ASW -52.7 -11.6 0 -22 na na na

‘na’ = not applicable for the analyses with zero/® At sowing
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Table 5.8. The difference between the y-intercepf the 1:2 line of indifference which
intersected the optimum farm management strategy,ra the y-intercept of the line of
indifference that intersected each of the remaininfarm management strategies, when
2600 ML of irrigation water and 100 mm of soil PAWwas available at sowing at
Goondiwndi. The unit of measure was kg mm in the CWP analyses, and ($'000) in the
EWP analyses. The optimum strategy (where differerec= zero) is highlighted in dark
grey, while near-optimum strategies (within 0.5 kgnm for the CWP analyses, or within
$10/ha for the EWP analyses) are in light grey.

Farm management strategy

Site, and
CWP/EWP analysis S+1 S+2/F S+3/F S+2/D S+3/D
CWPeT+E -0.4 -1.3 -2.9 0 -0.5
GMao 0 -61.1 -149.1 -10.3 -68.9
GM+ASW 0 -41.1 -115.8 -4.2 -58.3
GMu120 0 -59.3 -140.3 -9.9 -67.2
GMuz0t ASW -13.5 -6.4 -41.6 0 -23.8

5.4. Discussion

5.4.1. APSIM validation

One of the objectives of this study was tofem the ability of APSIM to
simulate water use of irrigated wheat when comgamultiple irrigation treatments
at the same location. As demonstrated in the SAIRSIM closely simulated grain
yield and water use of the irrigated experimerfarrabri for the rainfed and single
in-crop irrigation treatments, which were grownwiiigh levels of sowing N.
Although the model was initially unable to simuléte grain yield and water use of
the fully irrigated treatment (grown using the caponanagement strategy of in-crop
N application), satisfactory simulation of grairel and water use for this treatment
was ultimately achieved when N was assumed to hdinuting for the entire
growth period.

This finding adds further evidence to theaslations made in Chapter 3 of this
dissertation (section 3.4.1.4), that the APSIM athmaodule under-estimates the
ability of spring wheat cultivars to recover froevere N stress during tillering,
when fertiliser N is subsequently applied during thopping season and
incorporated under ideal (irrigated) conditionsrapid N uptake.

It should also be remembered that the analysesn assume that lodging is
avoided through the use of agronomic methods ssiculéivar choice, in-crop N
application and reduced plant populations. Thesgegfies must therefore be
successfully applied in production fields in ortlemaximise the relevance of the
simulation experiments discussed herein.
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5.4.2. Water productivity analyses

The results of the initial water productivagalyses conducted on alternative
land-uses at an individual field scale, showed thatmore heavily irrigated land-
uses had the highest water productivity when measas CWPr (grain
yield/evapotranspiration). When irrigation ineféaicies were incorporated into the
denominator term (as CWR ), water productivity decreased in the most frediyen
irrigated treatment, compared to the next mogjatad treatment. These results
agreed with trends previously demonstrated in mleltield studies (e.g. Steiner et
al., 1985; Musick et al1994; Zhang and Owei$999) that increasing irrigation
increases water productivity of spring wheat whalswated on a single field basis,
until yields approach yield potential.

However, the profitability of irrigation enfeises is dependent on maximising
EWP for an entire farm rather than CWP for an irdiial field, the importance of
which can be demonstrated in several ways frommebelts of the current study. For
example at Gunnedah and Goondiwindi when 100 meoibfvater was available at
sowing, one of the irrigation strategies (S+3/Rywa or near the line of
indifference in each of the CWHRe risk/return analyses, yet was not one of the
most risk-efficient strategies for three of therf®WP analyses. Additionally at
Emerald when 100 mm of soil water was availableoating, the S+2/F strategy was
considered sub-optimal in the C\AfRe analysis but was one of the most risk-
efficient strategies in three of the four EWP arab; Re-ranking between the
CWP:T+e and EWP analyses was also observed in the ‘zdravater’ analysis at
Emerald and Goondiwindi, where the ‘S’ strategy waghe line of indifference in
the CWRT+e analysis, but was the least risk-efficient irrigatstrategy in each of
the EWP analyses. Similar results were obtainedaize by Rodrigues et al. (2013)
and Paredes et al. (2014) who found re-rankingptfhmal strategies depending on
whether CWP or EWP analyses were used.

The primary objective of this study was toedetine whether deficit irrigation of
larger areas of wheat is more profitable thaniftithation of a smaller area. The
results of the whole-farm EWP analyses demonstitaeddeficit irrigation
strategies involving larger areas of wheat wereenpoofitable on average than
smaller areas of full irrigation in the two enviroants with higher in-season rainfall
(Goondiwindi and Gunnedah), and also more riskcigdfit. At these environments,
one of the deficit irrigation strategies was morefipable and risk-efficient than full
irrigation for all permutations of sowing soil watnd method of calculating EWP,
regardless of whether rainfed wheat or fallow lara$ used as the supplementary
land-use to the fully irrigated area. Deficit iigon strategies were also superior for
most EWP analyses at the environment with lowesgason rainfall (Emerald),
although growing a smaller area of fully irrigat®eat was the most profitable
strategy in the Givbot ASW analysis, where irrigation water was expenshgtthe
stored soil water remaining at the end of the seasxs assigned the same value.

These results broadly agree with the fieldeldastudies of Zhang and Oweis,
(1999) and Ali et al. (2007) who also found that EwWas maximised under deficit
irrigation. However, it is important to note thhetpresent study demonstrated the
importance of several aspects of deficit irrigatamalysis that have rarely been
considered by other studies on deficit irrigatiomiheat, and the inclusion of these
factors frequently altered the choice of optimurfigitarrigation strategy. In
particular, the strategies considered the mostafB&ient in the current study
incorporated rainfed crops sown on the unirrigabezh.
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5.4.2.1. The effect of rainfed cropping on the selection of optimum farm-
management strategy

In the current study the intrinsic value afrsetl soil water was investigated
through (1) the inclusion of rainfed cropping onrtigated land, allowing an
assessment of the value of stored soil water athessntire farm by evaluating its
crop production potential, and (2) assigning ameaaic value to soil water, such
that the net change in stored soil water throughstbason was given the same
monetary value as irrigation water. While Lobeltadrtiz-Monasterio (2006)
examined the interaction between varying levelsaifwater at sowing on the
success of different irrigation strategies, thed/mbt specifically investigate the
amount of soil water remaining at the end of thesea, or account for the value of
this water.

An inherent disadvantage of the cost/revenuetfon approach to optimising
deficit irrigation, is that the response curve asided from the crop grain yield
response to potentially four sources of water ddpgnon the farming system:
precipitation, irrigation water, stored soil wagtrsowing, and/or water accessed
from a water table at the bottom of the root zoyetonly the irrigation water is
assigned an economic value. The use of deficgdation across a greater area
accesses a greater absolute volume of precipitatdrstored soil water (and
potentially in some farming systems, water fronulterranean water table). The
value of this additional water has traditionallyt been accounted for in fully
irrigated strategies that utilise a smaller lanehar

This is best illustrated in the current stiagyconsidering the four farm-
management strategies that consisted of irrigated in conjunction with fallow
land. When 100 mm of stored soil water was avalablsowing, the optimum
irrigation + fallow strategy was generally one thptead the water over a wider area
(i.e. ‘'S’, or S+1/F), although at Emerald S+2/F \aéso risk efficient. These
strategies accessed additional water that was aguitvto the difference in the
cropping area multiplied by the volume of stored water and precipitation, per
unit area. In the present case study involvingia faith 1000 hectares and 100 mm
(or 1 ML ha?) of stored soil water per hectare, this equateahtadditional 500 ML
of stored soil water available for crop use ingb®ing irrigation (‘S’) strategy that
irrigated 1000 hectares, compared to the ‘S+1Hategy that applied two irrigations
to 500 hectares of land. Additionally, at Gunnettatinstance, a further 212 mm of
rainfall fell on average during the growing seasqnating to a further 1060 ML
available to crop production in the sowing irrigatistrategy. The difference in
partial GM between the ‘'S’ and S+1/F strategies lagge in some EWP analyses
(e.g. $150,000 at Gunnedah in the fglsinalysis), but heavily biased due to the
additional soil water and precipitation used tovgyops over the wider area of the
‘S’ strategy that was unavailable to the S+1/Ftegrg. The equivalent strategy that
included rainfed cropping (S+1/R) had an almosnhidal gross margin to the ‘S’
strategy at Gunnedah because it was able to usalthigonal precipitation and
stored soil water in producing the rainfed cropg] amms more risk-efficient due to its
lower year-to-year variability.

Ultimately the analyses showed that rainfebpmg was either similar to or
more profitable than fallow land when used in coejion with deficit irrigation
strategies in most of the EWP analyses, and wasadse risk-efficient. It is
important to note however that the ability to chooainfed cropping alongside an
irrigated area will fluctuate between seasons duatiability in soil moisture at
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sowing (required both for seed germination and st®@d soil moisture ‘buffer’ for
reliable crop production). Irrigated growers magrtfore prefer to irrigate the entire
cropping area in certain seasons in response $e tractical limitations.

5.4.2.2. The effect of assigning an economic value to soil water on the selection of
optimum irrigation strategy

Including an economic value for stored soitevan the EWP analyses also
impacted on the choice of the most risk-efficiearhi-management strategy, in
particular by reducing the relative profitability sirategies that cropped larger farm
areas (i.e. the ‘'S’ sowing irrigation treatmentd &lne ‘irrigation + rainfed’ strategies)
in comparison to the irrigation + fallow strategigsthe higher rainfall
environments, this did not cause significant chartgehe relative risk efficiency of
the alternative farm-management strategies, buindi¢ase the number of strategies
at or near the line of indifference when the potevater was high.

At the low rainfall environment however, assigy a value to stored soil water
altered the risk-efficiency of the irrigation + Ifal strategies such that they became
more risk efficient than the irrigation + rainfetlagegies, when either the high or low
value was assigned to water. When the price ofrweds high, the relative risk-
efficiency of individual irrigation + fallow stratges also changed such that the full
irrigation strategy was the most risk-efficient,embas the S+2/F treatment had been
the most risk-efficient when the price of water W@s.

5.4.2.3. The effect of additional irrigation water and stored soil water at sowing

Increased access to irrigation water haelittipact on the relative risk-efficiency
of irrigation strategies. While doubling the irrtgn volume available at sowing
increased EWP and CWP of all farm-management giestgethis did not alter the
choice of the most risk-efficient strategy. Howeitatid increase the relative
advantage of strategies that spread water acnefdea area. The range of strategies
investigated when 1400 ML of irrigation water wasigable at sowing already
included spreading water across the widest areabie Therefore no new strategy
was available that could further improve EWP wHesnvolume of irrigation water
was increased.

The importance of stored soil water at sowimgetermining the optimum farm-
management strategy was first apparent when demglgpmulation scenarios for
the study, with rainfed cropping strategies notstdered viable (and hence, not
simulated) when there was zero stored soil watsowaing, a well understood
principle in the region (e.g. Moeller et al., 2008) order to assess the effect of
additional soil water at sowing, it is necessargdampare farm-management
strategies that were simulated for both levelsoefisg soil water, i.e. only the
strategies that incorporated irrigation in conjimtiwith fallow land. Comparison of
these strategies for the two levels of sowingwailer showed that increasing soll
water at sowing changed the most risk-efficierdatstyy to one which had a larger
deficit irrigated area with reduced frequency ofjation, for each of the
environments studied. These results agree wittetbbkobell and Ortiz-Monasterio
(2006), who also showed that deficit irrigation vmagre profitable in conjunction
with high levels of stored soil water at sowing.
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5.4.2.4. The effect of environment and year-to-year variability on the choice of risk-
efficient irrigation strategies

The interaction of environment with the optinnagation strategy was associated
with the relative difference in average rainfalteen the environments. When 100
mm of soil water was available at sowing (and heaa&ed cropping was
considered as a potential land-use), optimal gjiregdan the higher rainfall
environments (Gunnedah and Goondiwindi) were gdéigeragation + rainfed
strategies that utilised irrigation water acroseder area (e.g. S+1/R and S+2/R).
These results in the higher rainfall environmengseasimilar to those observed by
Gaydon et al. (2011) in an area of southern Austkgith similar growing season
rainfall to Gunnedah, who found that maximum famofipability under limited
water situations was obtained by spreading irroayatvater over a wider area in
winter cereal crops.

This contrasted slightly with results for tbevest rainfall environment (Emerald)
where both rainfed and fallow strategies were eitaeked similarly, or strategies
including fallow land were considered the most-eskcient in the EWP analyses.
The most risk-efficient farm-management strategp afried between environments
when zero soil water was available at sowing, w&igmall area of full irrigation
being the most risk-efficient strategy in the driesvironment, but not in either of
the wetter environments.

The identification of different optimal strgtes between environments was
unsurprising, given the relationship already idesdi between soil water and risk-
efficient deficit irrigation strategies (sectiom2.3) that is logically extended to
variable precipitation between environments. Ovaeid Hachum (2006) also
identified alternative optimum deficit irrigatiotrategies for different wheat
growing environments in Syria with varying rainfall

It is also important to note that the riski@éncy of the different irrigation
strategies is a long term average generated frotiryear simulations. In individual
seasons with markedly higher rainfall than the metmategies spreading irrigation
water across a wider area will be more profitablntthe strategy that is most risk
efficient across all years. Conversely in low ralhyears, strategies that have
increased irrigation frequency on a smaller cragaare likely to have increased
profitability compared to the most risk-efficientategies from the long term
analyses. While it is possible that the use of@®asclimate forecasts could improve
the probability of selecting a better strategytfar particular season (e.g. Hammer et
al., 1996), evaluation of the value of seasonadasting in improving the selection
of deficit irrigation strategies is beyond the seap the present study.

5.5. Conclusions

The APSIM farming systems model was succegsiisked to predict seasonal soll
water fluctuations for three irrigation treatmeats single location. However as was
observed in Chapter 3, APSIM was initially unalesimulate soil water or grain
yield in a treatment that experienced a severetadge N stress while being grown
using the canopy management technique of in-crapication. APSIM did
satisfactorily simulate the treatment when in-ckbpas applied at an earlier crop
stage in the simulation than occurred in the fi€lakrther work is necessary to isolate
and better understand the specific crop growthtfans that are preventing the
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accurate simulation of biomass development in @gaited environment after a
severe vegetative N stress has been relieved.

The results of the simulation study into whfalem water productivity in a limited
water situation demonstrated that applying defigigation strategies across larger
areas of wheat were generally more profitable #&idefficient (on average across
seasons) than fully irrigating smaller areas. Tipnaal deficit irrigation strategies
typically involved using one-third to one-half dietfarm area to grow partially
irrigated wheat, while the remaining area was stwrainfed wheat.

Increased access to non-irrigation water ifl.@igher rainfall environments or
through greater stored soil water at sowing) atteéhe relative risk-efficiency of
irrigation strategies and meant that larger aréakeficit irrigated cropping (with
decreased frequency of irrigation across the dreeame more risk-efficient.
However in a low rainfall environment where watexrsaexpensive and soil water
was given the same economic value as irrigatiorenyéailly irrigated wheat in
conjunction with fallow land was the most risk-eféint strategy. The importance of
evaluating farm-management strategies using EWRadsof CWP was also evident
in this study, as re-ranking of the risk/returnfpeococcurred between these
alternative methods of calculating whole-farm WP.

Accounting for the intrinsic value of storemlsvater and precipitation was also
identified as fundamental when assessing the keradfdeficit irrigation strategies
in water limited situations, given that the lar{gerd area utilised by deficit irrigation
strategies accessed much larger absolute volunssslatater and precipitation. The
use of rainfed crops in the whole-farm simulatioalgses demonstrated the intrinsic
value of this additional water, and altered theiohof optimum farm-management
strategy. Re-ranking of farm-management strategésalso observed when
applying an economic value for soil water remaina¢he end of the cropping
season. Future evaluations of deficit irrigatiaatgtgies must begin to account for
such considerations.
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Chapter 6 - General discussion and conclusions

6.1. General discussion

The overarching objective of this study wasglétermine the agronomic practices
required for achieving maximum water productivitythe northern grains production
region of Australia, through the specific investiga of two hypotheses:

(1) that ‘lodging’ constrains irrigated wheat yields ihe northern grains
region, and agronomic techniques can be utilisedawatrol lodging.

(2) that when irrigation water availability is limiteanaximum whole-farm
crop water productivity for wheat is achieved byt@dly irrigating a
larger crop area rather than fully irrigating a srther area.

The findings of this study demonstrate thdgiag is closely associated with
reduced grain yield in irrigated wheat crops, drat agronomic techniques including
in-crop N application, reduced plant population ahdosing lodging resistant
cultivars are able to substantially reduce lodgimttpout reducing potential yield.

The study has also demonstrated that under ecorsm@imarios currently relevant to
commercial wheat growers in the northern graingoregnaximum water
productivity is generally obtained by partiallyigating larger areas of wheat,
although an exception was identified in a low raihénvironment when water was
assigned a high economic value.

6.1.1. Implications for researchers and limitations of the study

6.1.1.1. Applicability of the APSIM model to irrigated wheat production systems.

This study has demonstrated the suitabilihBEIM for simulating irrigated
wheat production in the northern grains regiomfaeicing previous studies that
demonstrated the ability of APSIM to simulate gnaroduction in high yielding
environments (Asseng et al., 1998; Chenu et al.12Peake et al., 2011), and
identify optimum rainfed and irrigated croppingaségies (e.g. Carberry et al., 2009;
Power et al., 2011; Gaydon et al., 2012).

However in order to simulate furrow irrigatiéelds it was necessary to use
modified light interception parameters to accowntthe ‘furrow gaps’ that reduce
light interception in furrow irrigated wheat field#&/hile this adjustment
satisfactorily accounted for observed differencegrain yield between different
furrow configurations in field trials (Appendix Bhese calibration trials were
conducted only on north-south configured beds. adjasted parameters therefore
represent a maximum reduction in light interceptizat may not apply in east-west
configured beds, which logically intercept moréntigluring the cropping season due
to the low position of the sun in the northern gkiying late winter and early spring.
Further investigation is required to establishdktent of light interception
differences between different bed alignments, atdrdhine whether such
differences alter yield potential of irrigated wheeops grown on different bed
orientations.

APSIM was also unable to simulate the rapabvery of wheat from severe
vegetative N stress under water non-limiting candg. This did not prevent the
simulation of irrigated wheat production systenssNanon-limiting simulations were
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found to satisfactorily represent the grain yiebd avater use of crops grown using
such N regimes. However, further work is necestargolate and better understand
the specific crop growth functions preventing theurate simulation of biomass
development in an irrigated environment after eesevegetative N stress has been
relieved.

While the use of a validated simulation maallws rapid examination of
research questions across multiple soil types amgl@ments, there are some
limitations associated with their use. Model ougpgpresent the best case outcome
for each season x environment X management condnnand the incidence of
crop disease or disorders not simulated by the t{od#uding lodging) could mean
that the optimal strategies identified in the siatian studies may not provide the
optimal result ‘on-farm’. For example, French amah@tz (1984a) demonstrated that
well grown crops possessed a maximum transpiratiiciency of 20 kgt mm* hat
of grain for crop water use over and above evapa@#isses, which matched the
known theoretical limit at the time (Passioura, @9 However they also
demonstrated that many of the commercial crops to@d had CWP substantially
lower than represented by the line of maximum raspoHochman et al. (2009)
have more recently demonstrated that the samesissilleexist in rainfed cropping.

Accordingly, irrigated growers in the regioave been advised to trial new
irrigated wheat growing techniques on a small scatelly, in order to ensure that
the results from this study can be repeated inucatijon with the specific
management techniques and environmental condittamsl on individual farms
(Peake et al., 2014a). The use of in-season croplaiion tools such as Yield
Prophet (Hochman et al., 2009) should also allcawgrs to benchmark their
production fields to determine whether they aréeaghg production levels close to
the water-limited yield potential, or whether otlfi@ctors such as disease or nutrient
deficiencies are limiting their crop water produitii.

6.1.1.2. Prediction of potential yield by the APSIM model.

Questions were also raised during the stuggroeng the accuracy of prediction
of potential yield by the APSIM model (Chapter @pserved grain yields for several
fields in 2009 were greater than that simulatedBIM, due to under-prediction of
both grain number and kernel weight. Subsequelothg term simulations for
potential yield were adjusted to account for theéased maximum kernel weight
observed in field experiments. However it is poesthat the yield potential of the
cultivar Kennedy could still be greater than thatidated in the present study, as it
was decided not to simultaneously re-parametera@ gumber determination
routines in APSIM. This decision was taken dueh®preliminary nature of the
‘skip-row-factor’ parameterisation developed foistbtudy, and the possibility that
inaccuracy in its development could have beenedlti the under-estimation of
grain number.

It is also uncertain whether the larger kemeights were caused by (a) the more
modern cultivar Kennedy having a greater inheregitlypotential than the cultivar
Hartog, which was used in APSIM parameterisatigmeexnents, or (b) the use of
the canopy management technique of in-crop N agpdic. Further work is
necessary to address these questions, which ceuddrzucted by comparing
biomass development, grain yield and yield comptsehKennedy and Hartog in
field experiments across multiple N timing treatiseit is recommended that such
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experiments should use support netting to preagihg from influencing
experimental results.

Although data presented in this study werétéich(Chapter 3), questions were
also raised as to whether long-season cultivarshragg higher potential yields than
those simulated herein for Kennedy, a quick magucutivar. While the large over-
prediction of grain yield for the long-season atdts Strzelecki and Gregory in the
current study was at least partially related toekiensive lodging observed in these
cultivars, it is also possible that the predicteaigyield for these cultivars was
inaccurate. Preliminary simulations conducted cameuly to the present study
(Peake and Angus, 2009) suggest that Strzeledkinfpseason cultivar) has yield
potential of approximately 2 t Hagreater than Kennedy in the region, however it
remains to be seen whether the simulated incregseténtial yield associated with
longer season cultivars can be achieved in the firethe absence of lodging. Recent
field work and simulation studies in rainfed protioe systems of southern Australia
have demonstrated yield increases associated auting longer season germplasm
(Kirkegaard and Hunt, 2010; Hunt et al., 2012; Kghkard et al., 2014). However,
this yield advantage may be due to improved crapvemole-farm adaptation to
water limited environments through traits such @sper root systems, and the ability
to sow more of the farm area in an optimum sowiingdow (Kirkegaard et al.,
2014), which are not necessarily applicable toctimeent irrigated study.

The identification and/or development of laugresistant long-season cultivars
would be required in order for commercial growersake advantage of any
increased yield potential associated with longasse germplasm in irrigated
production fields. But it could be beneficial tosti determine whether long-season
cultivars actually possess greater yield potetitiah quick maturing cultivars under
water and nutrient non-limiting conditions, an esgpeent that could also be carried
out with the use of support netting to eliminatégimg.

It is interesting to note that other simulatgiudies of potential yield in sub-
tropical spring wheat have not identified lodgirsgaaconstraint to grain yield during
model validation (e.g. Aggarwal et al., 1994; Armlan et al., 2008). This may have
occurred for a number of reasons: (1) agronomicagament (particularly in-crop N
application or the use of lodging-resistant genesypnay have reduced lodging to
negligible levels, (2) lodged plots may have bdenieated from datasets and not
discussed, (3) measured yields may not have redolegield potential due to
under-supply of water or N, or (4) harvesting methm labour-intensive farming
systems may have eliminated some lodging-relateld yosses that occur in broad-
scale, mechanized harvesting systems.

6.1.1.3. Evaluation of agronomic techniques for reducing lodging risk

The field study of agronomic techniques (Cbag) demonstrated a clear link
between canopy development in the vegetative grpiwdise and the severity of
grainfill lodging, which extended the findings afpious research into links
between shading during vegetative growth and lagi¢parkes and King, 2007;
Sparkes et al., 2008). Potentially, these relatiggsscould be utilised in developing
tools for the in-season detection of lodging redkhough the relationship varied
between cultivars in 2011, possibly due to theaftd genotype x environment
interaction on the development of lodging.

However, numerous plant characteristics imfigelodging risk, many of which
develop after the vegetative growth phase e.g. &@ght, stem centre of gravity,
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and stem wall thickness (Baker et al., 1998; Betral., 2003). Consequently,
environmental conditions during later growth sta@eg. stem elongation, anthesis
and grain filling) may mitigate or exacerbate teedl of lodging risk that has
developed during tillering. Further investigatiartherefore required to determine
the relative importance of environmental conditidnsing later crop stages to the
development of lodging risk.

Furthermore, soil moisture status, structune strength are additional variables
that interact with rainfall intensity and infiltiah, and create the physical conditions
around crop surface root systems that contributedging (Berry et al., 2003).
These factors have not been investigated in thewcustudy, yet are potentially
significant in irrigated production systems wheoé sioisture status can be
monitored and manipulated to increase or reducgingdisk. This was frequently
evident during the field monitoring study in Cha@ewhere irrigation applications
were observed to trigger lodging events in bothoiwrand overhead irrigated fields.
The water falling from overhead irrigation systemwes also considered to add to the
weight of the crop canopy and contribute to lodgmgne of the monitored fields.
Thus, additional research is also necessary teratiderstand the role that soil type
and soil moisture status, as well as irrigationhodt frequency and volume have in
contributing to lodging events.

While a range of agronomic treatments weraatestrated to reduce lodging risk
while maintaining yield potential, the experimentre only carried out at a single
location on two cultivars and require further tegtacross the region to confirm
applicability across cultivars, soil types, irrigat systems and environments.
Additionally, the irrigation method used in the agomic field study (frequent
overhead irrigation) probably enhanced N availgbihi low N treatments.
Therefore, these results may not be directly applesto furrow irrigated fields (the
predominant irrigation infrastructure throughows tegion) which are irrigated less
frequently and therefore have less capacity to taeirhigh soil moisture during the
vegetative growth phase. Further study is therefegeired to determine the
importance of early-season irrigation in maintagnkh availability (and potential
yield) in canopy managed fields, in subtropicaioeg.

It should also be remembered that plant bregldas previously been
instrumental in reducing lodging risk through theaduction of dwarfing genes
(Reitz and Salmon, 1968; Pinthus, 1973). Furtheege gains may be possible in
germplasm relevant to the northern grains regidn¢hvhas historically been
developed for low-yielding, drought stressed enwinents. Evaluation of the 30+
commercial cultivars currently recommended for nemnb region growers may also
lead to identification of additional cultivars wikiigh levels of lodging resistance.

Lodging risk increases as a crop progressesigiwr grainfilling (Berry et al.,
2004), which is logical given that the increasedgheof grain in the wheat head
alters the centre of gravity of wheat plants. Th@ewhen comparing the lodging
susceptibility of different genotypes it is impartdo ensure that weather events
(which cause lodging events and also influencelthelopment of grain yield) are
experienced at similar growth stages. Germplasriuaitan experiments for lodging
risk are therefore advised to use variable sowatgsibetween cultivars of different
maturity groups in order to achieve this objectivafortunately, rain during the
sowing period prevented the use of the recommenutods in the present study.
While the quick maturing cultivar Kennedy was sugjgd to be more lodging
susceptible than the longer season cultivar Gredorther assessment is

103



recommended to confirm this trend under condithsre anthesis can be
synchronised.

6.1.1.4. Evaluation of deficit irrigation

The findings of the simulation study into whdéem water productivity when
water availability is limited (Chapter 5) showedhdar results to recent deficit
irrigation evaluations in maize (Rodrigues et 2013; Paredes et al., 2014) which
found re-ranking of optimal strategies dependinguether crop water productivity
(CWP) or economic water productivity (EWP) measwrese used. This emphasised
the importance of using EWP rather than CWP intifigng the most profitable
and/or risk-efficient deficit irrigation strategie&dditionally, the present study
reinforced existing studies in irrigated spring @whée.g. Zhang and Oweis, 1999; Ali
et al., 2007) by demonstrating the increased p@ioifity associated with deficit
irrigation over larger areas.

The importance of assessing the entire fartem@lance associated with deficit
irrigation strategies was also demonstrated. This achieved through the novel
techniques of simulating rainfed cropping and asagyan economic value to net
soil water usage, to explicitly assess the valuere€ipitation and stored soil water
across the arable area. Given the significant @preseces this had on the modelling
of whole-farm EWP, future studies in deficit irrtgan should begin to account for
the value of stored soil water and precipitaticat fb associated with the fallow land
or rainfed crop intended for the unirrigated partad the farm, along with the soil
water stored at maturity under a fully irrigatedgr

However it should be remembered that assigaimmgconomic value to the net
usage of stored soil water through the seasonimatkely an arbitrary measure.
Further investigation would be beneficial to moreqisely determine the value of
soil water remaining at the end of the season. 8uastigation could involve the
simulation of subsequent cropping seasons, andsaseat of the impact of this
stored water on the profitability of the subsequeop.

6.1.2. Implications for irrigated wheat producers

6.1.2.1. Understanding potential yield and the impact of lodging in irrigated wheat
production fields

One of the primary implications of this resdais the improved knowledge
available to irrigated wheat producers in the remigrain production region of
eastern Australia. Previously, little informatiomasvavailable on the production
potential and water-use of irrigated wheat in #ggion for use in benchmarking
irrigated wheat against more commonly irrigatedpsrsuch as cotton.

By determining the potential yield and watse wequirements of irrigated wheat
crops it is now possible for irrigated growers taarstand how much water is
required to produce a high yielding wheat crop, tredpotential grain yield (and
hence economic return) that is possible in resptmgegation. Comparisons can
thus be made to other irrigated crop options sgatoéon to determine the most
cost-effective use of water at the beginning ofwreat growing season. Whether to
irrigate wheat or to retain the water for a subsedgeotton crop is a decision that
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will also be influenced by the expected price @& thspective commodities at the
time of decision making.

Additionally, the disorder known as lodginglivarely been observed in the
region prior to 2008, and little knowledge exisgadto the potential for severe grain
yield losses. While the mean lodging-related yigégh- identified for lodged fields
was 1.6 t ha, the worst lodged individual field yielded 5.5a&ness than the
potential grain yield for this field. Such yieloslses provide a powerful incentive for
growers to use the agronomic techniques identifigchapter 4 to reduce the risk of
lodging, as altered cultivars, plant populationd Aihregimes can be implemented
with little additional cost to the irrigated grower

6.1.2.2. Irrigation scheduling for maximising profitability when irrigation water is
limited

The study of whole-farm EWP (Chapter 5) pregidrigated wheat producers in
the region with improved knowledge of deficit iitgpn strategies that will optimise
profitability in limited water situations, for défent environmental conditions and
years. Irrigated growers in higher rainfall enviments would be advised to consider
spreading their water across a wider area, paaticithere is stored soil water at
sowing in the order of 100mm, and the climate aklmdicates average to above
average rainfall for the wheat growing season. Havén lower rainfall
environments (particularly when sowing soil watelaw or the seasonal climate
outlook indicates below average rainfall) irrigatgdwers would be best advised to
concentrate their irrigation water on smaller avearigated wheat.

Interestingly, irrigation strategies that ile@growing a larger area of wheat may
also have additional benefits to cotton growerst aseans larger areas of their farm
would receive the disease-break rotational benefitgheat in subsequent cotton
crops.

It is also pertinent to note that that APSlikhglations do not predict the
incidence of lodging, or its related yield lossegccessful implementation of the
optimum irrigation strategies identified hereirtherefore dependant on management
of the crop to avoid lodging through the use ofdlgeonomic techniques described
in Chapter 4. It should also be remembered thaétb@omic analyses assumed that
all irrigation strategies achieved the same graiity (and hence price), reflecting
the lack of importance placed on grain protein eoi@tion by local growers during
the period encompassed by this study. This wagalthee small price differences
available for higher quality grades that gaveditticentive to achieve specific grain
protein and end-user quality requirements, paytizdlused by the impact of feedlot
grain demand within the region. The applicabilifytfeese results into the future may
change if a large price differential exists betwddferent protein levels for wheat
produced within the region.

6.1.2.3. Managing lodging risk through improved agronomy

The agronomic study discussed in Chapter dsgirigated growers an improved
understanding of the agronomic changes requir@diiomise lodging risk. Seed
rates and N regimes identified in this study fonimising lodging risk while
maintaining yield potential are lower than thossoramended for irrigated wheat
growing in temperate climates of southern Austrélecy and Giblin, 2006).
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Unfortunately the soil mineral N content at theibegg of the 2008 season was
already high in many fields (Chapter 3), as they been prepared for cotton crops
that were ultimately not sown. It is therefore intpat for the management of
lodging to include pre-season testing for soil mahél, as a prerequisite to
developing a management strategy that will mininfesiging risk. Growers and
advisors from the northern grains region are tloeesfdvised to be cautious in the
application of alternative agronomic techniquesl(iding those discussed herein).
As evidenced in 2008, agronomic techniques mayledys have their intended
effect in different environments or seasons.

Irrigation farms such as those in the limieater situation investigated in
Chapter 5 are most likely to require the use oging reduction techniques if the
preferred irrigation strategy is to apply two ‘imep’ irrigations following a sowing
irrigation. In this case growers would be advisedde the agronomic techniques
identified in Chapter 4 (reduced plant populatiart®osing lodging resistant
cultivars and in-crop N application) in the evdmtta wet season is experienced,
leading to higher yield expectations and incredsdding risk. These techniques
also have relevance to irrigators in the northegian for whom land area rather
than water availability is the limiting factor teqaluction. This situation is generally
found within the region in smaller, isolated irriigen fields under overhead irrigation
systems, often utilising small irrigation waterogftions from a bore or nearby river.

Irrigation farms in water limited situationsedess likely to require the use of
lodging reduction techniques if the preferred @tign strategy is to apply irrigation
water across the maximum area possible. In thesescaater non-limited yield
potential is unlikely to be reached and lodging rssgenerally low. Growers in this
situation should therefore consider the full ranfeultivars available to rainfed
cropping systems in order to select a cultivar wakistance to pests or diseases that
are prevalent in their particular environment, dedess concerned with the lodging
susceptibility of individual cultivars.

6.1.2.4. Implementation of research

The relevance of this work to irrigated grosver the northern grains region has
entailed a need for regular communication to itegagrowers and advisors during
the course of the study (Peake and Angus, 200%e2810; Peake et al., 2012;
Peake et al., 2014a). Through these regular conuation events, as well as
advertised field days at experimental locations r@gailar visits to individual fields
across the region, the farming community has atgresderstanding of the research
findings. For instance, prior to the 2014 wheasseaa minor river flow allowed
growers to capture a small volume of water that masconsidered sufficient to hold
over for the 2014/2015 cotton season. A numbenqtigies were made by
agronomists and growers throughout the region tergene the most recent research
results from this study. As a result, lodging-resi$ quick maturing cultivars were
sown at appropriate seed rates in most produditasf and N was applied during
the cropping season where this was feasible.

Unfortunately, some advisors and growers tltenst fully aware of the pitfalls
of irrigated wheat growing. During the course of #014 season several lodged
fields of a quick maturing cultivar (Crusader) wergited on one farm in southern
Queensland. Enquiries as to the agronomic manageshtre fields revealed that an
exceptionally high plant population had been egghbt (by sowing approximately
300 seeds M) in combination with high levels of sowing N (>2R§ N hal) in the
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two worst lodged fields, and that both fields haéirrigated heavily during
tillering due to the low soil moisture status oé ttiry subsoil. Farms in the same
region that had established plant populations pf@pmately 100 plants fand
used in-crop N application experienced no lodgiagpite using the same cultivar
and similar irrigation regimes. Clearly, there isesed for ongoing education to
ensure the research findings are more widely dissgad throughout the region.

The economic benefits of this research arfecdlIf to quantify. While irrigated
wheat growing is increasing in popularity, it iglst relatively small industry in
comparison to irrigated cotton growing, and productiata are unavailable for the
specific regions of interest. Such data are gelyerallated for the entire Murray-
Darling Basin (MDB) which is not representativetioé region of interest in this
study, because it encompasses extensive irrigdisbrncts in southern Australia
where irrigation of cereals is more common thanarthern areas of the MDB.

An estimate of $20 million was made for lestenue due to lodging in 2008
(Peake and Angus, 2009) but was considered cornbearvahis estimate was based
on an area of lodged crop of approximately 70,08@dres (at 1.5 t Heand $200
per tonne of lost grain). However the total irriggahrea in the region is over 500,000
hectares and the price of wheat at the beginnir2)08 was extremely high in
historical terms (over $400 per tonne). Combineith\gdod water availability and
the need for cash flow after several successive g@asons, it is possible that the
irrigated wheat area in such a favourable wheavigigp season may have been even
larger. Complete prevention of lodging in simileicamstances would therefore be
of substantial economic benefit to the irrigatesibging community.

6.2. Conclusions

The results of this study support the firdt hypothesis that lodging constrains
irrigated wheat production in the northern grainsdoiction region of eastern
Australia, and that agronomic techniques can bisedi to control it. In Chapter 3,
yield-gap analysis was used to demonstrate thategese to which lodging
constrained yield in the 2008 season was 1.6'tomeaverage across lodged fields,
while the worst lodged field may have lost up t6 Bha' of grain yield due to the
disorder. In Chapter 4, a number of agronomic nutlwere demonstrated to reduce
lodging while maintaining or even increasing grgigld. These included ‘in-crop’ N
application, the establishment of low plant popaols comparable to those used in
rainfed cropping, and the use of a more lodgingstast, quicker maturing cultivar.

The study also supported the second null lngsis that maximum whole-farm
water productivity was achieved by partially irrig@ an increased area of wheat
under water limited conditions. Chapter 5 demomstrghat the most risk efficient
irrigation strategies (which also generally hadgheatest absolute profitability)
typically involved using one-third to one-half dietfarm area to grow partially
irrigated wheat, while the remaining area was stowainfed wheat. However, full
irrigation of a smaller area was identified asrtinest risk efficient strategy in a low
rainfall environment when residual soil water wasigned the same economic value
as irrigation water, when the price of water waghhiThe benefits of using economic
water productivity rather than crop water produtyiin evaluating deficit irrigation
strategies were also demonstrated in Chapter Bgatith the importance of
accounting for the intrinsic value of stored sodter and precipitation across the
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entire farm. Future evaluation of deficit irrigatistrategies must begin to account
for such considerations.

In establishing these findings, the APSIM fargnsystems model was evaluated
for its suitability to simulate irrigated wheat grection systems. APSIM required
adjustment to predict the performance of furrovgated fields, which have gaps
between irrigation beds that reduce light intericepand potential yield. It also
initially under-predicted the grain yield of crofisat experienced severe vegetative N
stress, but satisfactorily simulated these cropsdnyg non-limiting N simulations or
by altering the date of N application in the sintidias, and increasing the maximum
kernel weight to match those observed in the filalSIM satisfactorily predicted
the performance of a quick maturing cultivar (Kedy)ethat experienced low levels
of lodging, however the results of the irrigati@mneduling study assume that lodging
is avoided through the use of in-crop N applicatiow seeding rates and lodging
resistant cultivars, as recommended in Chapter 4.

Additional research is required on a numbeguedstions raised in the study that
would further benefit irrigated grain producerghe region, including:

* Improving the ability of APSIM to predict irrigategheat production in
canopy managed fields that experience severe Bsstidhe vegetative
phase, and understanding the importance of eaalsosewater availability in
maintaining yield potential on low sowing N fields.

» Determining whether potential yield in the regiauld be higher than the
levels identified herein due to (a) inherent adagat present in modern
cultivars over the cultivar used in the constructod APSIM, (b) use of the
canopy management technique of in-crop N applinato (c) the
identification of suitable (lodging resistant) leagason germplasm.

» Determining the relative importance of environmeéntaditions (including
soil conditions and irrigation management variapbtesing different crop
stages in the development of lodging risk.

* Re-assessment of the value of stored soil watieagnd of the irrigated
wheat season, by assessing its value to subsecjogst

Additional research is underway in order tgibeanswering these research
guestions.

While the 2008 irrigated wheat growing seas@as disappointing for a large
number of irrigation producers in the northern gsaiegion, it may ultimately be
seen as a watershed for transformation of theaie) crop mix in the region.
Predictions of worsening irrigation water shortaged sustained high grain prices
have fuelled increasing interest in irrigated whgatduction, which is becoming a
water-efficient and profitable alternative to iatg@d cotton growing. Continued
application of the results of this study and thiessquent ongoing research will be
integral to the continuation of this transformation
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Appendix A - Development of a rapid method for est  imating the plant
available water capacity of Vertosols

A.1. Introduction

Cropping systems simulation models such aslMR&eating et al., 2003) are
increasingly used to conduct virtual experimenéd #ssess the impact of
management changes on environmental and economacroes in farming systems.
APSIM is also being used by commercial growers dsasion support tool for in-
season crop management via the Yield Prdpbeline management tool (Hochman
et al., 2009).

In order to use APSIM or Yield Propfieo conduct on-farm crop simulations, it
IS necessary to measure the Drained Upper LimitL(Dand Crop Lower Limit
(CLL) (Dalgliesh and Foale, 1998) for the soil bétfield in question. DUL and CLL
represent the maximum and minimum soil water cdraeailable to a specific crop
on a given soil. Together they are used to defiedPiant Available Water Capacity
(PAWC) of the soil, an important determinant ofggeeld, and fundamental to the
use of APSIM and Yield PropletWhile the importance of understanding field
PAWC is widely known, growers, consultants and aesleers alike find it difficult
to characterise soil PAWC due to lack of labouptgses or difficulty in accessing
appropriate soil sampling equipment. It is alstoavgrocess as it takes an entire
season to obtain the first set of CLL measuremamis several seasons of CLL data
to generate a precise measure of CLL for singlp.cdm accurate method for rapid
estimation of PAWC would therefore facilitate theewf crop models for on-farm
management.

While pedotransfer functions have been inénggg used worldwide to predict a
range of soil physical properties including wiltipgint and field capacity (e.g.
Minasny et al., 1999; McBratney et al., 2002), dirtyited development of such
functions has occurred on soils relevant to théheon region, and little development
has occurred in relation to the interaction ofribvat system with soil physical
properties. Some progress has previously been ma#imating CLL from DUL
(Hochman et al., 2001) for specific soil types, andstimating CLL in the presence
of subsoil constraints (Hochman et al., 2007). ARSOIL database (Dalgliesh et
al., 2006) uses these functions to estimate CLueasivhere no other data are
available. However, matching a soil to one of trengnavailable in the database is
difficult without some knowledge of the soil’s clateristics. This study reports on a
rapid method for selecting appropriate soil chaasations from the APSOIL
database, based on a hand assay of plant avaiabée content obtained from pre-
season soil samples, in conjunction with gravinsetroisture content data. An
improved relationship between DUL and CLL for nertnregion Vertosols is also
described, which was derived as part of the prookdsveloping the rapid soil
characterisation method.

A.2. Materials and methods

Rapid soil characterisation was developedutjindour stages: (1) development of
updated relationships between DUL and CLL on Vei®s the northern region, (2)
using the updated DUL/CLL relationships to creasetof 11 ‘Typical Vertosol’
soil types for easy selection of an appropriate €8) development of a simple hand-
assay for approximating plant available water (PASd (4) demonstration of the
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use of the hand assay in conjunction with graviroetil water data and the
‘Typical Vertosols’ to rapidly identify shrink-swiedoils, using information gained
from a single set of soil cores (typically takeropto sowing). The use of this
protocol is termed ‘Rapid Soil Characterisation’.

A.2.1. Revisiting the relationship between DUL and CLL on Vertosols

While the relationship between DUL and CLL pasviously been described for
various crops grown on black and grey Vertosolscfitiaan et al., 2001), it was
decided to revisit the analysis with the now sutisaly larger soil data set
available, and establish the relationship betweeh Bnd CLL across the entire
range of Vertosols in the APSOIL database.

Vertosols from Queensland and northern NSWL {fhGotal) with measured DUL
and CLL for wheat, sorghum or cotton were extra¢tech the APSOIL database.
The wheat CLL was measured in 77 of the 101 soilssoils with CLL measured
for cotton (17 soils) or sorghum (7 soils) wereodlgcluded in the analysis as CLL in
the top 150 cm is similar for these crops (Hochmreiaal., 2001). Gravimetric water
content (grams of water per gram of dry soil) atlDahd CLL (i.e. DULg 4 and
CLL 4 4% was back-calculated for each soil, by dividing &PSOIL volumetric
measures of DUL and CLL (i.e. DUkx® mm®and CLLmr® mm®) by bulk density.
(DUL and CLL for each APSOIL entry is field meastii@s gravimetric moisture
content, but the data are stored in the databasswahetric water content, hence
back-calculation was necessary to regenerate thmalrgravimetric data). Linear
regressions between Cllg* and DULg ¢* were then conducted for each individual
depth layer. Depth layers used for each soil chiangation were the standard
APSOIL configuration of 0-15, 15-30, 30-60, 60-90;120, 120-150 and 150-180
cm below the soil surface.

A.2.2. Consolidation of data into 11 ‘typical’ soil types

The large number of soil types in APSOIL maiekfficult to sort through and
identify the best solil type to use in an individtiald crop simulation. A range of
‘typical’ Vertosols was generated from the APSOHtabase and ranked from
highest to lowest PAWC, simplifying the selectidraa appropriate soil for ‘one-
off’ or pre-characterisation simulations. The 104sswere sorted according to DUL
ggt of the 0-15 cm depth layer. Soils with similar Di4* were grouped and the
mean of DULg g* was calculated across each group for individupttd&ayers thus
creating eleven DU} 4* soil profiles. Each group of soils had a rangkes$ than
0.0334 4* for DUL 4 4%, and soils were grouped such that the PAWC oftppieal
soil differed from the next typical soil in the smopce, by 10-20 mm.

CLLgg4* for each typical soil was then generated usinditiear relationships
between DULg gt and CLLg g for individual soil layers (section A.2.1.). Bulk
density of each layer was derived from the existaigtionship described by
Gardner (1985) and also used by Dalgiesh and Kb8&8), using the air-filled
porosity of 0.05 of Gardner (1985) which appliestgreater range of Vertosols.
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A.2.3. The development of a hand assay to assess plant available water and match
gravimetric data to the most appropriate ‘Typical Vertosol'.

The use of APSIM or Yield PropReb simulate production from a field requires
sampling at (or near) sowing to measure soil wadetent and soil mineral N status.
The use of a simple hand assay at this time taatsoil moisture content of the
soil gives additional information that can be usedlentify an appropriate soil type
from the APSOIL database.

A gravimetric measurement of sowing soil wdteeasured across multiple depth
layers) may be dry (close to CLL), wet (close tolD@dr intermediate. If this
relative wetness is unknown, the same gravimetdisture content data may
logically fall close to DUL on a low PAWC soil, atose to CLL on a high PAWC
soil, depending on the bulk density of the soilwdwer, by estimating whether the
soil is wet, intermediate or dry using the handgsthe gravimetric soil water data
can be matched to a Typical Vertosol. This is dopeomparing the results of the
hand assay with the relative position of volumetnd water data (determined by
multiplying the gravimetric data with bulk densidj/the Typical Vertosol under
consideration) on PAWC graphs for a range of Tyipi&tosols (e.g. Figure A.2.).
Through trial and error, a hand assay was develtgragse when taking soil cores
for starting soil water (Table A.1). While it is lgrdesigned for use on clay soils,
different rules could potentially be developedddferent soil textures.

Table A.1. Rules for estimating soil moisture statsi of vertosols using a hand assay.

Estimated soil moisture Soil properties during hand assay
(volumetric water content)
0% (at, or below CLL) Soil core is very hard, barely able to create thoaillimprint
25% Soil core can be broken easily with one hand i¢ggs but
doesn’t crumble easily
50% Sail core is crumbly — when compressed with onadhiin
Crumbles easily and feels moist
75% Soil core is malleable and adhesive — when comedess
it forms a ribbon rather than crumbling
100% (at, or above DUL) Soil core is very malleable and feels sticky omuisgy’

A.3. Results and discussion

High correlations were observed between g§lland DULg g* for individual
depth layers across the 101 soils in the datalJag#g A.2, Figure A.1). However,
in some soils, particularly in the 120-150 and 180-cm depth layers, measured
CLL 44* was frequently equal to DUj4* (data not shown). It is also probable that in
shallower layers, measurement error has skewe@ltheneasurement in the
direction of DUL in some soils due to delays intatlstion of rain-out tents, poor
crop nutrition, or runoff infiltrating under theinaout tents prior to sampling. As
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Table A.2. Regression equation ancfvalue for
the relationship between CLLgy4* and DUL 44t

Depth Layer Regression equation 2y
0-15cm = 0.4601*DUL + 0.0186 0.85
15-30 cm = 0.5116*DUL + 0.0103 0.84
30-60 cm = 0.5869*DUL + 0.0008 0.85
60-90 cm = 0.5804*DUL + 0.0206 0.86

90-120 cm = 0.6532*DUL + 0.0328 0.81

120-150 cm = 0.6899*DUL + 0.0427 0.87

150-180 cm = 0.8532*DUL + 0.0244 0.89

0.6
O wheat
0.5 - m  cotton & sorghum
DUL = CLL
0.4 | = | inear Regression
F.'M O
w o (0.3

-

ur

(@)

0.2
0.1 y =0.4601x + 0.0186
R?=0.8523
0 I T T I I
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DUng-1

Figure A.1. CLLgg4t vs. DUL 44! for the 0-15cm layer

such, the regression line may not represent thedofor boundary) CLL applicable
across a range of soil textures, particularly edieeper layers. Further work is
necessary to develop a CLL ‘boundary’ function, arqutedicted CLL response to
subsoil constraints similar to that developed byfoan et al. (2007).

Using the Typical Vertosols greatly sinfiph the identification of appropriate
soils for use in situations where a full soil cleesisation is not available. Figure
A.2 demonstrates the use of rapid soil charactesiséo match sowing soil water
content with typical PAWC graphs for two soil typ&owing soil water data and a

matched Typical Vertosol PAWC are displayed alorittp whe CLL measured for the
field.
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The measured CLLs show greater variabilitydeein depth layers than the
typical CLLs, as seen in Figure A.2. Accurate daiaation of CLL requires
measurements to be made over multiple seasonse aattern of water extraction
down the soil profile can vary with the variableasenal rainfall patterns. It is
possible that where the Typical Vertosol differenfir CLL measured in a single
season, the Typical Vertosol values may actualbyigle a better estimate of the
underlying soil characteristics.

Soil Water Content (mm?3 mm-3) Soil Water Content (mm3 mm-3)
0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0 0.5
0 Il Il 1 J 0 1 Il ]
n -~ A~y
~, I\K ~. /‘ (b) '\(, ~<
30 > 30

4

NN L.

60 X‘\\ \ 60 ‘.‘ /
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90 4 / 90 P

Aof ¢

120 —a—DUL - Typical \ I 120 A\

150 —=— CLL - Typical ~ 150 \\

AN 3N

180 - 180 -

Depth (cm)

Figure A.2. Typical PAWC graphs matched to sowingail water content and measured
CLL using Rapid Soil Characterisation at (a) Brook$ead and (b) Collarenebri.

Assessment across 4 soil types where handsassats of starting soil water were
conducted and CLLs were measured, showed goodragredetween predicted and
estimated plant available water at sowing (PAWhwaitl mm, 7 mm and 20 mm
difference between estimated and measured PAWae tf the soils. In the fourth
soil a 44 mm difference between estimated and med$tAW was observed,
however 34 mm of this difference occurred in laydsper than 90 cm and in the
presence of a subsoil constraint (data not shown).

A.4. Conclusions

Accurate new relationships have been develtpetdallow the prediction of CLL
from measured DUL across a wide range of Vertasalse northern region. Where
soil characterisations are unavailable, a handyassapled with gravimetric water
content can be used to match any Vertosol withadrdd Typical Vertosols for use
in APSIM simulations, a process termed ‘Rapid &tibracterisation’. Further work
IS necessary to (1) test the use of this methockmvadtely with inexperienced
operators, and (2) to add a subsoil constraintssadent to CLL. This is pertinent
particularly in deeper soil layers where the CLLADté¢gression line of best fit (e.qg.
Fig. A.1) currently represents the average relatigmfor soils both with and without
subsoil constraints, rather than CLL in the abseicibsoil constraints.
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Appendix B — Parameterising APSIM simulations to ac ~ count for
reduced light interception in furrow irrigated fiel ds.

B.1. Introduction

While recent irrigation efficiency initiativésve prompted more growers from
the northern grains region to install centre-polateral-move (CPLM) irrigation
systems for increased water productivity, the nigjaf the irrigated cropping area
in the northern grains region has been developdarasv irrigated fields.

Typically, the use of furrow irrigation reqes that the furrow between raised
beds remains unplanted to a wheat crop, to allewtirestricted flow of water down
the furrows. This was observed in distinct furroapg (Section 3.2.3, Figure 3.1) in
11 of the 13 furrow irrigated fields monitored i@(8B and 2009 (Table 3.1a) that
meant these crops did not intercept all of thersaldiation available during the
cropping season.

Solar radiation is more likely to be the limg factor to crop yield in irrigated
fields compared to rainfed fields, given the abumigaipply of water and fertiliser in
irrigated crop production. Hence, it was importa@nhave a capacity in the APSIM
simulations to reduce light interception in furrowgated fields.

It was beyond the scope of this dissertatioméasure skip row light interception
in each field and develop a new APSIM routine fadalling light interception in
response to varying canopy archictecture of furiroiyated wheat. Field latitude,
furrow alignment (in relation to the suns trajegtower the north-south axis), and the
precise width of the furrow gap were all varialiest differed between fields, that
together create a complex interaction beyond thpesof this dissertation to model.

Thus it was decided to (1) confirm whether@&ased furrow gap area was
associated with decreased grain yield, and (2)ceqpmiate the effect of reduced light
interception on the fields using a pre-existing AR 3unction that was originally
developed for ultra-wide row sorghum (Whish et 2005).

B.2. Background: The APSIM ‘skip_row_factor’ para  meter

In APSIM, the standard formula for estimatligdnt interception is as follows:

Cover_green = 1 =%

where

Cover_green = the proportion of ground area ‘cedeby green
(photosynthetically active) leaf, which is equatiie proportion of
solar radiation intercepted on a given day in tfRSM simulation.

e = Euler’'s constant, the base of thanaatogarithm
k = the extinction coefficient (constant)
| = LAl =the Leaf Area Index of ticeop
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This formula for calculating light intercepted thetcrop assumes that leaf area is
randomly horizontally distributed, an assumptiorickirdoes not hold in a skip-row
sorghum crop or furrow irrigated wheat crop wheys of the light intercepts the
ground between rows.

The function originally developed for sorgh(¥hish et al., 2005) modifies the
equation to:

Cover_green = (1 —'®)/s

where the new variable ‘s’ is the ‘SKIPROW’ facfoom the APSIM sorghum
module. The SKIPROW factor ranges between 1 (wloeskip-row effect is
modelled), and 2 for a ‘double-skip’ sorghum croynére 2 adjacent rows are sown,
and the next two adjacent row positions are nongoWhe effect of the variable ‘s’

is two fold:

(1) as the denominator of the equation it redticesasymptote of the curve
such that maximum light interception can be no tgrehhan 1/s, and

(2) it modifies the shape of the exponential cdetermined by the LAl and
extinction coefficient) to account for the reduggdund area covered by the
crop, i.e. the increased concentration of planta emaller ground area
means the light interception within that area \wilrease more rapidly.

In the APSIM ‘plant’ module that is used wheanducting wheat simulations, the
parameter ‘skip_row_factor’ is implemented slighdifferently to the ‘SKIPROW’
factor in the sorghum module, in that the user i§igelcvalue is transformed by
adding 2, then dividing by 2. This requires theruseset the value for ‘no effect’ at
zero (equivalent to setting the sorghum ‘skip_raaetdr’ equal to one).

B.3. Materials and Methods

B.3.1. Overview

The ‘skip_row_factor’ parameters for this stwdgre developed in a three stage
process. In the first stage, experiments were amparing the grain yield of two
metre beds, one metre beds, and crop area withrreonf gaps to determine the
decrease in grain yield that could be related ¢oeiased furrow gap area.

In the second stage, reduced light intercapdize to the furrow gaps in these
fields was calculated and combined with observadliicolar radiation data
measured at Gatton in a previous experiment, tutzke the proportion of daily
solar radiation lost during the midday hours whHagun was reaching the ground in
the furrow gap. The final stage involved the caitton of ‘skip_row_factor’
parameters so that they reduced light intercefifyotihe amounts calculated in stage
one, and testing that these reductions causedmo@ate reduction in grain yield
in the calibration fields.
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B.3.2. Determining the effect of increased furrow gap area on grain vield

Two experiments were used to demonstratertiteiat of grain yield lost to
increased furrow gap area. The first was from Figld, which was the low sowing
N (canopy managed) experiment that used the culieanedy at Gatton in 2009
(Table 3.1). This experiment (briefly discusse®imapter 3 and described in detail
in Chapter 4) included a comparison between oneenaetd two metre beds. Only
the canopy managed (low sowing N) Kennedy field used from the 2009
experiments, as it was the cultivar x N regime coiaiiton where the comparison
between one metre and two metre beds was leabt itkkbave been affected by
lodging. As discussed in section 4.2.1., the pbotfiguration in this experiment
consisted of 7 rows sown over a distance of 1.4vith, 60 cm ‘furrow’ gaps

The second experiment was a nitrogen (N) &vaulexperiment conducted at
Gatton in 2012 on a similar soil to the 2009 expenit, which has not been
discussed elsewhere in this dissertation. Thisraxeat was sown to four cultivars
and two fertiliser N regimes (in-crop N applicatiem N applied at sowing), with
both N regimes receiving a total of 265 kg'ted N prior to anthesis. Plot
configuration was slightly different to the 2009eximent, with 7 rows sown over a
distance of 1.5 m with 50 cm furrow gaps, and 1#¥ng plots to allow for larger
biomass samples to be taken. The experiment wigsrugjated, and was managed
to be disease and water non-limiting. Plots werenvetres wide and thus mimicked
a 2 mirrigated bed configuration. Biomass cutsenaken at harvest such that one
metre lengths of the three rows in the middle efflot were harvested separately to
one metre lengths of the two outside rows on esia® of the plot. The grain yield
of the three centre rows was first measured seggyéhen combined with the grain
yield from the outside rows to also allow measuneihad yield across the entire plot
(incorporating the effect of furrow gap). Thus train yield of the three centre rows
was equivalent to a solid (or gap-free) crop rowfiguration (such as those used
under CPLM irrigation), while grain yield from tlemtire quadrat was equivalent to a
two metre bed configuration.

The 2012 experiment was aligned identicallthed2009 experiment, slightly
askew (5 degrees) from a north-south alignmenyrargthat sunlight penetrated
the furrow gaps during the middle of the day.

B.3.3. Calculation of reduced light interception for north-south aligned furrow gaps

B.3.3.1. Trigonometric calculation of ground area intercepting solar radiation.

Crop height observations and the measurechwaitithe furrow gap were used in
combination with the calculated position of the soidetermine (1) the time of day
that sunlight would first reach the soil surfaceha furrow gaps, and (2) the amount
of the furrow gap remaining in shade at the enéaah hour.

Observations taken from the ‘simulated’ raibeds at Gatton, 2009, indicated an
average crop height of 60 cm between floral intaeand anthesis. While the actual
furrow gap (the distance between the outside aveys Iof adjacent beds at ground
level) was 60 cm, the ‘effective’ furrow gap wadetenined as 50 cm after
adjustment for the crop tillers that leaned inte #ctual furrow gap. Day-length was
approximately 12 hours throughout the critical seongation phase during winter,
meaning that the sun angle changed 15 degreeseaclof the day. This resulted in
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incomplete light interception in the furrow gap spproximately 2.5 hours each side
of the sun’s zenith (Table B.1) for north-south foigured beds.

Table B.1. Calculation equations used to develop ference times for the movement of
shaded zones within furrow gaps prior to the sunsenith, for north-south configured
beds.

Time Equations
Beginning of shadow recedence: Tanx =60 cm /50 cm =50.2°
equates to 9.21am (50.2° / 90° * 6 = 3.34 hrs after sunrise)

10am equates to 34.6 cm of shadow = 15.4 cnm# / 6 hrs since sunrise
of sunlight intercepting the ground within the - 0.666* 90° = 60° sun angle

furrow gap.
=Tan 60 =60%=34.6 cm

1lam equates to 16.1 cm of shadow = 33.9 cnb / 6 hrs since sunrise
of sunlight intercepting the ground within the  _ 0.8333* 90° = 75° sun angle

furrow gap.
=Tan 75=60%x=16.1cm

12pm equates to 50 cm of sunlight intercepting
the 50 cm furrow gap

Calculations conducted for the 2012 experinfeat shown) used the same
average crop height of 60 cm, but a narrower affedurrow width of 40 cm to
correspond with the actual (ground level) furrovwp g& 50 cm.

B.3.3.2. Calculation of hourly and daily solar radiation interception

The total solar radiation lost to the crop waswated for a 40 and 50 cm effective
furrow gap in both a one metre and two metre batesy.

Hourly solar radiation data were obtained fraprevious experiment at Gatton in
winter 2006 (Peake et al., 2008). Data from Tableviere used to determine what
proportion of solar radiation was lost to the fuvrgap on an hourly time step, by
linearly reducing the solar radiation recordeddach hour of the day by the average
amount of ground within the furrow exposed to sufmiiwithin that hour. For
example, between 10 and 11am, each 50 cm effdctinev gap was calculated to
be in 25 cm of shadow (the average of 34.6 and ftém Table B.1). Therefore the
amount of radiation not intercepted by a 2m bedigaration during this hour is 25
cm /200 cm (or 12.5% of the ground area). Thuargaldiation intercepted by the
crop between 10 and 11am was calculated to decbgak2.5% in response to the 50
cm effective furrow gap. The same decrease wasapiglied to the solar radiation
received between 1pm and 2pm.
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B.3.4. Calibration of ‘skip row factor’ for reducing light interception

APSIM runs for the 2009 and 2012 experimergsawised to calibrate the
skip_row_factor to achieve the calculated redustionight interception. Average
simulated light interception from APSIM Growth Sga@b (tillering) to 65 (anthesis)
was used as the calibration metric, as the pembaden these growth stages is the
critical growth stage for stem biomass accumulatamich determines maximum
grain number (and hence maximum grain yield) in ARS

B.4. Results and discussion

B.4.1. The effect of increased furrow gap area on grain vield

As discussed in Chapter 4, the one metre ipetti® canopy managed experiment
had 6% less grain yield than the two metre bedsvenage across cultivars and
management regimes. However when the Kennedy levingaN field was
considered separately to avoid the influence ofjitogl that was more prevalent in
the other experiments, one metre beds yielded 964 () less than two metre
beds, with water, nutrients and lodging not congddimiting to crop yield. This
grain yield increase was entirely due to the sigaift (p<0.05) decrease in grain
number (also 9%) in the one metre beds, as kereightvwas not significantly
different (p>0.05) between bed configurations. ©he metre bed configuration lost
twice as much ground area to furrow gaps (1.2 i) the two metre bed
configuration (0.6 m).

In the 2012 experiment, the middle three r@uvsnfluenced by furrow gaps) had
a significantly (p<0.05) higher grain yield thamtwhole quadrat yield that was
influenced by furrow gaps on both sides. Graindyighs 8% higher in the three
centre rows, on average across cultivars and Mneg(Table B.2).

Table B.2. Grain yield of centre rows vs. entire gadrats (incorporating furrow gaps)
for four genotypes and two N application regimes aGatton, 2012.

Agronomic strategy

Genotype Low sowing N High sowing N
grain yield (t ha) grain yield (t ha)
Crusader
Entire quadrat 6.85 6.64
Centre rows 7.34* 7.30*
SB155
Entire quadrat 8.17 8.10
Centre rows 8.79* 8.42
Ellison
Entire quadrat 6.17 5.71
Centre rows 6.82* 6.10*
Kennedy
Entire quadrat 7.65 6.89
Centre rows 8.10 7.80*

*Significantly different (p<0.05)
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B.4.2. Calculation of reduced light interception in north-south aligned furrow gaps

The reduction to the observed hourly solaratoin data were summed for each
day from July to September. Ground-level furrowg&f cm wide were calculated
to reduce daily solar radiation interception by 2886 10% in one and two metre
bed fields respectively (Table B.3). When the gabavel furrow gap was reduced
to 50 cm, intercepted solar radiation was calcdl&bebe reduced by 14% and 7%
respectively for the one and two metre beds (TBUB.

Table B.3. Calculated light interception by crops gown under one metre and two
metre bed configurations for a north-south configued wheat crop at Gatton, 2006.

Furrow gap size. Measured daily solar Calculated solar radiation intercepted
month radiation MJ n7? and (% of Daily)
MJ n? 1m Bed 2m Bed
60 cm ground-level furrow gaps
July 14.2 11.1 (78.1%) 12.7 (89.4%)
August 14.4 11.5 (79.9%) 12.9 (89.6%)
September 19.9 16.0 (80.4%) 17.9 (89.9%)
50 cm ground-level furrow gaps
July 14.2 12.1 (85.8%) 13.2 (92.9%)
August 14.4 12.5 (86.4%) 13.4 (93.2%)
September 19.9 17.3 (86.7%) 18.6 (93.4%)

AThe furrow gap was measured as the distance bettheautside rows of two adjacent beds, at
ground level.

B.4.3. Calibration of ‘skip row factor’ for reducing light interception

In order to decrease light interception inc&®furrow gaps (i.e. 50 cm effective
furrow gaps) by 10 and 20%, a ‘skip_row_factorOd8 and 0.68 were required,
respectively. To achieve light interception redoict of 7 and 14% (for narrower
furrow gaps such as those from Gatton in 2012kip ‘sow_factor’ of 0.2 and 0.44
respectively was required. Grain yield was redungedn almost identical percentage
to the reduction in light interception in each slation. This meant that the
simulated grain yield reductions (10% and 7%) wee similar to those observed
in the field: 9% for the comparison between one tav@metre beds in 2009, and 8%
for the comparison between solid configuration twal metre beds in 2012 when the
furrow gap was slightly narrower.
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B.4.4. General discussion

The results of field trials comparing diffetdred configurations indicated that as
expected, the inclusion of north-south aligneddurgaps of 50-60 cm was
associated with reduced grain yield in irrigateceath The slight difference in yield
reduction between years is logically attribute@ tchange in configuration of the
research planter, which decreased the furrow ggpoand level to 50 cm in 2012. It
is important to remember however, that the efféétimow gaps on grain yield
remain untested in east-west configured fields wisenlight penetrates into the
furrow gap to a lesser degree in the middle ofdidng due to the low position of the
sun in the northern sky during late winter andyespring.

At similar latitudes to those encountered imgréischer et al. (2005) measured a
7% decrease in intercepted PAR in the 30 days pianthesis on 0.7 m beds (two
rows of wheat 20 cm apart between 50 cm wide fuigaps) compared to wheat
grown without furrow-gaps, and simultaneously otedra yield decline of 12%
associated with the furrow gaps. In other experisienth slightly wider furrow
gaps (54 or 55 cm) on a 0.8 m bed configuratiogy tbund grain yield differences
of between 5% and 12%. These results were sinaldrdse observed in the present
study, where a 6—9% vyield decline was associatéd avie-metre beds that had a 60
cm wide ground-level furrow gap.

Calibrated values for the APSIM ‘skip_row_tfat function were successfully
used to reduce simulated light interception andhgyeeld to levels comparable to
those calculated and measured in field experimar2809 and 2011. The
‘skip_row_factor’ parameters developed for fielddma 60 cm ground-level furrow
gap were ultimately used to simulate the field expents and commercial fields
from 2008 and 2009 (Chapter 3), as this furrow\gap used in most of the
production fields.

B.5. Conclusion

The calibration of the APSIM parameter ‘skipwrdactor’ for reduced light
interception in furrow irrigated wheat allowed thecurate simulation of observed
yield reductions due to furrow gaps, without thedhéor a complex canopy
modelling that is beyond the scope of this dissernaHowever as these calibrations
have been performed only on north-south configlests, they should be considered
as a maximum furrow gap effect. Further investmats required to determine if
east-west configured beds could yield more thathrewuth beds with an identical
furrow gap due to better light interception frone tow winter sun.
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