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Abstract

Donald Scott Gaydon, 2012. Living with Less WateDevelopment of viable
adaptation options for Riverina irrigators. PhD sisg Wageningen University,
Wageningen, The Netherlands. With summaries iniEmgind Dutch.

In Australia, the best use of limited national watesources continues to be a major political and
scientific issue. Average water allocations farercereal irrigation farmers in the Riverina region
have been drastically reduced since 1998 as a goesee of high rainfall variability and prolonged
periods of drought, together with political changd@dis has severely impacted regional crop
production during the last decade, threateninditleihoods of many farmers and is in stark corttras
to much of this region’s 100 year agricultural bigt where water resources were available to fasmer
in steady abundance. The water ‘landscape’ hamgeluh- bringing with it considerable social,
economic and environmental consequences and foacrethink of how valuable water resources are
best used under such variable, changed and chawrgimgjtions. This thesis presents details of
investigations into on-farm adaptation options fime-cereal farmers, using field experimentation,
participatory engagement, and farming systems rlindelas the major tools of research.
Additionally, a major component of this work hasbdhe development and testing of new modelling
tools and decision-support structures.

Well-tested cropping systems models that captuerantions between soil water and nutrient
dynamics, crop growth, climate and management caistain the evaluation of new agricultural
practices. At the beginning of this research mtojall available models were lacking in at leasts
major element required for simulation of rice-basempping systems. The capacity to simulate C and
N dynamics during transitions between aerobic amkeobic soil environments was added into the
APSIM model, to facilitate our need to model farmqsystem scenarios which involved flooded rice
in rotation with other crops and pastures. Tholhougsting against international datasets was
subsequently conducted. Photosynthetic aquatimdds (PAB — algae) is a significant source of
organic carbon (C) in rice-based cropping systesportion of PAB is capable of fixing nitrogen
(N), and is hence also a source of N for crops. a€oount for this phenomenon in long term
simulation studies of rice-based cropping systemms,APSIM model was modified to include new
descriptions of biological and chemical processsponsible for loss and gain of C and N in rice
floodwater.

Using this improved APSIM model as a tool, togetiéh participatory involvement of Riverina
case-study farmers, it was demonstrated that tse drefarm cropping and irrigation strategies in
years of high water availability were substantiaifferent to those when water supplies were low.
The strategies leading to greatest farm returng @ara season-by-season basis, depending primarily
on the water availability level. Significant impements in average farm profits are possible by
modifying irrigation strategies on a season-by-sedmsis.

The opportunities for Riverina farmers to expldieit irrigation water resources also extend
beyond the farm gate. Currently there is conshieraonfusion amongst farmers on how to evaluate
and compare on-farm and off-farm water options.re@i selling of water seasonally on the open
market and even permanent sale of irrigation weditlements are possibilities. In response ts thi
confusion, a new conceptual framework was develdpatdenables quantitative comparisons between
various options. The framework is based on a methgdlarly employed in the financial world for
share portfolio analysis. Simulation modelling ywded risk-return characteristics for on-farm
options, and helped to elucidate circumstancesrumdieh off-farm options were viable.



A modified version of alternate wet-and-dry wateanmagement for Australian rice-growing
conditions (delayed continuous flooding, DCF) wasestigated via a 2 year field experiment — aimed
at reducing irrigation water requirement and insneg water productivity (WP). We demonstrated up
to a 17% increase in WP, and field data was gesgtra system performance for a range of discrete
irrigation strategies. The APSIM model was themapmeterized, calibrated and validated before
being used to extrapolate findings from the twory@gerimental period to a much broader climatic
record (55 years), allowing detailed investigatioih optimal management strategies and a more
realistic estimation of likely long-term gains irater productivity, and associated risks, from tiesy
rice irrigation practice. Best practice guidelinesre developed, and the potential impact of a
changing climate on both optimal practice and \ikenefits was assessed.

This thesis concludes by synthesising the appreatdieen - addressing the question of whether
improved rice irrigation practices, seasonally-ids cropping and irrigation strategies and offafar
exploitation options, can in combination addregsdhallenges of reduced irrigation water allocation
in Australia’s Riverina region. Evidence is preseh that the answer is yes under certain
circumstances, but that limits to change exist hdywhich the investigated on-farm adaptations are
not enough. The thesis also proposes that theeptsyand methods developed during this project are
globally applicable and useful in the design ofrfarg system adaptation options.

Keywords: irrigation, limited water resources, farming gt modelling, participatory engagement.



Preface

For better or worse, | left my run somewhat lateldathis PhD study (44 years of age,
as | write). My scientific career has been a cieegd one, | guess. After studying
agricultural engineering straight after high schdostarted work as a professional
engineer at age 21 and worked in this capacitylfernext seven years, managing to
achieve my Masters degree in engineering part-tiowcurrently. Soon after
reaching this hard-won milestone, | decided thaireering really wasn’'t my thing
after all, and headed off to pursue other post#sli Three years later, at age 31, |
was playing acoustic guitar and singing for myndtyiin Brisbane and Gold Coast
pubs. My efforts to make the “big time” continyathwarted, and my pregnant wife
no doubt wondering to herself how | was going tppmurt her and our coming first
child by singing to drunk people, | concluded tihamhust be time to get a ‘real’ job.

My Masters degree had involved development of nsfl@ simulating solar air-
heating and subsequent drying of agricultural grainhad always found the concept
of modelling fascinating — | think mainly the uneqgbed and counter-intuitive
elements, such as describing several distinct phalsprocesses each with
mathematical equations, and then discovering thdeu certain circumstances their
interactions resulted in totally different outcomesvhat you expected. Sounds nerdy
to non-modellers, but it can be really excitinglo, $ poured over the newspapers
looking for job adverts that sought modellers. Tiekings were very, very few — in
fact there were none. | ended up applying for alevmange of relatively boring and
menial jobs such as shipping container inspectmingquality assessor, and even
maintenance manager at the Pinkenba sewage trdapaenh \What was even more
discouraging was that | was passed over for athen.

It proved to be fortuitous however, because one Idagticed an advertisement
from CSIRO, the premier research organisation irstilia, seeking a farming
systems modeller. Without being fully sure whaattlactually was, | put in an
application and was delighted to get an intervi@We head of the interview panel was
someone called Brian Keating, and for me it seehkedl answered every interview
guestion he asked with “Sorry, | don’'t know anythiabout that, Brian”. He was
asking me weird and mysterious things about madglthe water balance, and soil
nutrient dynamics, and crop growth, and all | cowddl him was how | had simulated
the performance of various types of fans under,laad how a hot metal roof warms
up under sunlight. | walked out of the interviestraight to my wife Suzanne who was
waiting expectedly in the car, and said “Well, ves dorget that one.” A week later |
received a phone call from Neil Huth, also on thterview panel, offering me the job.



| thought it was a cruel joke initially. Then realtion set in and | nearly dropped dead
on the spot from excitement and pure relief. Maybeouldn’'t have to support my
wife and child on a pub guitarist’'s wage....

Well, twelve years later | am still with CSIRO aidas been a wonderful period
of professional growth and opportunity for me witha group of inspiring and
dedicated scientists and technical staff. | sthitethe technical quarter, as part of the
APSIM model software engineering group, also actagy an assistant to senior
scientists like Brian Keating, Merv Probert and Mael Robertson. This PhD study
has given me the opportunity to move into the reaimscientist myself — an
opportunity for which | have several people patacly to thank.

Firstly, in chronological order, it all started witMark Howden, my CSIRO
manager during the mid-2000’s, who reacted verytipey/ to my vague mutterings
about wanting to do a PhD. He took the initiatremy behalf to approach his friend
and colleague Herman van Keulen at Wageningen. rykhieg started from there.
Subsequent CSIRO managers of mine such as Peteburhp Zvi Hochman, and
currently Christian Roth also deserve particulantts for their support of my PhD
aims. Each of these has taken on extra work thHeesat key times, specifically to
free me up from CSIRO duties and allow my PhD wirlprogress. Also particular
thanks to more senior CSIRO managers Michael Retwerand Peter Carberry who
have at all times given me positive energy, anch barganizational and personal
support to make this PhD a reality.

Merv Probert (CSIRO) and Roland Buresh (IRRI) werg mentors in coming-to-
grips with detailed C and N dynamics in soils — Mbeing the expert in the dryland
situations, and Roland the man with wet feet. ®thlof you | extend my greatest
thanks — it has been a wonderful privilege to hgwar guidance. Also to Merv more
than anyone else, | attribute my (now ingrainedjogbphy to aim for simplicity in
modelling - only seeking to complicate process dpsons when model outputs fail
to capture observed data dynamics. On this frimat &rom my first residential period
at Wageningen in 2008, | was greatly influencedbg-on-one discussions with Ken
Giller, particularly his views relating to Occamiazor and modelling. Achim
Dobermann and Bas Bouman from IRRI have always beeammodating in helping
me source IRRI datasets and discussing modellswugss

To Daniel Rodriguez (University of Queensland);aBriDunn and Geoff Beecher
(New South Wales Department of Primary Industridge Li (IRRI, Philippines);
Pepijn van Oort (Wageningen) and my colleague Peoylton (CSIRO) | express my
sincere thanks for interaction on project actigtiend modelling questions. For
logistical and personal support during both mydestial periods at Wageningen, |



cannot but thank Jan Vos and mention how comfdrteave felt to have him ‘on my
side’ during the whole process.

This brings me to my promotor and primary mentoof Polger Meinke. | think a
story will help illustrate the nature of my appe®n. The middle of last winter
found me in Hobart (quite a climatic challenge &oQueenslander...) resident for a
fortnight with Holger's group at the University d@asmania. He insisted | also stay
with him at his home — wouldn’t hear of me stayinga hotel room. One evening, |
found myself reflecting on the hospitable circumsts, sitting there like a visiting
king in Holger's private home office, working on nepmputer whilst sitting in his
comfortable chair looking out the window at the lddlevening. His lovely wife Julie
had just cooked us all a delicious meal, suppleetentth a beautiful wine, and | had
retired to the office to do some further work. tlas| was reflecting on these generous
circumstances, Holger appears at the door withvd bbice-cream for my dessert.....
How many PhD supervisors bring their students ream? It is not only Holger’'s
immense experience, knowledge and intuitive undedihg about cropping systems
modelling, adaptation and climate risk which halpée shape this PhD; it has also
been the optimism which has pervaded all our ictevas, and the unpretentious
support | have felt from Holger as a friend, in édd to a PhD supervisor. To him
my heartfelt thanks.

To the boys in my running group, Matt Sheerin, AsvdrGeorge, Song Sia,
Andrew Jennings and Richard Holy — thanks for kegpne sane. But my greatest
supporters of all have been my family — my pareansd siblings, but mostly my
wonderful wife Suzanne and our children Emerald Hedth. They are the core of
my life, and have uprooted themselves from thegdiand friends to follow me as we
shifted home on several occasions (from Brisban€aoberra to Wageningen to
Canberra and back to Brisbane over four yearshéble my completion of this PhD —
some of those moves appreciated, others not! Wlatbugh, | suspect the biggest
load they have all carried is me disappearing imip office of an evening or on
weekends to “work on my PhD”. To them, all my lcmad the greatest thanks of all!
(I'll probably be a pest to them around the house n.).

| certainly would do it all again — it has beenraaj experience — however strongly
advise anyone wanting a PhD to do it before therg leafamily.

Donald S. Gaydon
Wageningen, April 2012
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CHAPTER 1

General Introduction

On the driest inhabited continent on earth, avditgland access to water has always
been a contentious issue. Australia’s climateharacterized by high variability and
natural boom and bust cycles - consequently stieamfariability is higher than in
most parts of the world (Chiew et al, 1998). Iiyldnd rivers the flow regime is
influenced by seasonal climatic phenomena sucth@asSouthern Oscillation, so that
patterns are highly variable and averages arealiytuneaningless (Walker et al.,
1997). These cycles of drought and plenty are aingd in the Australian
consciousness — representing dominant themes iy ofayur best loved bush poems:

“I love a sunburnt country, a land of sweeping p&i
Of ragged mountain ranges, of droughts and flooataigs”
(From “My Country” byDorothea MacKellar, 1885-1968)
or
“If we don't get three inches, man, or four to bkehis drought,
‘We'll all be rooned’, said Hanrahan, before theayés out.
(then later in the poem.....)
And every creek a banker ran, and dams filled @gert
‘We'll all be rooned’, said Hanrahan, if this radoesn't stop."
(From “Said Hanrahan” by John O’Brien, 1878-1952)

Flows in the larger inland rivers supplying Auga'a biggest irrigation districts have
historically required regulation via large watepply dams to guarantee reliable water
supplies to irrigators, but in recent drought-atiéeicyears even these reached their
limit and irrigation water has been drastically itea (Murray-Darling Basin
Authority, 2010). Projected climate change is aldely to impact resource
availability (IPCC, 2007). As a result of ongoinlganges to global atmospheric and
ocean processes, many arid irrigated agricult@gions of the world are expecting a
future with decreased and more variable water $epplRijsberman, 2006;
Christensen et al., 2007). Farmers throughoutvibréd face the challenge of adapting
to these new circumstances and confront similastiues: should | adapt by changing
crops, investing in more efficient irrigation tedhogy and machinery, or modifying
agronomic and/or irrigation strategies? Is it tiboeleave the land? Universally
applicable approaches are required to assess #dapmiptions for these farmers in the
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face of changed circumstances (Meinke et al., 2B@®vden et al., 2007). Australia’s
Riverina is a well-established, irrigated agrictéduregion, with diverse broad-acre
grain cropping traditionally centred around riceoguction. The region has
historically had access to secure irrigation watgyplies which are now increasingly
under pressurelt provides an ideal opportunity to explore addaptabptions, generic
principles, and research methodologies using a owmhbn of experimental,
modelling, and case-study approaches - particulduly to the ready availability of
soil, crop, and farming system information, histaticlimate data, research facilities,
and farmers familiar with research involvement.

The research work detailed in this thesis consist®&/o primary components:

1. An initial model development phase; necessary tmbéish a previously
unavailable simulation capacity for diverse crogpsystems in which flooded
(or occasionally-flooded) rice is a component,daiéd by,

2. Applications of the model (in conjunction with othechniques) for detailed
assessment of several key adaptation options f@riRa irrigators.

1.1 Introduction to the region

Australia’s Riverina

The Riverina encompasses the irrigated regions oofthern NSW and northern
Victoria (Figure 1), latitude 38-35.5S; longitudel144.%-146.5E. Rice was first
commercially grown in Australia in the early 192@sar the townships of Leeton and
Yenda, and production is concentrated in this dreato the availability of irrigation
infrastructure, historical availability of waterrge areas of flat land, suitable clay-
based soils and the development of storage anchgqilhfrastructure in or near the
regional towns.

Economic and social value of the region

In a year without climate-induced restrictions Rigerina region produces around 1.3
million tonnes of rice. Of this, 85% is exporteddal5% services the domestic
market. In such a year, the industry earns ardAB8D0 million in revenue, which
includes nearly A$500 million from value-added estpo Rice is Australia's third
largest cereal grain export, and the ninth larggsgtultural export (Sunrice, 2009).
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Figure 1. Australia’s rice-growing regions (courtesy of thécéyrowers Association of
Australia)

Annual rice production internationally is approxielsg 650 million tonnes (FAO
2008), making Australia a relatively small play&igwever Australia grows high
quality rice to service specific markets. Alsolyo25 million of the 650 million
tonnes of world annual rice production is tradedsioe the country of origin.
Therefore, although Australian rice only represeetss than 0.2% (0.14%; FAO,
2008) of world rice production, exports represeverod% of world trade of medium
grain rice (Sunrice, 2009). The sustainabilityadirge number of regional towns and
communities in the Riverina is highly-dependant mce-based farming systems
(Linnegar and Woodside 2003).

Climate and Agronomy

Australia’s rice-growing region experiences evedilstributed annual rainfall, with

the mean annual average ranging between 350 — #b@en annum. It is at the low
temperature end of rice producing environments. thasequent long growing
seasons, combined with a high radiation environnfleng days, clear skies) result in
one of the highest yield potentials of any ricevgrag region. It is an ideal

environment to produce high yielding, good qualige. Rice is a summer grown
crop, sown in windows according to variety from psdptember to mid-November.
The crop has a growing season of approximately 6thsp and due to the relatively
low rainfall the crop is totally reliant on the glp of irrigation water during this

period. Rice costs roughly 1150 $/ha to estaldistt grow compared with $250 for
dryland wheat (NSW Government, 2009), hence farmams conservative in
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estimating the total rice area to plant, due toebenomic consequences of running
out of water. Large yield losses can be expedtpdnding cannot be maintained for
the required length of time (Heenan and ThomsoB84)L9 Rice is grown in rotation
with a range of other species including cerealse@ttand barley), oilseeds, pulses and
pastures, and is only one component in a divensuirig system. It is however the
dominant broad-acre crop, in good seasons occu®idg of the landscape in the
major irrigation regions for about 6 months eachryand accounting for 50—70% of
the total irrigation water use (Humphreys et aD&0

Future Outlook

Recently, Riverina irrigators have experienced aopdented restrictions in
production due to low water allocations resultingni a combination of climatic and
political factors. Over the past decade, the volwhavailable water in the southern
Basin has been around 40% less than the long-teenage (MDBA, 2010). Average
seasonal allocations over the last 15 years wdmvig0% of entitlement, with high
variability. This is in contrast to a prior hisyoof receiving at least 100% every
season as far back as 1912 (Figure 2). Recent teliclaange projections suggest
further decreases in regional water supply arelik&he Murray Darling Basin
Sustainable Yields Project (CSIRO, 2007) sugge$eti4% reduction in water
diversions for irrigation by 2030, whilst a 16-258duction in average Murray-
Darling stream-flows by 2050 and 16—-48% by 2100 dlas been predicted (Pittock,
2003; Christensen et al., 2007; Hennessy et @.72®uch reductions in stream-flows
are likely to have dramatic negative implications future allocations in the Riverina
(Jones and Pittock, 2003). Jones and Page (20@8esuthat a 15% drop in annual
rainfall by 2030 could mean a 50% reduction in cdkon levels. In Australia the
supply of water for irrigation is not affected bynatic factors alone. Environmental
policies and the National Competition Policy haveoaresulted in decreased water
availability to irrigators (Adamson et al., 2007uidphreys and Robinson, 2003;
Murray-Darling Basin Authority, 2010). Clearly, thexperience of the past is no
longer an adequate reference for planning Austsadigricultural future (Jones, 2010).
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Figure 2. Annual irrigation water allocations (percentage ladfensed quota) for
Murrumbidgee Irrigation Area (part of the Riverinap80/81 — 20010/11 seasons. The trend
of 100% or greater allocation extends unbroken fa@88 back to 1912 (Figure 1, Chapter
4).

1.2 Model development

The need

The current water shortages and future outlook Riverina irrigated farming
necessitates research into increased water usgeatfy and modified agricultural
practices for rice-based cropping systems. Wetket® models that capture
interactions between soil water and nutrient dyramcrop growth, climate and
management can assist researchers in the evaluattiolew agricultural practices
(McCown et al, 1998; Carberry et al., 2002).

Available model options

A range of the most well-tested rice crop modelRY@A2000 (Bouman and van
Laar, 2006); CERES-Rice (Godwin and Singh, 1991DR®ST (Van Keulen and
Wolf, 1986); WARM (Confalonieri et al., 2006); Cr8pst (Stdckle et al., 2003)) were
designed for simulation of single rice crops onljlthough of demonstrable value for
certain applications, these was judged to be oftduinuse for the issues of this
research project, which required a cropping systemslel capable of simulating
options for diverse farming system rotations inaligdnumerous crops in addition to
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rice. These other crops include cereals (whealgyanaize), pulses (mungbean, faba
beans, navy beans, field peas etc), oilseeds @asmybean) and potentially a range of
pastures (lucerne, clovers etc.). The RIWER md@dieg et al., 2007, 2010) and the
wider DSSAT modelling framework (Jones et al., 20@8fered an additional
demonstrated ability to simulate rice in short cnapations, however both were
limited in their flexibility for simulating more v&d cropping systems options (other
crop species, different sequences, and assortgghtion, tillage and fallowing
practices), which were assumed to be necessaRiverina applications. The APSIM
cropping systems model (Keating et al., 2003) hpsoaen track record in modelling
the performance of diverse cropping systems, mtafi fallowing, crop and
environmental dynamics (Whitbread et al., 2010;b€ary et al., 2002; Robertson et
al., 2002; Verburg and Bond., 2003; Turpin et 4098). The major barrier to
modelling rice-based cropping systems in APSIM waslack of suitable descriptions
for soil processes under long-term anaerobic cmmdit(i.e. flooded conditions such
as ponded rice) — a consequence of the model'sagerin dryland cropping systems.
The crop physiology components from the ORYZA2000dei had already been
incorporated into the APSIM framework (Zhang et 2006; Gaydon et al., 2006), and
tested in a number of simplified studies. The ilitgbof APSIM to simulate the
complex dynamics of carbon (C) and N in alternafédpded and non-flooded soll
environments was identified in these studies ag@miuture constraint to modelling
complex rice-based cropping system scenarios (Zleng., 2006). Another vital
element missing in all existing models was theigtiib simulate additions of C and N
to rice-based cropping systems from biological agégn fixation (BNF - by
cyanobacteria) and growth of other non-N-fixing f@synthetic algal biomass (PAB).
These are now considered to be critical for sustgirsoil organic C and soil N
supplying capacity (Pampolino et al., 2008; Roget hadha, 1992), and essential in
any model suitable for simulating long-term crofatmns.

The path chosen

Given this assessment of available modelling totih& decision was made to
concentrate effort on improving the existing APSitfdmework. The strategy was to
address the range of limiting issues and work tde/aleveloping a model capable of
simulating diverse future adaptation scenarios fice-based cropping systems.
APSIM already possessed the required flexibility arherent design for specifying an
infinite range of different management practiceEnhancements were specifically
necessary to achieve:

1. realistic simulation of soil C and N dynamics thgbucycles of aerobic and
anaerobic soil conditions.
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2. realistic modelling of PAB influence on nutrient rigmics, and long-term
systems sustainability characteristics (soil orga@ and grain vyield
maintenance).

Algorithms and constants from both CERES-Rice ahYIER were used to achieve
this, while introducing some new concepts relatmgystem C and N contributions
from PAB. The improved APSIM model was tested agaidiverse, replicated

experimental datasets for rice-based cropping systeepresenting a spectrum of
geographical locations (Australia, Indonesia antligffines), soil types, management
practices, crop species, varieties and sequences.

1.3 Assessment of adaptation options

The availability of the validated APSIM model prded an essential tool that was
subsequently used to explore adaptation option®Rkieerina farmers. However, the
use of modelling was only one element in the redeaonducted, as is described in
the sections following.

Adaptation options

Innovative adaptations in on-farm water managenpeacttice are required to keep
Riverina irrigators profitable in a future charatted by a reduced and more variable
irrigation water supply. There is a range of wagsndividual irrigation farmer could
potentially adapt. Essentially the challenge isntowease input water productivity, the
production per unit of water applied, WP (Zwart aBdstiaanssen, 2004; Cai and
Rosegrant, 2003; Seckler et al., 2003). Options sxscpartial-(deficit) irrigation may
increase WP (Fereres and Soriano, 2007); changegronomic practices such as
rotations, crop species and varieties (Howell, 200hanges in residue (crop stubble)
management practices (Tolk et al., 1999; Schiliingeal., 2010); and changes to
proportional sharing of water between winter anchiser crops (Lorite et al., 2007),
all promise potential increases in WP. More tramsfdional changes such as
investing in new irrigation technology and cropsafis, 2000; Wood and Finger,
2006; Maskey et al., 2006; Hafi et al., 2006) repre further options, as do disposing
of water on the free market (Bjornlund, 2003; Crasal., 2000). All these options are
highly context-specific and decisions on suitabd@@ations are strongly influenced
by locally existing co-limitations (e.g. labour, pital, nutrients (Rodriguez et al.,
2007), as well as socio-economic issues (Adgek,e2@09; Crane et al., 2008, 2010).
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Massive change - confusion reigns on how best &ptad

The Riverina irrigation district is a region curtign experiencing step change.
Whereas dryland farmers in Australia have evolveategies to survive high climatic
variability (particularly in rainfall) over a longeriod of time, Riverina irrigators, prior
to the last decade (Figure 2), had never to conte¥mselves with water supplies
which vary drastically from year-to-year. Irrigati water was always available in
abundance, and consequently farming practicestreterve water had not developed.
Historically potential production was land-limitediot water-limited. During the last
decade this all changed, with many farmers expeingrthe meaning of water-limited
production for the first time. Properties are gatlg small (average farm size in the
Murrumbidgee Irrigation area is around 200 ha)gmfioo small to be viable purely as
dryland farming businesses in this geographicabregHence there are limitations in
their capacity to apply the lessons of dryland fal&tn farmers in managing climate
variability - practices which often involved hugant areas to mitigate risk. The
drastic recent and projected changes to Riverigators’ water supplies necessitate
urgent evolution of a whole set of new practicexdsads. They are thus arguably the
farmers hardest hit by climatic change in Austradimen though farmers throughout
the country are experiencing some degree of inerga<limatic variability. As a
result of entering such unprecedented circumstaribes Riverina is abound with
numerous ideas on how best farmers should adapereThas been limited time for
research into the evaluation and testing of ab¢hdeas, particularly under potentially
changed future climates. Some farmers are in apgsgreement about how they
should respond to a future with less water. Afxample, there is debate regarding
the optimal irrigation intensity in the unfamiliarater-limited situation. Prior to the
mid 1990s, irrigation water was always availableektess, and farmers weland-
limited in terms of increasing their production. All aadile fields were fully irrigated,
with fertilizer rates and plant populations selddie maximize production per hectare
(Hochman et al, 2011). The high-input croppinglggophy of the time (Angus and
Lacy, 2002) was never questioned, and rightly sechen land is the limiting resource
it makes sense to maximize the returns per hectargnder water-limited
circumstances however, the choice is not intuiyivdear (Figure 3). Debate in the
Riverina regarding best intensity for irrigationdem more variable water supply
conditions has remained unresolved, and was ontheofissues addressed in this
research project.
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A. B. C. D.

Partially-irrigate a
larger section

Fully-irrigate, Reduce inputs cf

Aim for maxi- B.

mum production Fullyirrigate a or or| Partially-irrigate

from each field — | smaller section even more area
(Reduce irrigated
inputs even further
than C.)

100% water
(Land Limited Production) Options for < 100% water (Water Limited Production)

Figure 3. The options which present themselves when chgrigom land-limitedto water-
limited production systems. (A) Represents the histosdahtion — ample water to irrigate
entire farm; (B—D) represent a range of optionsusing limited irrigation water. Reducing
irrigated inputs means partial or supplementarigation (rather than full) together with
reduced fertilizer inputs as per yield expectatid@s and D) Represent different degrees of
input reduction. (Hochman et al., 2011)

Other ideas relate to off-farm options for seekirgjurns from available water
resources. Bjornlund and Rossini (2005) suggest $basonal water sales to higher
value users in the Riverina region are one of tbeenfinancially attractive adaptation
options for lower-value irrigation farmers in time$ low allocations. Producers of
high value products with long-term investments iairyl herds and permanent
plantings (grapes, citrus, stone-fruits) have destrated they will pay high prices
during periods of water scarcity to limit potentimisses caused by insufficient
irrigation (Bjornlund and Rossini, 2005; Brooks ahirris, 2008). Hence some
broad-acre farmers suggest they should sell thaiemon the open market and work in
the towns and cities; others suggest they shoulcase the intensity of their farming
practices, investing in higher-efficiency irrigati@quipment. Others insist that such
capital investment in risky and could lead to ecomofailure or bankruptcy. Given
the rapid changes in circumstances, the answeygastions such as these are unclear.

The role for field experiments and modelling

Field experiments can provide valuable insights dethiled data on cropping system
performance - sensitivity and response to changimguts and management
impositions. In this sense they are extremely afaller for calibrating and testing
models, in addition to their primary role in testibasic hypotheses. However, field
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experiments are generally limited to short timeiqués (< 5 years). In places such as
Australia that exhibit extreme seasonal and decadahte variability (Meinke et al.,
2005), this restricts their value in understandiisfg associated with practices under
investigation. They also provide little insightonthe potential impact of a changing
climate. If reliable long term climate data (omeéite change projections) are available,
modelling offers a means to extend experimentalifigs from a reference period of
several years to a much wider climatic record, gébgrproviding a more thorough
assessment of risk and variability associated whth practices under investigation.
Well-validated bio-physical models can also assiginderstanding the key physical
process driving system behaviour. This makes thesaful tools in exploring
management interventions to overcome system limitat It has been an underlying
premise of this research work that modelling iseagential tool in investigating some
of the adaptation options that Riverina irrigatorgst consider, and in helping inform
debate within the community on farming practices @xample, Figure 3).

The role for participatory engagement with farmers

Technical solutions alone rarely address the coxitglef the livelihoods of farmers,
and there are numerous documented examples werainghe robust technical
solutions to problems have failed to be adoptednade any discernable impact in
addressing the focus problem (McCown et al, 200The reasons often relate to
social, economical and political factors that canm ignored if real practice change
and increased resilience is the desired outcome.efisure analysis of realistic
adaptation options when using models, participatesgarch with farmers is far more
effective (Robertson et al., 2000; Meinke et aDQ®, Carberry et al., 2002), and has
been a fundamental component of research perfoceidg this PhD study. By
working closely with farmers in developing detailescenarios for testing,
incorporation of a whole range of farm constrai(iesbour, machinery, irrigation
cycles, etc.) has been possible without actuallgetimg them, and the cropping and
irrigation scenarios investigated have remainetisteaand relevant. In line with the
concept proposed by Meinke et al. (2009) of ‘adiagtascience’ as a truly trans-
disciplinary endeavour; only adaptation ideas #ratsocially acceptable/feasible have
been considered.

10
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1.4 Research objectives and methods
Objectives

This thesis has two primary objectives, each wéhesal sub-objectives or research
questions. The first primary objective is:

1. Develop new modelling capability that facilitategmslation of adaptation
options in diverse rice-based farming systems. id&@hthis via enhancement of
existing models where possible. Specifically, geolexisting modelling
capability from the simulation of single rice crogs the simulation of rice
cropping systems (sequences of rice in rotatioh wiher crops, pastures, and/or
fallows etc., under with diverse tillage, irrigati@and agronomic management
regimes).

Sub-objective include:

a. Establish a process for simulating the two-wapgigon between anaerobic
and aerobic soil conditions occurring in crop seges of flooded rice and
other non-flooded crops and fallows, and confirra Hubsequent effect on
organic matter and nitrogen dynamics. These tiansitmust be dynamic and
driven by modelled hydraulic variables (soil waded floodwater depth), not
dependant on arbitrary switching by the user.

b. Incorporate new descriptions of biological and cloaiprocesses responsible
for loss and gain of C and N in rice floodwatergliring N-fixation and
growth of photosynthetic aquatic biomass (PAB, @Jgand confirm veracity
of these in simulating the long-term trends in swijanic carbon and low-
input yield maintenance in rice cropping systems.

The second objective is:

2. Develop viable on-farm adaptation strategies fogation farmers in Australia's
Riverina (in response to a reduced and more varialilre water supply). Use
participatory engagement with farmers, supportediimulation modelling, as the
primary tools of research.

Sub-objectives include:

11
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a. Examine the effect of irrigation intensity on whdém profit under a range

of potential future water supply scenarios

. Compare potential on-farm water-use strategiesRiwerina irrigators, with

alternative off-farm options for exploiting theimiited irrigation water. Such
alternatives include selling irrigation water dethents to the current
Australian Government's Water Buy-back scheme fddrassing regional
environmental problems.

. Assess the potential for changed rice irrigatioacpces to increase input

water productivity and profit in the Australianustion.

Hypotheses

The research question at the core of this workbsasummarised as: Is it possible to
design a future mix of dryland and irrigated crompioptions that are profitable,

sustainable and socially acceptable for the sonthee-growing areas of Australia,

given the future outlook for reduced water avallgfi To answer this question, this
thesis tests the following hypotheses:

12

. Current on-farm practices and strategies in Austgirrigated Riverina must

change to remain viable in the face of global cleatige. climate change and
other external forces).

. Cropping systems simulation capabilities that quatntely describe soil water,

C and N dynamics through alternate anaerobic-aersbil phases, together

with the addition of C and fixed N from floodwatggae, can be developed and
successfully used in scenario analyses of possitiégtation options for rice-

based farming systems.

. Other industries (eg. finance, technology, and caminations) have developed

frameworks within which to understand human behavio response to change
and these have direct applicability to feasibiigsessment of adaptive change
strategies in irrigated agriculture.

. Most of the concepts and methods that are beingldeed to assist the rice

growers of the Riverina in their transitions arelgllly applicable and useful in
the design of farming system adaptation options.
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Research Methods

The research work detailed in this thesis is bam®dind a participatory research
paradigm: farmers and scientists jointly engagmghéw knowledge generation that
stimulates enquiry and enables more resilient memagt of farming systems. This
paradigm explicitly acknowledges that much of tnewledge already exists, but that
systems science can play an important, integratve. Participatory engagement
keeps the science relevant and informed, the fa'nmwnership level of research
findings high, and the synergistic opportunitiestween farmer and scientist
maximised (McCown et al., 1998; Carberry et alQ20

A multi-stage research approach was employed, somgi of the following
components and their interactions (Figure 4):

1. Review of literature - relevant environmental, agronomic, economic,
climatological, and social aspects of the probleeneareviewed in the scientific
literature, in government and industry body repaatswell as the internet and
word of mouth with researchers actively workinghe region.

2. Establish basis for feasibility assessme@&se-study and advisory farmers
within the focus region served as collaboratorparticipatory development of
external scenarios, adaptive strategies and evauat adaptive options. The
development of a strong sense of co-operation, weaknand intimacy was a
major focus.

3. Visioning - This component posed the question: What are vaptad to?
Together with case-study farmers and informatioomfrl, external factor
scenarios were developed (for example, potentiiréu changes to water
supply regimes, on-farm climate change forecasisges in expected future
prices for water, fuel, commaodities, fertilizers)

4. Establish sources of informatierthis component consisted of establishing data
for model parameterization, calibration and valmiat(ie soil physical and
chemical parameters, climate files, and crop valfghenological information).
It also included the establishment of a new expeninat Yanco Agricultural
Institute (Chapters 6 and 7) to investigate a $igeadaptation option, and also
gain further calibration and validation data forethAPSIM model.

13
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5. Establish basis for development of technical assess(modelling tools)
Calibration, parameterization and validation of mlogerformance, together
with subsequent model enhancement, involved sagiqoiavious experimental
data and published information on soils and cropsnduction of new
experiments and on-farm trials, as well as serfsibitesting against
collaborating farmers’ historical production andoliedge of risk. Many of
the experimental datasets for implementing the mme-related modelling
functionalities were sourced from internationalre®g. Model improvement is
always an iterative process; deficiencies are fouding testing against
observed data, improvements are made (in calibratimarameterization,
algorithms, or incorporation of new process desioms), testing is re-
performed, further improvements made, tested agaghso on until acceptable
model performance is achieved. A general guidelsed in this research work
to define ‘acceptable’ model performance is wheaimd8it's t-test indicates no
difference between simulated and measured variaiflesterest at the 95%
confidence interval; when the RMSE between obsemed simulated data
pairs is a similar order of magnitude to the staddteviation of the observed
data, and when calculated modelling efficiency (Wdtt, 1981) is between 0
and 1.

6. Establish potential adaptive scenario$his component synthesized learnings
from several earlier components (1, 2, 3 and 4j,iamolved working with case
study farmers, using the assembled informatiomleteelop on testable on-farm
adaptation scenarios. These generally involvedshgdsm to farm management
strategies (irrigation rules and intensities, cobwice, different strategies for
deciding what enterprise gets what water etc.hénface of new circumstances,
however some simply involved using different croprigties and doing
everything else the same. Developed scenarios tincgrcomponent were then
subject to feasibility assessments via modellednate analyses and
subsequent farmer/researcher evaluation. The chiefia of assessment was
generally whole farm gross margins, however othigera such as the ability
to service long-standing supply contracts, and famworkload were also
considered.

7. Configure model for scenariosthe improved and validated APSIM model was
configured according to the management requiremehtsach scenario in
question, and simulations were performed over l@ngy periods, producing
cumulative probability distributions for the outprariables in question. These
results were fed directly to component 8.

15
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8. Testing of feasibilitybased on quantitative and qualitative informatemd
evaluating these through the synthesis of hard-cmence inputs from
simulation modelling, with the farmers assessmémeal factors impinging on
a their capacity to change practices. Modellednaoos were regularly
modified after evaluation of outputs (ie back taongpmnent 6 for fine-tuning).
Eventually, enough information was available th@itassign the idea as viable
or non-viable.

Many of the scenarios developed for analysis in moment 6 have not been fully
developed in the course of this PhD study duente tand resource constraints. These
have generally been discussed and targeted a® figsearch needs in the subsequent
chapters. Also, some developed scenarios weresigatficantly novel to warrant
inclusion in a PhD study (for example, routine gesat of the benefits of residue
retention, or sowing date trials for different crogrieties). Many of these analyses
were still performed in the interests of the farmaad collaboration, however are not
reported here.

1.5 Thesis outline

This thesis consists of a General Introduction (4w 1), six research papers
(Chapters 2-7), and a General Discussion and Ssisticbapter (Chapter 8). Each of
the six research papers focuses on one of thelgebtive (section 1.4).

Chapter 2(Gaydon et al., 2012, European Journal of Agron831y9-24) details how
enhancements to the APSIM model were implementeatiweve realistic simulation
of soil C and N dynamics through cycles of aeradocl anaerobic soil conditions,
thereby facilitating sensible modelling of crop mernt supply in rice-based cropping
systems. Evaluation against a diverse range efrniational experimental datasets is
presented, covering a wider spectrum of climated, tgpes, crop sequences and
management interventions.

Chapter 3(Gaydon et al., 2012, European Journal of Agron@8y 35-43) details
how the APSIM model was enhanced to successfuthulsite the key inputs from
algae (and other pond flora/fauna) to the uniqueagoability characteristics of rice-
based cropping systems. The performance of lomy-$gmulations, with and without
inclusion of these inputs, is shown to be dradyadfferent.

16
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Chapter 4 (Gaydon et al., 2012, Agricultural Water Managemé&@3, 33-42)
evaluates a range of on-farm strategies for appuorg limited irrigation water
between fields and enterprises using a typicatgiosving case-study farm from the
Riverina. These strategies are compared for a rafigeeasonal water availability
levels, on the basis of whole-farm returns and leskls, leading to conclusions about
how management strategies should vary on-farm danetion of the available
irrigation water.

In Chapter 5(Gaydon et al., 2012. Agricultural Water Managemextepted subject
to minor revision) we demonstrate a method for comparing off-farm éwatarket)
and on-farm (irrigation farming) options for exglog a farmers’ irrigation water,
based on their simulated risk-return charactegstc framework commonly used in
the finance sector, Modern Portfolio Theory, is @dd to agricultural water use
decisions and illustrated using a case-study faom fAustralia’s Riverina region.

Chapter 6(Dunn and Gaydon, 2011. Agricultural Water Managein®8, 1799— 1807)
details the findings from a two-year replicatedldieexperiment in the Riverina
investigating potential input water productivity ige from a new rice irrigation
practice known asdelayed continuous floodingDCF). Various strategies for
imposing DCF management were compared with conmealtidrill sown treatments.
Evaluation criteria included net water input, crgqowth, grain yield and ultimately
input water productivity. Potential for consideelgains in rice water productivity
were demonstrated.

Chapter 7(Gaydon et al, in preparation for Field Crops Resk) uses the improved

APSIM model to extend the learnings from Chapter ®his paper details how the

calibrated and validated model, together with 5%rgeof historical climate data,

simulates the long-term risk-return performance aange of different DCF different

strategies, in comparison with traditional waternagement strategies. The model
was used to uncover key environmental limitatiorenstraining DCF system

performance, allowing targeting of management vaetions to overcome the

constraints.  Significant water productivity gaifi®om the new practice were

demonstrated, and best practice guidelines wergested for historical and projected
future climates.

In Chapter 8(General Discussion and Synthesis), learnings feach of the prior
chapters are considered in union, leading to aesasent on the degree to which the

17
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amalgamation of identified adaptive options is tdgpaf helping Riverina irrigators
adapt to potential changes in their future. Thiapter concludes with an assessment
on the degree to which the original PhD objectivage been met, and suggests further
research directions.
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Rice in cropping systems — modelling transitions heveen flooded and
non-flooded soil environments
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Abstract

Water shortages in many rice-growing regions, combiwith growing global imperatives to increase
food production, are driving research into increlagater use efficiency and modified agricultural
practices in rice-based cropping systems. Welktestropping systems models that capture
interactions between soil water and nutrient dyreamcrop growth, climate and management can
assist in the evaluation of new agricultural p@eti The APSIM model was designed to simulate
diverse crop sequences, residueftillage practiedsspecification of field management options. Iswa
previously unable to simulate processes assocwmidd the long-term flooded or saturated solil
conditions encountered in rice-based systems, alite heritage in dryland cropping applicationso T
address this shortcoming, the rice crop componafise ORYZA2000 rice model were incorporated
and modifications were made to the APSIM soil waited nutrient modules to include descriptions of
soil carbon and nitrogen dynamics under anaerobiuditions. We established a process for
simulating the two-way transition between anaerabid aerobic soil conditions occurring in crop
sequences of flooded rice and other non-floodegps;rpastures and fallows. These transitions are
dynamically simulated and driven by modelled hyticavariables (soil water and floodwater depth).
Descriptions of floodwater biological and chemigabcesses were also added. Our assumptions
included a simplified approach to modelling ansport processes in saturated soils. The wepro
APSIM model was tested against diverse, replicabgaerimental datasets for rice-based cropping
systems, representing a spectrum of geographicatitms (Australia, Indonesia and Philippines)| soi
types, management practices, crop species, variatid sequences. The model performed equally
well in simulating rice grain yield during multi-gson crop sequences as the original validatiomggst
reported for the stand-alone ORYZA2000 model sitimggsingle crops (n = 121,°R: 0.81 with low
bias (slopep = 1.02, interceptp = -323 kg/ha), RMSE = 1061 kg hécf. SD of measured data =
2160 kg ha)). This suggests robustness in APSIM’s simulatibthe rice-growing environment and
provides evidence on the usefulness of our modifica and practicality of our assumptions. Aspects
of particular strength were identified (crop ratas; response to applied fertilizers; the perforcean
of bare fallows), together with areas for furthewelopment work (simulation of retained crop stebbl
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during fallows, greenhouse gas emissions). APS$Mnow suitable to investigate production
responses of potential agronomic and managemenngebain rice-based cropping systems,
particularly in response to future imperatives édko resource availability, climate change, aratifo
security. Further testing is required to evaluidie impact of our simplified assumptions on the
model’s simulation of greenhouse gas emissiong@lyased cropping systems.

Keywords: APSIM, ORYZA2000, rice, cropping systems, soil ierit dynamics

INTRODUCTION

Water shortages in agriculture present an incrgapnoblem globally (Rijsberman

2006). Rice-based cropping systems, both irrigated rainfed, represent the most
important cropping system in South Asia (Devendnal &homas, 2002), and an
important system throughout Southeast and East Agglious sectors with increasing
water demand (urban, industrial, environmental) petimg for this limited resource

are likely to exacerbate the impact of climate ¢gearffects on water supply to rice-
growing areas globally (Boumaat al., 2007).

The forthcoming global challenge of producing mimred and fibre with limited or
reduced future irrigation water has been identibgdhumerous authors (Keating et al.,
2010, Ali and Talukder, 2008; Bouman, 2007; Tuongle 2005). Consequently,
there is a desire to investigate new practicescirgrowing regions with the aim of
enhancing water productivity (WP) (Bouman, 2007)d acropping intensity
(Dobermann and Witt, 2000). Suggested pathwaysidecthe incorporation of non-
flooded crops and pastures into traditional ricetions (Zeng et al., 2007; Singh et
al., 2005; Cho et al., 2003), changed agronomidaaridigation practices (Sudhir-
Yadav et al., 2011a; Belder et al., 2007; Boumath Buong, 2001), reduction of non-
productive water loses (Humphreys et al., 20109, g@netic improvement (Bennett,
2003; Sheehy et al., 2000; Peng et al., 1999).

Well-tested simulation models are useful tools tplere opportunities for
increasing WP. The APSIM cropping systems modedafitg et al 2003) has a
proven track record in modelling the performance doferse cropping systems,
rotations, fallowing, crop and environmental dynesni(Whitbread et al., 2010;
Carberry et al., 2002; Robertson et al., 2002; Weytand Bond., 2003; Turpin et al.,
1998). The major barrier to modelling rice-basedpping systems in APSIM has
been the lack of suitable descriptions for soilcesses under long-term anaerobic
conditions — a consequence of the model’s heritagiyland cropping systems. The
ORYZA2000 rice model (Bouman & Van Laar, 2006) wasorporated into the
APSIM framework and validated in several studiesa@g et al., 2006; Gaydon et al.,
2006). All soil and water components from the ord) ORYZA2000 model were
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removed during this process, retaining only thepcgsowth routines which now

received their water and nutrient supply directtgni the APSIM soil and water

modules. In each of these studies, soil nitrogenwis either assumed to be non-
limiting, or calculated for a rice monoculture ugia simple N accounting component
within ORYZA2000. The inability of APSIM to simuia the complex dynamics of

carbon (C) and N in alternately flooded and nomdied soil environments was

identified in these studies as a major future gqangtto modelling complex rice-based
cropping system scenarios (Zhang et al., 2006).

Jing et al (2007, 2010) addressed this issue ofitianal soil environments for
rice-wheat rotations in the RIWER model, demonstgatjood modelling performance
in that specific system. However the flexibilityrfsimulating more varied cropping
systems options (other crop species, different esacgs, and assorted irrigation and
tillage practices) was not present. A range oéotfublished models (such as DNDC
(Li et al., 1994); WOFOST (Van Keulen and Wolf, 838WARM (Confalonieri et
al., 2006); CropSyst (Stockle et al., 2003); C-FgKemanian and Stockle€2010);
Chowdary et al., 2004; Jamu and Piedrah2802) are similarly limited when
considering flexibility for future adaptation stediin diverse cropping systems.

Another vital element missing in existing modelsswihe ability to simulate
additions of C and N to rice-based cropping systéoms biological nitrogen fixation
(BNF - by cyanobacteria) and growth of other noffistiig photosynthetic algal
biomass (PAB). These are now considered to bieariior sustaining soil organic C
and soil N supplying capacity (Pampolino et al.020Roger and Ladha., 1992).
Pampolino et al. (2008) found that soil organic 1l dotal soil N were maintained
during 15 years of continuous rice cropping with pganwater supply for near
continuous soil submergence in four experimentthe Philippines. Soil organic C
and anaerobic N mineralization were maintained evih three rice crops per year,
zero fertilizer inputs, and complete removal of above-ground rice biomass at
maturity. The ability to simulate this phenomensnessential for models aiming to
examine long-term trends in rice-based croppingesys.

Prior to our work, no existing cropping system mosienulated these additions.
The impacts of algactivity on floodwater pH and partial pressure of ammoaral(
consequently on ammonia volatilization) are weathgliated in the CERES-Rice model
(Godwin and Singh, 1991), however the associae@ditions of C from PAB and
additionsof N through BNF are not simulated. This has mestricted the ability of
CERES-Rice to simulate N losses and availabilityirdyu single rice crops, but has
limited its capacity to simulate long-term crop sences and soil organic C dynamics
successfully. Timsina and Humphreys (2006) presketvidence that CERES-Rice
did not simulate soil organic C dynamics well.
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We concentrated our efforts on improving the ergtAPSIM framework, with a
view to addressing this range of limiting issuesl aeveloping a model capable of
simulating diverse future adaptation scenariosc@-based cropping systems. APSIM
already possessed the required flexibility and iehedesign for specifying an infinite
range of different management practices. Enhanctsmgere necessary to achieve
realistic simulation of soil C and N dynamics thgbwcycles of aerobic and anaerobic
soil conditions. Modelling of PAB influence on nent dynamics was also required.
We used algorithms and constants from both CERES-Rind RIWER, whilst
introducing some new concepts relating to systean@ N contributions from PAB.
Up until now, simulation of crop production in drge rice-based systems has not been
possible. Here we report on incorporation of thisctionality into the APSIM model
and subsequent performance evaluation againstdagets.

MATERIALS AND METHODS

Overview of the APSIM model

APSIM is a dynamic daily time-step model that comelsi biophysical and
management modules within a central engine to sitautropping systems. The
model is capable of simulating soil water, C, N &dynamics and their interaction
within crop/management systems, driven by dailymate data (solar radiation,
maximum and minimum temperatures, rainfall). Daplgtential production for a
range of crop species is calculated using stageetRUE constrained by climate and
available leaf area. The potential productiorhentlimited to actual production on a
daily basis by soil water, nitrogen and (for som®pc modules) phosphorus
availability (Keating et al., 2003). The SOILWAT odule uses a multi-layer,
cascading approach for the soil water balance viatlg CERES (Jones and Kiniry,
1986). The SURFACEOM module simulates the fatethef above-ground crop
residues that can be removed from the system, pocated into the soil or left to
decompose on the soil surface. The SOILN2 modulelates the transformations of
C and N in the soil. These include fresh organicttenadecomposition, N
immobilization, urea hydrolysis, ammonification,trification and denitrification.
Crop residues tilled into the soil, together witlots from the previous crop, constitute
the soil fresh organic matter (FOM) pool. This poan decompose to form the BIOM
(microbial biomass), HUM (humus), and mineral N @\&dd NH,) pools. The BIOM
pool notionally represents the more labile soil noiigal biomass and microbial
products, while the more resistant HUM pool repnséhe rest of the SOM (Probert
et al.,, 1998). APSIM crop modules seek informatimgarding water and N
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availability directly from SOILWAT and SOILN modue for limitation of crop
growth on a daily basis.

Enhancements required to APSIM

The flooded environment

Figure 1 illustrates the broad nutrient and biatagiprocesses relevant to simulation
of a flooded soil environment. All but one of thegrocesses (denitrification) was
originally absent from APSIM. The following isbaief description of the new system
elements required:

« Pond C and N loss and gain mechanisrk$oodwater introduces a range of C
and N loss and gain mechanisms not present in i@esail environments.
These include significant volatilization of ammonaising from diurnal
elevations in floodwater pH associated with growthPAB (largely algae, a
proportion of which may be N-fixing) (Fillery andlék, 1983; Buresh et al.,
1980; Roger and Ladha, 1992). They also includarsgipg nitrification into a
small volume of the surface soil, overlying floodea and crop rhizosphere,
together with denitrification into the larger unigerg anaerobic soil layer
(Buresh et al., 2008).

N fertiliser broadcast Growth of al_gae and_
into floodwater, not photosynthetic aquatic

onto soil biomass
Volatilisation of
Ammonia Slow decomposition of crop
residues and organic
materials
Aerobic
Floodwater
\ v
/'{ o Vi ~~ A Diffusion & mass
Aerobi ) i
erobic Bulk of soil becomes Vv flow determine the
soil layer “Canaerobic TN flow of nutrients
________________________________________________ between pond and
Anaerobic”* | N A soil
soil layers __-Differentsoit |

organisms dominate in
anaerobic conditions

Denitrification will see
disappearance of NO3

-Methane produced as in saturated profile, and
a product of nitrification stops
ammonification

Figure 1. Key processes for system simulationflo@ed rice environment
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» Fertilizer applied into pond. In rice-based systems, N fertilizer is often
broadcast as urea directly into the floodwater.sTimea N is then subject to
hydrolysis, N loss via ammonia volatilization anitrification-denitrification,
movement into the soil, and ultimately uptake by tite plant. Previously in
APSIM, all applied fertilizer was conceptualizedkssng applied directly into
the soil layers.

« Surface organic matter decomposition in pondSurface organic matter
decomposition is comprehensively modelled in APSMMobert et al.,, 1998)
for aerobic conditions, however decomposition ofjamic material in the
floodwater is governed by different rate constaeftecting a slower potential
rate of decomposition (Acharya, 1935 a-c; Villegasigga et al., 2000)

 Reduced potential rates of soil organic matter (9Odécomposition and
cycling. In an anaerobic soil profile saturated for extengedods, reduced
potential rates of organic matter decomposition eyling are likely to be a
significant factor in modelling system behavioun@Jlet al., 2007, 2010).

Transitional ability

Changing the aeration status of the soil has sgamf consequences for nutrient
dynamics, movement, and availability to plants. trdgjen behaves differently in
flooded (anaerobic) soil environments compared withn-flooded (aerobic) soil
environments (Buresh et al.,, 2008). In floodeddittons, ammonia volatilization
from the floodwater is a major source of N lossli¢Fy and Viek, 1983), hence
movement of urea, ammonium and nitrate betweerildoewater and the soil, where
it is available for plant uptake and protected fratmospheric volatilization, becomes
an important process for simulation. Ammonium @NHhe major source of mineral
N for rice crops, is rapidly nitrified to nitrat®l©s) when the soil is drained. Nitrate is
the major form in which mineral N exists in aerobal environments and is used by
non-flooded crops such as wheat. When aerobicisod-flooded, nitrate present in
the system is promptly lost by denitrification toetatmosphere. These cycles of
nitrification and denitrification, together with anonia volatilisation during the flood
phase, are major loss mechanisms for N loss inpangpsystems which include
flooded rice phases (Buresh and De Datta, 1991eduet al., 2008; Shibu et al.,
2006; Kirk, 2004; Kirk and Olk, 2000).

The key challenge for incorporating new proces<iiletsons into APSIM was to
establish smooth transitions between flooded and-flemded soil environments
within a simulation, capturing the effect of theaolged nutrient dynamics on crop
growth. It was a design criteria that this transitbe contingent on continuous
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hydraulically-modelled variables (floodwater de@thd soil moisture status), rather
than an arbitrary switch when one phase had fidistmel the next begun.

Enhancements implemented

Layering of the system

When a soll is flooded, surface water limits oxydeansfer from the atmosphere to
the soil. The imbalance between the high respmatate of soil organisms and the
slow rate of oxygen diffusion through the floodwa{d@0,000 times less than air
(Buresh et al., 2008)) quickly results in the $aylers becoming anaerobic, reduced, or
depleted of oxygen (Buresh et al., 2008; Kirk arld, 000). Anaerobic organisms
then dominate nutrient and organic matter cyclinghiw the reduced soil. Three
distinct layers in the system can be conceptualiZedthe oxygenated floodwater; (2)
a thin (a few millimeters) oxidized layer at thefage of the soil and around rice crop
roots; and (3) the vast bulk of the soil mass wiécreduced when flooded. CERES-
Rice models N transformations within each of thesees (Godwin et al.,1990), the
model therefore consisting of a three-layer systetin flows calculated between each.
Nitrification following urea hydrolysis or ammongftion of organic matter can occur
in both the floodwater and oxidized solil layer, lewer any NQ subsequently moving
into the reduced subsoil is subject to denitrifmat

We have used a two layer system (floodwater andl aoithe assumption that the
thin oxidized layer at the soil surface is relalyviasignificant when modelling larger-
scale nutrient processes, as is the oxygenatedsghere around rice crop roots.
Buresh and De Datta (1990) explained the relatimenportance of nitrification-
denitrification in continuously flooded soil. &ur modifications, the chemistry of the
floodwater is modelled by a new module (APSIM-Pgragtid the chemistry of the soll
layers by APSIM-SoilN. These two modules commui@aaith each other on a daily
basis to transfer nutrients via a cengagfjineaccording to standard APSIM protocols
(Keating et al2003). We assume that N is only available for kepty the rice crop
once it is in the soil layers (ie crop uptake frdme SoilN module). Figure 2 shows
our conceptualization of nutrient flows within AR&Ifor both flooded and non-
flooded soil environments.

New module: APSIM-Pond

The APSIM-Pond module is a transient module indimeulation. It becomes active
whenever the APSIM soil water balance module datexsthat water is ponding on
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the soil surface. A resettable input parameter darface water storage capacity
(max_pondn mm) can be specified to represent the maximundtheight in rice

Ammonia (NH3)
harvest Volatilisation
harvest )
leaf los
\ leaf loss CROP a0, SurfaceOM FERTILISER
CROP "| surfaceoM FERTILISER Iy 5
7'y 7'y de¢omp Methane
v v
runoff N uptake Decompytillage runoff ||| PAB (CH4)
co2 De-nit i POND Algae De-nit
T\ /(N2 and N,O / (N, and N,O)
root sloughing* v .
SOILWAT SOILN SOILWAT SOILN Nitrification
stops
Leaching Leaching
a) Aerobic system (Traditional APSIM) b) Anaerobic system (Flooded environment)

Figure 2. Conceptual structure of APSIM module oamications and C&N loss (red) and
gain (blue) mechanisms in: a) traditional aerolggteams; and b) flooded systems. The black
dotted line represents the soil surface.

systems. Runoff only occurs once the surface géocapacity has been exceeded.
Daily irrigation or rainfall in excess of infiltrain rate can be stored on the surface as
floodwater if max_pondis greater than zero. The APSIM-Pond module i/ on
concerned with floodwater chemical and biologicalgesses — the soil water balance
module simulates the water balance of floodwatet asoil alike, as a continuum.
When rainfall and/or irrigation cease, the floodsvatepth will decrease by infiltration
into the soil and evaporation until there is nooflavater remaining. APSIM-Pond
checks with the soil water balance module on aydakis to see whether it should be
‘active’ or not, as well as obtaining information evaporation and its current depth.
The module simulates ‘algal activity’ in the ponsing the approach of CERES-Rice
(Godwin and Singh, 1991). Additionally, a new imatbon of APSIM-Pond is the
extension of ‘algal activity’ (via the concept ofpatential daily algal growth rate) to
simulation of actual algal growth and biomass aadation, including N uptake and
fixation, leading to significant additions of C aNdto rice system processes (Gaydon
et al., 2012b). The simulated ‘algal activity’ asfunction of available light (solar
radiation, reduced by canopy cover), floodwatergerature, phosphorus, and mineral
N availability, and is used to maintain a dynamit Ipalance within the floodwater.
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This enables partial pressure of ammonia to beutikd and ultimately daily

ammonia volatilization — the major avenue for logsapplied fertilizer N in flooded

rice systems (Buresh et al., 2008). We apply tofablH4 loss_factto the calculated

partial pressure of ammonia for determination ofatilivation. In CERES-Rice

(Godwin and Singh, 1991) an empirical factor calldd was used, recognizing that
wind at a site is a key mechanism by which ammanitansported away from the
floodwater surface, thereby limiting volatilization Since wind-speed is rarely
measured in weather data as input for simulatigkBSIM-Pond instead applies
NH4 _loss_facttogether with pan evaporatiofeither measured or calculated from
daily maximum and minimum temperature) as a diatrogate for wind-speed,
modifying the algorithm used in CERES-Rice (Equatl)

amlos= 0.036x fnhBp+(NH4_loss_ factxeva)x(0.0082+0.000036 fnt3p® x pond_dept) (1)

Where amlosis the daily ammonia loss (kg Ha fnh3p is the partial pressure of
ammonia; evap is pan evaporation (mm); gswhd_depthis the depth of the
floodwater (mm). The base value of NH4_loss_faataried within the APSIM-Pond
module on an intra-daily time-step and as a functibrice crop LAIL. This recognizes
that wind-speed at pond level is indirectly promoral to crop development and varies
during the day (convection effects). NH4 loss fact calibrated constant within
APSIM. The APSIM-Pond module may effectively benceptualized as a filter of
nutrients — not allowing all applied N to reach tmep (due to volatilization losses and
algal uptake), and simulating loss and gain meamasifor both C and N. When the
floodwater has drained down, the APSIM-Pond modwdeomes inactive and the
nutrient filter is removed. When the floodwaterhgdraulically re-established (as
determined by the soil water balance module), ARBIdhd becomes active and once
again begins its role filtering N and potentiallypgucing new C and N in the system
through algal growth (if conditions are approprjaté\ detailed description of pond
module processes is provided in Gaydon et al., 2012

Changes to APSIM soil carbon and nitrogen modudsX$

Under anaerobic conditions, organic matter cycliages place in the absence of
oxygen at a decreased potential rate (Buresh e208l8). We assumed different
governing rate constants (Table 1) on the basiaonbus reports in the literature (Jing
et al, 2007, 2010; Kirk and Olk 2000). We assumed tmeateaobic soil conditions
develop rapidly after flooding and there is no Vaglst the micro-organisms adapt to
the changed conditions. Each organic matter deositipn rate constant (input
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parameters to APSIM-SoilN module) now has two valuestead of one; a value for
aerobic conditions and one for anaerobic conditiofsgure 3 illustrates the logic
diagram for the new APSIM-SoilN code structure eimgb seamless switching
between aerobic and anaerobic soil conditions duaisimulation, as a function of soil
water content and the presence of floodwater orstinface. If the answer at each of
the decision points in Figure 3b is ‘no’ then aécatonditions prevail and the APSIM-
SoilN module operates in aerobic mode, as per nolonaany non-flooded crop. |If
floodwater arises and a subsequent soil layertigaad (answer ‘yes’ in Figure 3b)
then the daily organic matter cycling within thatl dayer starts to be governed by the
anaerobic rate constants (Table 1). If the floddwaubsequently disappears at some
point (dries down or is drained), the system caamndessly move back to aerobic
organic matter cycling as the decision points nowsweer ‘no’. In this way, seamless
transition between aerobic and anaerobic conditi@Ehieved — a switching process
solely governed by the hydraulically-modelled prese (or absence) of floodwater
and saturated soil.

Table 1: Constants governing organic matter cgdinAPSIM-SoilN, showing values for
both aerobic and anaerobic conditions (Jing.e2@07, 2010; Kirk and Olk 2000).

SoilN2 Description Aerobic  Anaerobic
Constant Value Value
opt_temp soil temperature above which there is no further 32 32

effect on mineralisation and nitrification (0C)

rd_biom  potential rate of soil biomass mineralization (per  0.0081 0.004

day)

rd_hum  potential rate of humus mineralization (per day) 0.00015 0.00007

rd_carb  potential rate for decomposition of FPoell 0.2 0.1
carbohydrate (per day)

rd_cell potential rate for decomposition of FPoel2 0.05 0.025
cellulose (per day)

rd_lign potential rate for decomposition of FPoel8gnin 0.0095 0.003
(per day)
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PROCESS
PROCESS Get sall IWater profile
| Get soil water r:JrofiIe (from Soilwat) Calculate or g;t soil temp (layer)
Calculate or get soil temperature (layer) Mineralise residues Y N Mineralise residues
' in pond Is there a in atmosphere

Mineralise residues pond?

>l

1 - ‘Old’ APSIM
Hydrolyse Urea Anaerobic rate Aerobic rate
T constants used Y Layerloop:is this constants used
g Denitrification layer saturated an
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Figure 3. Logic of daily process simulation witii# SIM-SoilN illustrating; a) old; and b)
new structures. Note that if there is no ‘pondg thew’ is exactly the same as the ‘old’
process path.

Changes to APSIM Surface Organic Matter Module fg@@OM)

The decomposition of surface residues in APSIM ®vegned by a potential
decomposition rate (specific to residue type), medion a daily basis by several 0-1
limiting factors: - a temperature factor, a moistdiactor, a C:N ratio factor, and a
contact factor (Probert et al.,, 1998; Thorburn let 2001). When the residue is
submerged (as in floodwater) we have assumed dasanmoisture factor of 0.5. This
recognizes a slowepotential decomposition rate under submerged conditions,
compared with moist, air-exposed conditions (meetiactor = 1.0). We assume the
restricted movement of oxygen through floodwatentdbutes to slower potential
decomposition of surface residues. Depending onnsoisture conditions of course,
actual decomposition rates under submerged conditions beayigher than under
non-submerged conditions with moisture limitingnyAimmobilisation demand from
submerged residues is met from mineral-N pools REM-Pond. Decomposition of
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surface residues in standing water may thereforinbted by available mineral-N in
the floodwater.

Flux of solutes between floodwater and soil

An important component of our modifications to ARSE the description of transport
processes for nutrients between floodwater and Siile rates of these processes are
major determinants of N-use efficiency in rice-lthsgystems (Buresh et al., 2008).
APSIM-Pond pools of urea, NHand NQ are transferred to/from the soil (APSIM-
SoilN module) on a daily basis via the processesnas flow and diffusion. For
diffusion calculations, the concentration of eaolute in the floodwater is compared
with that in soil solution. When the concentratioase different in the two
compartments, a diffusion process is invoked temheine the flux. This is a simple
process for the highly soluble NO3 and urea comptsyas both floodwater and soil
pools are assumed to be freely diffusible. The ixXNH4 between floodwater and
soil is more complex, and requires determinationhef diffusible component of soil
NH4 (in other words NH4 that is not adsorped onfay garticles in the soil). A
Langmuir isotherm is used to calculate this frediffusible NH4 proportion as a
function of the surface soil cation exchange caga&EC), in accordance with the
methodology of Godwin & Singh (1991). A concentatgradient is then determined,
and a positive or negative flux is calculated fog tNH4 in solution, for NO3 and for
the urea components. CEC is a new required APSINNSoput parameter. Further
details of our conceptualization and implementabrthese process descriptions is
reported in Gaydon et al., 2012b.

Model Evaluation

Model evaluation was performed in two stages; dhalnadjustment of empirical
parameters through iteratively comparing simulaa@d observed data for specific
experimental datasets (calibration), followed kstitey of the calibrated model against
an additional range of independent datasets, dedigo evaluate the model's
performance across a range of environments, pesctend seasons (validation). The
primary focus of this development exercise was todpce a model capable of
simulatingcropping systenperformance. Hence the bulk of validation dawsetre
chosen to provide an insight into system behawwing crop sequences (rather than
individual crops). These calibration and validataatasets included fallow periods, a
range of crop types, and varying management pesc(itable 2).
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Table2: Detalils of field experiments used in the calilmratand validation of the APSIM mod(PTR-puddled transplanted ricBFR-broadcas
flooded rice; DSR-direct-seeded rice; R-rice; Sk&an; W-wheat; B-barley; F-fallow; CS-continuallyrigled; AWD-alternate wet and
dry; I-irrigated; RF-rainfed )

Dataset Reference Location Years Treatments Cropsl/varieties Measurement Details
abbreviation
Calibration
RBS5 Buresh et al. (1988) Pila, Philippines 1985 0,30,60,90,120 kgN/ha PTR/ IR58 Pond chemistry, N-uptake, and

rice production.

Validation
Pond-soil chemistry Pond chemistry, complete N-
SKD8S De Datta etal. (1988) Mufioz, Philippines 1985  Three (3) N placement PTR, BFR/IR60  Dalance (uptake, in-situ soil, and
St loss) and rice production
methods/timing
Crop sequence Production, water use, pond and
- : R-R-S-R-R rotation; two (2) . . ; ! '
AS09 Suriadi et al. (2009) Lombok, Indonesia 2007-2009 water treatments (CS,AWD). SP(;I’IEé;:;]g/]e;\L,JIIIE soil chemistry
Three (3) N treatments:- y
0,69,138 kg N/ha/crop Influence of water table, rice
. Six (6) consecutive rice PTR (dry season) & production
ABO4 Boling et al. (2004) fa(;‘e”a'?’ Java, 1997-2000  ;ops; three (3) N treatments: DSR (wet season)/
hdonesia 0,120,144 kgN/ha/crop; two  IR64
(2) water treatments (I,RF)
IRRI, Los Banos, Seven (7) consecutive rice Production, soil chemistry
SBO1 Bucher et al. (2001) Philippines 1996-2000  (one. 4/ straw, earlyflate P TR/ IR72
residue incorporation
GBOG Beecher et al. (2006) 20022006 Seven (7) crop sequences  DSR/Amaroo,Quest. | o0uction, water use, soil water

Coleambally, and mineral N.

binati f R,W,B,S,F);
NSW, Australia (combinations of R,W,B,S,F);

three (3) irrigation layouts Wheat/Chara
(flat, beds, drippers); four (4) Barley/Gairdner
N treatments (0,60,120,180

kgN/ha for rice) Soybean/Djakal

I0§ 9211 Ul SuonIsuel) digolaeue-oiqolae Bul||opon
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Datasets used

a. Calibration

Calibration of empirical parameters which effectovdly-changing system
characteristics (such as soil organic carbon) mpossible from single-crop datasets,
however such short-term datasets can be useful ssesaing more dynamic
characteristics such as ammonia volatilization,vigled key driving variables are
available in the dataset. We used dataset RB883€T) to calibrate the APSIM-Pond
constantNH4_loss_fact. RB85 was particularly suited for this calibrationletailed
measurements of pond chemistry were availablelé@dfvater pH, temperature, and
ammoniacal-N (ammonium plus ammonia) for the 10sd@ylowing each fertilizer
application, crop N uptake, crop biomass, and figedin yield. The experiment
included a treatment with urea broadcast ontoated rice in the Philippines on two
occasions at five different total rates of ferglizN. (0, 30, 60, 90 and 120 kgN ha
crop"). The fertilizer splits were 2/3 of total amowait18 days after transplanting,
and 1/3 5 days after panicle initiation (PI).

b. Validation

The calibrated model was subsequently validatednagga number of independent
datasets (Table 2). A single dataset was usedlidate pond-soil chemistry and N-
balance performance (SKD88). Four subsequent elatasere used to test the model
performance in simulation of crop grain yields. e$b datasets comprised experiments
featuring crop sequences (multiple rice crops atfrospecies, separated by fallow
periods of varying length and management), a rasfgbiophysical environments
(tropical to temperate climates, highly permeabte heavy impermeable soils,
influence of shallow water-tables), a range of fiopc management treatments
(different irrigation and fertilizer regimes), anflcourse a spread of variable climatic
seasons. Datasets with extensive measurementsl efager, N and C, together with
algal activity/biomass/senescence were not availdabldirectly test the key new
drivers implemented in our APSIM science modifioa. Hence we have focused on
indirect validation of our changes through examaoratof more widely availably
measures of cropping system performance, namefy\yasdds. The assumption is that
successful simulation of crop yieldgthin a multi-crop sequenceonfirms sensible
simulation of soil water and N dynamics. Bellocétial (2010) and Sinclair and
Seligman (2000) suggest it is desirable for sevdiérent output variables to be
validated in unison to confirm crop model robusgne$hey gave the example of using
not only crop yields, but also LAI, biomass paotiing between plant components,
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crop N-uptake etc., to thoroughly demonstrated sblsimulation of crops. However
we have chosen to focus on crop yields alone m \vhlidation of APSIM, since the
simulation of those additional crop components he ORYZA2000 routines has
already been thoroughly developed and tested byrBouand Van Laar (2006). A
few specific notes on the individual datasets usetis validation of APSIM follows:

SKD88 — This experiment was conducted over a two yeaoget Mufioz,
Philippines to determine the N-use efficiency akthurea application practices
in both puddled transplanted rice (PTR) and brostdseeded flooded rice
(BFR). The treatments imposed consisted of differ@pplication methods,
timings and splits for fertilizer N. For the BFReatments simulated for this
validation were aesearchers’ spli{T3) applied 2/3 urea basally, and 1/3 at 5-7
days before PI; &iple split (T5) applied 1/3 urea basally, 1/3 at 20 days after
seeding, and 1/3 at 5-7 days before PI; afatraers’ split(T6) applied ¥z urea

at 15 days after seeding, and % at 10 days afteF& the PTR, aesearchers’
split (T12) and garmers’ split(T14) were also imposed according to the same
schedule, with ‘transplanting date’ substituted‘éeeding date’. A complete N
balance for all treatments was conducted usifg, making this dataset
particularly valuable for validation testing of AR&performance in simulating

N loss via volatilization. In this experiment Nsk was calculated by
deduction; the total N recovered at the end ofakperiment (in soil, grain,
stover, roots) was subtracted from the total N ig@pplas fertilizer, and in
irrigation water) and existing in the soil at thegbning of the experiment to
determine the unrecovered N, or N loss. Losses vamsumed to have
predominantly occurred via ammonia volatilizatiomdato some degree
denitrification.

ASO09 - This experiment was conducted over a 3 yearodem Lombok,

Indonesia, and featured an irrigated PTR-soybeaatioa on a highly-

permeable soil. Crop residues were cut and reméwad the field between
crops, as per local practice. A key focus of thkpeeiment was evaluating
potential gains in water productivity (WP) fromaltate wet-and-dry (AWD)
irrigation management, compared with continuousding. Three N fertilizer
regimes were included in sub-plots.

ABO4 - This experiment was also conducted in Indongkikenan, Java) over a
3 year period, but on a heavier soil influencedabghallow water-table. Six
seasons of continuous rice were planted, a mix@rBTR (dry season) and
DSR (direct-seeded rice)(wet season). Imposednterds were two irrigation

(irrigated and rainfed), and three effective Nifiedr treatments.
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= SBO01- This experiment was conducted over a four yeaioget IRRI, Los
Bands, Philippines, with seven consecutive PTRciops on a heavy clay soil.
The primary focus was on management of intercrdfmwa periods, with
treatments including (i) residues removed at harV@y residues incorporated
10 days after harvest; and (iii) residues retaitmedughout fallow period and
incorporated during land preparation for next cropwo fertilizer treatments
were overlaid — plus and minus N — with dry seas@ps receiving 210 kg N
ha' as urea, and wet-season crops receiving 140 kgaNirh the plus N
treatments. All crops were fully irrigated and dtted. A factorial of
plus/minus N and plus/minus residue treatmentsusasd in the validation .

= GBO06- This experiment was conducted over a 4 year gpendhe temperate
rice-growing district of Australia (Coleambally, M8, and compared a range
of crops sequences (including rice, wheat, barley soybeans) on different
layouts (eg beds vs flat) under different irrigatipractices and fertilizer
regimes.

Statistical evaluation methods used

A linear regression across all crop sequence datases used to compare measured
and simulated grain yield, for both rice and ottraps. We determined the slopg, (
intercept B), and coefficient of correlation @Rof the linear regression between
simulated and measured values. We also evaluatddlmperformance using the
Student’s t-test of means assuming unequal variB(igeand the absolute square root
of the mean squared error, RMSE (equation 2).

RMSE= =" )

Where $and Q are simulated and observed values, respectivetinas the number
of pairs. A model reproduces experimental datawasna is 1,8 is 0, Ris 1, P(t) is
larger than 0.05 (indicating observed and simulatath are the same at the 95%
confidence level), and the absolute RMSE is similar standard deviation of
experimental measurements. We also calculated nbeelling efficiency, EF
(Willmott, 1981; Krause et al., 2005) as anothectognized measure of fit. The
modelling efficiency is defined as:
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Z OG-S )2
EF :1—W 3

i=Ln

Whereo is the mean of the observed values. A value ofEFindicates a perfect
model (MSE = 0) and a value of O indicates a mddelwhich MSE is equal to the
original variability in the measured data. Negatixalues suggest that the average of
the measured values is a better predictor thamthgel in all cases. The term ‘model
robustness’ refers to the model’s reliability underange of experimental conditions
(Bellocchi et al., 2010; Confalonieri et al. 2010)Given the broad spread of
geographical locations and conditions examined hrs tmodel evaluation, we
calculated the robustness indicatgy, (IConfalonieri et al. 2010) as a measure of the
transferability of APSIM’s performance across vdreonditions (Equation 4).

(4)

Whereogr is the standard deviation of the modelling efficies, andosay is the the
standard deviation of the values of a SAM (Synthé&groMeteorological indicator;
Confalonieri et al., 2010). rlhas been demonstrated as fairly independent oé mor
traditional statistical metrics and model accuramwasures (such as correlation-based
methods detailed earlier), hence we have usedotaade an additional perspective to
further appraise model performance.rdnges between 0 aneb;+with optimum = 0.

The method outlined by Kobayashi and Salam (200@s wsed for a deeper
examination of revealed error, via decompositiontltd mean squared deviation
(MSD) components. This method breaks the MSD (MSE?) into the numeric sum

of three parts (Equation 5); the squared bias (383, squared difference between
standard deviations (SDSD), and the lack of caticrlaweighted by the standard
deviations (LCS). Kobayashi and Salam (2000) destmate that:

MSD = SB + SDSD + LCS (5)
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The relative sizes of these three components alltnwbution of the relative sources of
error. A small value for the SDSD indicates thiaigated data exhibits a similar
sensitivity to changes in conditions as the obskrtata — a large value indicates
differing sensitivities play a large role in obsedv error; the LCS reflects the
contribution of general correlation to the errargddhe relative size of SB is a measure
of the bias in the simulated data compared withothserved.

Parameterization and calibration

APSIM was parameterized for each experimental ssiag reported values for the
datasets (Table 2). The model requires daily valokgainfall, maximum and
minimum temperature and solar radiation. Also resgliwere soil physical parameters
including layer-based bulk density, saturated wetertent, soil water at field capacity
and wilting point. Two parameters, U and CONA, ethdetermine first and second
stage soil evaporation (Ritchie, 1972) are alsaiired. The latter parameters were set
at 6 mm and 3.5 mm dayrespectively, values accepted for tropical coadit such
as those described here (Probert et al., 1998;iriKgeat al., 2003). The proportion of
water in excess of field capacity that drains ®nkext layer within a day was specified
via a coefficient, SWCON, which varies dependingsmil texture. Poorly draining
clay soils will characteristically have values <@hile sandy soils that have high
water conductivity can have values >0.8 (Probertalet 1998). The values for
saturated percolation rate (Ks in APSIM, mm dawere readily available from the
published experimental papers. Soil chemical patam required by APSIM
included soil pH, organic C, the fraction of SOMu@rt and initial BIOM-C, and
mineral N. The maximum daily algal growth rate vestimated and assumed to be
constant between sites (Gaydon et al., 2012b).er&aemew constants (Table 1) were
employed without calibration, straight from thestdture, due to lack of experimental
data on which to calibrate. Other parameters reduiterative calibration and are
described in the following sections:-

a. Ammonia volatilization

APSIM was configured to simulate the soil, cremd imposed management this
experiment (RB85) and the value of NH4_loss_fact wecrementally varied until
concentrations of urea and ammonium in the pondeth@r with rice biomass
accumulation and final yield, were all simulatedllw€igure 4) with B values of
greater than 90% for both rice biomass and gragidgi (Figure 5). A value for
NH4 loss fact of 0.4 was found to apply, and wasdu®r all subsequent validation
simulations at all sites.
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Figure 4. Simulated vs measured data for 30 E20 kgN h# treatments in RB85.
Amounts are total N applied, split 2/3 and 1/3m@ated data is shown as continuous lines,
measured data as discrete points with associatedlers representing 1x standard deviation
either side of the mean. Graphs a, ¢, and e athdo30 kgN hd treatment; graphs b,d, and f
for the 120 kgN ha treatment. The spikes in pond MNidoincide with applications of

fertilizer (urea) to the experiments.

b. SOM mineralization
Because SOM mineralization capacity varies betweeations as a function of soil
biota ecology and the proportion of SOM in the s&sit or lignin pool (inert fraction),
the values of the APSIM parametdfbiom and Finert (Probert et al.,, 1998) were
calibrated for each experiment using data from -2&itoeatments. A certain amount
of plant-available mineral N was assumed to conoenfrainfall and/or irrigation
water, and the remainder from mineralization ofamig matter for the simulation of
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these treatments. The values of Fbiom and Fimeré incrementally varied within
reasonable bounds (Probert et al., 1998) untistmeilated indigenous N supply in the
zero-N treatments allowed close simulation of tleagured crop yields.

14 ~

| . 1:1
12 y=087x + 2.1 biomass

10 ~ R2=0.98

4 1 yield y=0.8x+ 0.4
> R? = 0.996

Simulated Production
(Mg/ha)

0 T T T T T T 1
0 2 4 6 8 10 12 14

Measured Production (Mg/ha)

Figure 5. Simulated vs Measured production forbzation experiment RB85; broadcast urea
applications rates of 0, 30, 60, 90 and 120 kgNchap™.

c. Crop phenology

In simulation of each experiment, rice crop vaesgtivere calibrated by varying the
ORYZA2000 crop phenology parameters until the miedgbhenology dates matched
the observed dates. The same process was follatbdAPSIM crops like wheat,
barley, and soybean. The primary dates of focu® wWese associated with sowing,
transplanting, panicle initiation, flowering, anidysiological maturity.

RESULTS

Validation of floodwater chemistry performance

The model was able to simulate the pattern and matgmof N-loss characteristics for
the various treatments in SKD88 (Figure 6), thergigviding an independent
validation for model floodwater chemistry perforroarresulting from the calibration
process detailed in section 2.4.3. N-loss in APSI&6 determined by summing the
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daily simulated ammonia volatilization and denitation. The comparison between
simulated and measured N loss percentages actdssa@inents gave af of 0.98 (n

= 5 treatments), with an RMSE of 2.98, comparedh wie average measured standard
deviation within treatments of 3.65. This indicatgatisfactory model performance,
with error of predictions within the bounds of expeental variability. The simulated
vs measured grain yields for the same treatmerata (dot shown) gave an overall
RMSE of 453 kg/ha, compared with a range of stahddeviations amongst the
experimental treatments of 255-577 kg/ha.

40
35 - m Simulated

0O Measured
30 +

25 A
20 ~
15 ~
10 +

Nitrogen Loss (% applied N)

t3 t5 t6 t12 t14
Fertilizer Application Treatment

Figure 6. Validation of the calibrated APSIM mbaohesimulating loss of applied N fertilizer
for five (5) different N application methods anohiings (SKD88). Results for year 1985 are
shown. Treatments 3-6 are in broadcast-seededdtboce; treatments 12 and 14 are in
puddled transplanted rice.

Validation of crop sequence performance

Figure 7 shows simulated versus measured datavtotreatments of AS09; zero N
and non-limited N.  The fallow periods were shiess than 14 days) and four rice
crops were separated by a single soybean cropcim eatment. This dataset was
chosen to test the performance of the model adessiizer treatments in a highly
permeable soil, for a mix of rice and non-rice &ogFigure 7 demonstrates a good
model response to applied fertilizer in the contmly flooded treatments. Model
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performance for different treatments is illustratadrigure 8. The model performs
best in the continuously submerged treatmentswil, marginal over-prediction of
rice yields in the AWD treatments (b). Across indual fertilizer treatments (c), the
model performed best for the mid-range fertilizaid69 kg N hd), with excessive
system sensitivity for zero-N treatments (illustcaby trend-line tending to vertical),
and insufficient system sensitivity at the high&1& ha') N rates.  The overall
correlation for all treatments (around a 1:1 liheotigh the origin) was = 0.82,
indicating good model performance for a 3 year €seguence dataset, consisting of 5
crops with no model resets.

16
fa a-
< 47 0 kgN/ha per rice crop
512
s ) .
:; 10 Rice Rice Soybean Rice
@ 87 Rice
6 .
5 . y
o 4]
2 .
0 / ;
18 - .
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Figure 7. Performance of APSIM in simulating@e-rice-soybean-rice-ricerop sequence
(AS09) in Lombok, Indonesia, on a highly permeadnd. Simulated data is shown as solid
lines, measured data as discrete points with aa®alcerror bars (1 x standard deviation either
side of the mean). Gragf) shows the biomass and yield for a 0 kg laplication per rice
crop; andb) a 138 kgN hd input, for continuously submerged rice productiith partial

stubble removal during fallows.
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Figure 8. Performance of APSIM in simulating rened soybean yields duringri@e-rice-
soybean-rice-ricecrop sequence (AS09) in Lombok, Indonesia, ongaliipermeable soil.
Graphs a) and b) show APSIM performance in simudgthe two (2) water treatments across
a range of fertilizer treatments; Graph c) shovesttiree (3) fertilizer treatments across water

treatments; whilst d) shows APSIM performance acalstreatments.

SB01 was included to test APSIM’s ability to simelahe effect of different
fallow residue management practices (Figure 9 a@yl 1This experiment was
conducted over 4 years at IRRI, Los Bands, Phitippi comprising 7 consecutive rice
crops and a particularly wide variety of seasoresy(Bucher et al., 2001). The fallow
periods had either crop residues retained or rethaambined factorially with +/- N.
Figures 9 and 10 illustrate the performance of &fSIM model in predicting
aboveground biomass and grain yield. Over theodeot four (4) years and seven (7)
consecutive rice crops for SB01, the comparisonvéen simulated and measured
grain yields for the minus-N treatments showed aoréasing trend in accuracy with
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time. The plus-N treatment yield dynamics are w&lnulated, indicating our
calibration ofNH4 _loss_factis performing well. Figure 10 illustrates measlres
simulated 1:1 plots for each treatment categoryyelkas all treatments combined. A
tendency to underestimate grain yields is evideetall (Figure 10e), and particularly
marked in theResidue Retainetteatments (Figure 10c), in which total above-gibu
biomass was also under-predicted. This may ingiegd®SIM is immobilizing too
much N during residue decomposition. Overall theadation figures are remarkably
good for crop production in this experiment, givgediversity of treatments over seven
(7) consecutive crops with markedly different seatypes, employing no model resets
of any kind whatsoever.
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Figure 9. Performance of APSIM in simulating ge&r continuous sequence of rice crops
(SB01) at IRRI, Los Banos, Philippines, with a rangf tillage, residue and nitrogen
treatments (Two (2) out of six (6) experimentahtreents shown). Simulated data is shown
as solid lines (biomass - black; grain yields —ebplumeasured data as discrete points
(biomass -A; grain yield -A) with associated error bars (1 x standard dewagither side of
the mean) . A wide variety of season types wereoemntered over the 4 years of this

experiment.

The final validation dataset (GB06) was includedecfically to test the
performance of the APSIM model in simulating selvdraerse crop sequences. This
experiment also provided testing in a contrastingirenment (temperate climate -
southern Australia), and included measurementsitafgen and moisture in the top
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90cms of soil. For this reason we have used GRO@lustrate the full system
simulation capabilities of APSIM. Figure 11 showsnulated crop production,
together with the dynamics of crop residues, sdil;dnd NH, soil moisture, and
ponding depth; presented against measured dateevalvarlable. Within the bounds
of experimental variability and standard uncertagaround model input parameters,
APSIM captured the system dynamics well over thar fgears of the experiment,
regardless of the management treatments imposad (Featments were simulated,
but only one (Treatment 4) is illustrated). No teys variable resets were used,
suggesting the dynamics of nitrogen, water, cromdpction and residue
decomposition are being sensibly simulated.
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Figure 10. Performance of APSIM-Oryza in simulgtia 4 year sequence of rice crops
(SBO1) at IRRI, Los Banos, Philippines, isolatiig tmodel’s ability (across all associated
treatments) to simulate the effectajfadded nitrogernt) no added nitrogert) crop residues
retained in fallows;d) crop residues removed in fallows. Graghshows the collated
performance of the model across all treatmentxh Gaaph shows grain yield (open symbols,
o) and total biomass (black symbaig,
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Figure 11. Simulated vs measured system data for GB06, Tredthen rice-barley-

soybean experimental rotation on a transitionallmexvn earth soil at Coleambally,
NSW, Australia. Simulated production (tHacrop residues (t i3, soil NH, NOs;
(kg ha®) and soil water (mm) in top 90cms soil, and floadsv depth (mm) are shown
(Reference: Beecheast al. 2006). Ponded depths are less in treatment 4 isf th
experiment ¢f. treatments 1 and 2) due to the presence of betig ince bays.

Scatter plots (1:1) were produced comparing obsearal simulated grain yields
across all validation datasets, for both rice aad-nce crops (Figure 12). Table 3
gives associated statistics. We consider thapwieeall R value of 0.81, with low bias
(a = 1.018,B = -323 kg/ha) provides strong evidence that ouSWP modifications
are facilitating sensible system simulation ovee thide variety of environments,
managements, and seasons represented in our ialidiatasets. The overall RMSE
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of 1061 kg hd is of the same magnitude, but considerably less tihe overall
standard deviation within the measured data (21$th&‘), suggesting acceptable
model performance. The Student’s paired T-testuf@ig non-equal variances) gave
a significance of P(t) = 0.43, indicating that #hés no statistical difference between
measured and simulated data at the 95% confideved, Wwhilst the high overall EF
of 0.79 indicates the model is performing acceptabl

10 4
14 4
Rice crops Other crops in rotation
129 8 with Rice
10 1
3 3 ° .
c 81 <
S = Wheat/Barley
E =
n 6 @ 4
4
21 8
2 Soybean
0 T T T T T 0 T T T T )
0 2 4 6 8 10 12 14 0 2 4 6 8 10
Measured Measured

Figure 12 Comparison between measured and diedutgain yields (t B for all
validation crop sequence experiments, forriag crops and b)non-rice cropsin
rotation with rice

The diversity of calculated values of the SAM irat&s the broad environmental
variability of the validation datasets used (Table The values range from positive in
the Philippines (0.23 for RB85) indicating less «uative reference
evapotranspiration than rainfall over the March Qatober reference period, to
strongly negative in Australia (-0.564 for GBO6)Yicating much drier conditions
(greater evapotranspiration than rainfall). Sirtiatss gave acceptably high modelling
efficiencies (EF) for grain yield across the rangading to a model robustnesg) (bf
0.27. This compares well with published figures $everal modern rice crop models
(0.1632 — 0.3719; WARM, CropSyst, and WOFOST, Clomiari et al., 2010)
reporting above-ground rice biomass.
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Table 3 Statistics for measured vs simulated rice yields&the datasets

Dataset N Xmead SD) Xsm(SD) P(1) a B RZ RMSE EF
ABO4 31 4135 (1562) 4227 (2224) 0.85 1.20 751 0.71 1214 0.38
AS09 24 5319 (1366) 5708 (1798) 0.4 1.19 -644 0.82 874 0.57
SBO1 56 4496 (1462) 3885 (1571) 0.04 0.91 -196 0.71 1043 0.48
RB85 5 5599 (1129) 4855 (901) 0.28 0.80 395 0.99 773 0.41
GBO6 5 12204 (1487) 11733 (2240) 0.71 1.23 -3317 0.67 1281 0.37

Overall (combined) 121 4931 (2160) 4699 (2423) 043  1.02 323.23 0.82 1061 0.79

N, number of data pairs;m§as mean of measured values;X mean of simulated values; SD, standard deviaBdgt); significance of
Student’s paired t-test assuming non-equal var@mgeslope of linear regression between simulatednaeasured value§, y-intercept of
linear regression between simulated and measutadsya®, square of linear correlation coefficient betwsenulated and measured values;
RMSE, absolute root mean squared error; EF, thaeitiog efficiency.
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Table 4. Calculation of Model Robustness index, Uising standard deviations of the
synthetic agro-meteorological indicator, SAM, ahd tnodelling efficiency, EF.
(Equation 4). Rice grain yield was the variabldamius.

Dataset Av. SAM EF
AS09 -0.228 0.573
ABO4 -0.225 0.376
SB0O1 0.093 0.481
RB85 0.244 0.414
GBO06 -0.564 0.37

Standard deviation Osam = oegr = 0.085

0.315

Ir = Osam /O'EF =0.27

It is particularly relevant that we have compardseyved and simulated grain
yields for cropan sequencenotindividual crops with initialized system variables at
the commencement of each growing season. Forgbwadent validation testing of
the original stand-alone ORYZA2000 model, Boumad %an Laar (2006) recorded
an R of 0.79 (witha = 1.123,8 = -1197, RMSE = 838 kg H} for an assembled
dataset simulated as single crops, with conditi@nset at the start of each growing
period. Using the same crop model (ORYZA2000),eitth the added complexity of
crop sequences involving fallows with no soil vat&aresets between crops, we have
lost little in the performance of the APSIM-Oryzabdel in simulating grain yields.
This provides evidence that our modelling of tleefgrowing environment is robust.

The statistics for individual datasets (Table 3)esded one (SBO1) with a P(t) <
0.05, denoting a statistical difference between suesd and simulated rice grain
yields at the 95% confidence level. This dataseitained a variety of treatments
relating to fallow residue management over a sewea crop sequence, several
treatments of which were simulated extremely we€lggres 9 and 10). For this
reason, we sought to examine the sources of tlealey error more closely using the
methods outlined by Kobayashi and Salam (2000). &&kulated these three
components of MSD for observed versus simulatedpeoisons in each factorial
treatment in SBO1 and presented them as a segmamadation of the MSD (Figure
13). This analysis yielded a clear picture of tilgatments which exerted the greatest
influence over the revealed error, and it also gied an insight into the nature of that
error.
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Figure 13. Breakup of the mean squared deviatidBl¥) between simulated and measured
rice yield data for four (4) treatment categorieSB01. MSD is the sum of the squared bias
(SB), the squared difference between standard ti@vsa(SDSD), and the lack of correlation
weighted by the standard deviations (LCS) (Kobayasid Salam 2000); P(t) is the

significance of Student’s paired t-test assuming-equal variances.

Figure 13 shows that tHdinus Residudreatments were simulated well, with no
statistical difference between observed and siredlgrain yields for both the +/- N
factorials at the 95% confidence level (P(t) > 0.0%he dominant source of error lay
in the Plus Residud¢reatments, particularly in the +N factorial. Aramination of the
components of the MSD tell us that the SDSD wasallscomponent of the error,
indicating the modelled grain yields demonstratedilar sensitivity to changes in
conditions as the observed grain yields. The Ergeurce of error was the LCS,
indicating a general lack of correlation betweenudated and measured yields when
residue was retained in the fallows, an error whvels increased by the addition of N
fertilizer. Anecdotal evidence from this experirh@mdicates that the fallows were
often very wet during this four year experimentisTéuggests that the simulation of N
immobilization by residues during saturated fallowsa current weak point for
APSIM, providing at least one direction for furtheork on improving this modelling
framework.
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DISCUSSION

The ability to simulate the performance o$iagle cropdoes not necessarily confirm
accurate description of whole-of-system processea model. Most models have
many empirical input parameters to adjust, and ipassible to achieve the “right
results for the wrong reasons”, particularly whanwating a single crop (Bellocchi et
al., 2010; Sinclair and Seligman, 2000). Howewercsssful simulation afropping
sequences(including several consecutive crops, fallows, seea types, residue
treatments and other management impositions), agctiemonstrated in this paper,
provides much greater confidence that the modegasistically capturing key system
processes in both soil and crop arenas.

The soil environment is a complex ecosystem witmerous interacting physical,
chemical and biological processes. This complerstyexemplified by transitions
between flooded and non-flooded conditions. Sowstesn elements are complex to
model and the relevant variables even more contplemeasure, making it difficult to
directly confirm correct simulation. In our enhantents to APSIM we have chosen
to ignore some well-known system processes (whtbleromodels have described at
length) on the assumption they do not significantipact on the key system variables
we wish to simulate (crop yields, water-use andsiH-efficiency etc.). Examples
include the thin oxidized layer which developsta surface of a submerged soil, and
the aerobic rhizosphere which develops within miditres of the crop roots. Both of
these zones have been well studied, exhibitingaNsfiormational processes such as
ammonification, nitrification, and denitrificatiohpowever we have assumed the scale
of these processes does not warrant inclusion fmopping systems model focused
primarily on simulation of crop production. N tsfarmations within these zones are
implicitly captured within other calibrated paramest and constants, and are not
modelled independently in our developments. Weshaso assumed that reduced soill
conditions develop instantly following ponding ofter on the soil surface, despite
knowing in reality there is a lag period. Arah @R) suggested that a comprehensive
treatment of soil organic matter (SOM) transformatin flooded rice requires at least
the following: (1) an account of below-ground, @ansport, occurring primarily
through the roots, and (2) an account of the dirdeience of Q availability on SOM
decomposition. Our model development philosophy besn to start with simple
process descriptions of what we believe are the peycesses driving system
performance, only adding further process descngti@r enhancing detail of existing
descriptions) when simulations are not capable agturing the dynamics of the
measured data of interest. Whereas the assedioftirah (2000) are not questioned,
our aim with APSIM is ultimately to model agriculéh production, not detailed SOM
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dynamics. APSIM does not model, @ansport within the soil. Our simplified
assumptions do not represent an alternative ursthelisty of the key drivers of SOM
dynamics, rather a basic attempt to simplify dggicmn of the system for simulation of
crop production.

In this paper we have tested our assumptions awdwmedel modifications against
a diverse range of collated experimental rice-basedping datasets. In the absence
of widely available soil N data to directly testrouodel improvements, we used crop
grain yields as an indirect surrogate measure afainperformance. Simulations were
performed over several years without any varialdeets, simulating continuous
dynamics of crops, water and soil. The particiibeus for the testing has been crop
sequences which exhibit alternate anaerobic anobeesoil conditions, represented
by flooded and non-flooded phases in rice-baseationis. The non-flooded phases in
our data-sets have consisted of dry fallows betweencrops, in addition to non-rice
crops. We have used published, replicated expetahalatasets from Indonesia,
Philippines, and Australia, capturing varying magragnt impositions, and have used
robust statistical methods to help understand tloslef's strengths and current
weaknesses.

The results of comparisons between simulated arsgérebd variables for these
datasets have illustrated the strength of APSIMi# rcapacity to simulate the rice-
growing environment for the purposes of modellirgpcyields, and therefore the
practicality of our modifications. Revealed erb@mtween our observed and simulated
rice yields (APSIM-Oryza) showed little differencempared with those reported for
the stand-alone ORYZA2000 (Bouman and Van Laar,6p0&hich were obtained
through testing against single crop data sets. s Wwas despite our simulations
including sequence®f crops and fallows over several years with nd gariable
resets between crops. This indicates APSIM was &blsimulate the starting and
finishing soil conditions for each crop as leastvadl on average as the ORYZA2000
researchers were able to initialize soil variablas each of their single-crop
simulations.

The APSIM model showed particular strength in sating varied crop sequences,
response to applied fertilizers and the performasiceéare fallows. Continuously
submerged rice crops were simulated better thasethlvath periods of mild water
stress, however recent developments in ORYZA20@hse have addressed some of
these shortcomings (Sudhir-Yadav et al., 2011b; Oiapersonal communication) and
these will soon be implemented within the now otedaAPSIM-Oryza code. The
model was able to simulate the performance of BBIR and DSR on several soil
types and in several different environments. Tihauktion of retained crop stubble
during fallows was identified as an area for imgment, with immobilization N
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dynamics likely to be a driving feature. Furthesting of the model against observed
data from AWD and aerobic systems would assistldressing revealed shortcomings
and better position the APSIM framework for futaaptation studies in which these
management systems are likely to play a significaht. Further testing is also
desirable in the simulation of new/future croppsygtems, including newly emerging
management options such as no-till direct-seedsglconservation agriculture, or a
range of potential future nutrient management otio Specifically, datasets with
detailed measurements of soil N and water, resjdaied crop dynamics would be
helpful in fine-tuning APSIM performance in suchss®ms. APSIM is already
capable of simulating total gaseous emissions ain@ N (Probert et al., 1998),
however further development work to segregate dreese gas (GHG) emissions into
specific pools (M, NO,, N,O, CO,, CH,) would be desirable for adding an additional
perspective to future simulation studies on managemptions in rice-based cropping
systems.  Further assessment is required on whetber simplifying model
assumptions (for example, ignoring the thin oxidizeil layer and oxidized root zone)
remain valid when GHG emissions are the outputadei of focus.

CONCLUSIONS

Any simulation model aiming to assist in evaluatiiugure adaptation strategies in
rice-based cropping systems must be well testedrange of possible configurations -
different geographical locations, soil types, cnoixes and sequences, agronomic
managements (fertilizer, sowing criteria, crop klsament and tillage practices),
irrigation practices and variation in incident dific variables such as temperatures
and CQ. In this paper we have described the initial @éfan improving the APSIM
model for rice-based systems, and presented ei@iuadgainst a range of
experimental datasets for cropping sequences imglice. We have demonstrated
the robustness of APSIM’s new capacity to simuth&erice-growing environment (as
affects crop production), and therefore the pratitic of a number of simplifying
assumptions and modifications. The validationirigshas allowed identification of
conditions under which the model is performing wltop rotations; response to
applied fertilizers; the performance of bare fapwand areas in which to concentrate
further work (simulation of N immobilization in @@hed crop stubble during fallows,
greenhouse gas emissions). We will continue td ske¢asets which allow further
evaluation and enhancement of APSIM’s capacity iboukte new and innovative
practices, as well as a greater diversity of emvitental conditions. The APSIM
framework is now a useful tool to investigate theduction impacts of future climate
and resource scenarios in rice-based croppingragstas well as potential adaptation
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options in response to changes. Further testimgqaired to evaluate the impact of
our simplified assumptions on APSIM’s simulation grfeenhouse gas emissions in
rice-based cropping systems.
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CHAPTER 3

Modelling the role of algae in rice crop nutritionand soil organic
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Abstract

Photosynthetic aquatic biomass (PAB — algae andrdibodwater flora) is a significant
source of organic carbon (C) in rice-based croppiygiems. A portion of PAB is capable of
fixing nitrogen (N), and is hence also a sourcédbr crop nutrition. To account for this
phenomenon in long term simulation studies of Hased cropping systems, the APSIM
modelling framework was modified to include new agsions of biological and chemical
processes responsible for loss and gain of C aimdride floodwater. We used well-tested
algorithms from CERES-Rice, together with new cqtealizations for algal dynamics, in
modelling the contribution of PAB to maintenancesoil organic C and soil N-supplying
capacity in rice-based cropping systems. We detrateshow our new conceptualization of
PAB growth, turnover, and soil incorporation indbed rice systems facilitates successful
simulation of long-term soil fertility trials, suas the IRRI Long Term Continuous Cropping
Experiment (35 yrs+), from the perspectives of bstil organic carbon levels and vyield
maintenance. Previous models have been unabltwiat for the observed maintenance of
soil organic C in these systems, primarily duegimring inputs from PAB as a source of C.
The performance of long-term rice cropping systémukations, with and without inclusion
of these inputs, is shown to be radically differebetails of our modifications to APSIM are
presented, together with evidence that the modeha® a useful tool to investigate
sustainability issues associated with managemeartgghin rice-based cropping systems.

Keywords: APSIM, ORYZA2000, rice, cropping systems, biol@jinitrogen fixation, algae
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INTRODUCTION

The need for an enhanced modelling functionality

Gaydon et al (2012a) present an enhanced APSIM ltimgdéramework capable of

simulating transitions between flooded and nondk soils (in other words,

anaerobic and aerobic soil environments). Sudmalation capability is essential for
modelling cropping rotations and fallows which ihxe flooded (or occasionally

flooded) rice in rotation with other crops and pass. An additional element that
must be addressed is simulating the substantigmsysputs of C and N from photo-
synthetic aquatic biomass (PAB; algae) in rice-tasestems. In addition to being an
important source of soil C, certain componentsIgéilacommunities are also able to
fix N from the atmosphere, providing rice systemghwspecial characteristics in
sustainability.

Significance of biological nitrogen fixation (BNF)n rice-based systems

De (1939) attributed the natural fertility of tropl rice cropping systems to biological
nitrogen fixation (BNF) by algae, and it is now Wwektablished that N fixation by
blue-green algae or cyanobacteria plays a vital irothe build-up and maintenance of
rice system soil fertility. Carbon assimilated diyer floodwater flora and fauna also
plays an important role in securing sustainab(iitythe long-term fertility context; on-
going maintenance of rice production levels)(Graedl 1997). Lowendorf (1980)
noted that the processes by which PAB-fixed N bexavailable to the rice crop is
largely a mystery. Exudation of nutrients from tiveng algae is understood to be one
mechanism, however it appears that microbial decsitipn after the death of the
PAB is the principal means by which N is made aldé to the crop (Roger and
Reynaud, 1979). In paddy fields the death of tA8 Rsually occurs with the end of
the crop flooding period, after floodwater dry-dgwwhen surface decomposition
and/or subsequent tillage incorporates the PABCNrcontributions into the soil.

PAB growth results in a gradual build-up of soittiley with a residual effect on,
rather than an immediate benefit to, the standiog crop (Roger and Kulasooria,
1980). In the Philippines, PAB growth did notrsfgcantly increase the yield of the
standing crop but a build-up of N in the soil at tand of the crop was observed
(Alimagno and Yoshida, 1975). In other words, P4®wth during any given rice
crop contributes to the nutrition of the followinge crop — a genuine systems issue.

Estimates of fixed N from PAB vary from a few to Billograms per hectare per
crop. According to Roger and Kulasooria (1980¢ #verage value of the reported
estimates (30 kg N crop) seems to constitute a satisfactory referenceevalin
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another summary of extensive N balance studiescahg&ibution of indigenous BNF
to wetland rice has been estimated to be 14-50 KwNcrop® (Roger and Ladha,
1992), with 20 kg N Hacrop® suggested as a mean contribution from cyanobacteri
More recently, four long-term rice experimentshie Philippines indicated indigenous
BNF ranging from 19 to 44 kgN HRacrop’ during a 15-yr period for zero-N
treatments (Pampolino et al.,, 2008). There is esws@ that BNF is inhibited by
fertilizer N, (Roger and Ladha, 1992), with the méaNF N contribution dropping
from 30 to 4 kgN hd crop* when fertilizer N was applied.

Considerably less fertilizer N is required in fleoddrice systems to achieve the
same grain yields as (for example) in wheat systelns to the additional contribution
from biologically-fixed nutrients. For example, omigated land in most Asian
countries, rice farmers typically apply 100 to K80N ha™ to the dry-season rice crop
and 60 to 90 kg N hd to the wet-season crop (Doberman and Witt, 2000).
Corresponding mean grain yields are 6-8 tonnés hAchieving similar yields in
continuous wheat cropping systems requires N iagtiinputs in the range of 180-250
kg N ha' (Petrie et al. 2006). The zero-N treatment in tR&| Long Term
Continuous Cropping Experiment (LTCCE; Dobermanalgt2000; Pampolino et al.,
2008) has routinely achieved three rice crops par,yyielding a total of roughly nine
tonnes of grain per annum, for 35 consecutive yeats no applied N fertilizer.
Clearly, it is essential to capture this phenomeimosimulation models designed for
long-term yield maintenance studies in rice-basegming systems.

The community of PAB within rice floodwater is aghly variable and complex
mix of species, with the cyanobacteria proportioarying between locations,
management practices, and stages of the crop. example, cyanobacteria in an
Italian paddy field comprised 30% of the total algeomass (Materasi and Balloni,
1965), whereas a 95% figure was measured in SeflRgger and Reynaud, 1976). In
Japan, PAB was more abundant in fields where tilenss waterlogged throughout
the year than in nearby fields with intermittentterbogging (Okuda and Yamaguchi,
1952). Additionally, alternate drying and wettinga field throughout the phase of
rice germination suppressed a detrimental growthgeden algae and favoured
cyanobacteria. Roger and Kulasooria (1980) algggests that the cyanobacteria
component changes throughout the crop cycle, witiean of 2% of total biomass at
the start, increasing to a mean of 38% betweenihgaohd maturity under dense plant
cover. Clearly, the simulation of PAB inputs taeicropping systems represents a
considerable challenge in both process descripinmhparameterization.

Most crop models for rice have focussed on simnggsingle rice crops rather than
sequences of crops. As such, the contribution A B soil C and N is a less
significant process, and approaches taken in tis¢ lpave captured N inputs in a
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simplified fashion as ‘indigenous soil contributiaf N, but C is largely ignored (for
example, CERES-Rice (Godwin et al., 1990); ORYZA2@Bouman and Van Laatr,
2006)). Because of the focus of these models wglesirice crops, small in-season
changes to soil organic C are not significant. sThas resulted however in the inability
of CERES rice and other crop models to simulatg+@mm datasets like LTCCE. If a
cropping systems model is required to simulate pecodn from long-term sequences
of crops and sustainability issues (ie, maintenaotesoil organic C and soil N
supplying capacity), then simulating the inputs @fand N from PAB become
important. PAB inputs will vary with different s&an types and crop management.
The concept of a fixed ‘indigenous contributionedaot capture these dynamics.

In this paper, we present a simplified, yet respansnethod for capturing the
contributions from PAB in rice-based cropping sysée enabling realistic long term
simulation of cropping sequences involving rice.e YWesent cross-referenced testing
of this method against the LTCCE measurementsdtr grain yield and soil organic
C.

MODEL DESCRIPTION: APSIM-POND

A new module, APSIM-Pond, was developed to simukate chemical and biological
processes occurring within a flooded layer of stefavater. A dynamic floodwater
temperature balance is maintained, calculated daslyan energy balance between
atmosphere, floodwater, soil temperature, and emtidadiation. The floodwater
temperature calculations are from CERES-Rice ar@l lmased on SALUS soill
temperature routine (Schulthess and Ritchie, 1996):

FT,.. =ST@)+AT, x(F

max max_diff - I:evalp_ effect I:rad _ef'fect) (l)

depth_t max

I:Tmin = ST(l) - ATmin_diff X (Fdepth_t min + Frad_effect) (2)

WhereFT,.xandF T, are the maximum and minimum daily floodwater terapees,
respectively {C); ST(1) is the soil temperature in layer Cf; ATnax_dir @A ATin_dit
are maximum and minimum atmospheric temperaturéatiams from the average
daily temperature (for the current da$); Faepth tmax@NdFgepn_minare the floodwater
depth effects orFTo and FTi, respectively (defined in equations 3 and 4 below);
Fevap_efiectiS the cooling effect due to evaporation from fteodwater surface, as

56



Modelling the role of algae in rice cropping

calculated below (Equation 5) a4 efrectiS the warming effect due to incident solar
radiation (Equation 6). The floodwater depth effeare calculated as follows:

F =(FT )+ 065x ((40- FDEPTH)x 0.025) 3)

depth_t max max_diff

+ AT

max_diff

F = (FTyin arr + AT air )+ MIN(((40- FDEPTH)x0.025)x 0910)  (4)

depth_t min

WhereFDEPTH s the floodwater depth in centimeters; aiitN is a fortran function
for calculating the minimum of two values. Thedthvater evaporative cooling effect
is calculated as follows:

F = MIN(1.0,(ET + FDEPTH)x 6.0) (5)

evap_effect

Where ET is the evapotranspiration (cm). The floodwater miag effect due to
incident solar radiation is calculated by:

F =10-[(1.0- ALBEDO)/(1.0-WATER_ALBEDO)| (6)

rad _ effect

WhereWATER_ALBEDGs assumed to equal 0.05, and the surface al?dddEDO)
is a function also of the crop leaf area inde&l] as defined below (Equation 7):

ALBEDO= 023-(023-WATER_ALBEDQ)x g~ 7) )

Similarly a dynamic floodwater pH balance is maiméa, as a function of algal
photosynthetic activity (causing a shift in pptl_shif) and urea hydrolysis activity.
The floodwater pH expressed as a function of tiraidaily timestep (i = 1 to 12) and

pH_shiftis:

PH fooqwater = 70+ { pH _shiftx sin(q—?ﬂ (8)

Where pH_shift (equation 9) is defined by the algal activity facgtalgact (equation
19).
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pH _shift= 05+ (20xalgact) (9)

Additionally, the effect of urea hydrolysis on tip#i of the floodwater is added
whenever FUHYDR (Equation 11) is greater than ®&@M ha' timestep. Equation
10 describes the implementation, as a functionhef available light indexafi —
equation 20) and a factor describing the urea Hysieffect on water pHFH unyd
(Godwin and Singh, 1998):

(10)

alix(100-F,, ua)
100

pH floodwater = pH floodwater + |:

We calculate the above balances on a two-hourlye-step basis (by deriving
sinusoidal distributions for intra-daily temperauand radiation based on daily
measured values from the climate record, and sulesgqgnterpolation on a two-
hourly basis) to capture the rapid reaction rdtesloing so, we followed the methods
of CERES-Rice (Godwin and Singh, 1998). Both flwater temperature and pH are
important variables in modelling the key chemicadl diological processes described
below (with reference to Figure 1).

A. Urea hydrolysis. The breakdown of applied urea fertilizer to Nks described as
a daily function of floodwater temperature and #d-determined hydrolysis rate (a
function of organic C in top soil layer) or an dlgativity determined rate, whichever
is greater (Godwin and Singh 1991) (Equation 11).

FUHYDR= max pot_hydrolysiSUALGCT)xTEMPFUx pond_urea (11)

Where FUDHR is the floodwater urea hydrolysis rate (kg N™*hamestep));
pot_hydrolysisis the soil-determined hydrolysis rate (timeseplefined below in
equation 12; UALGCT is the algal activity factofeafting urea hydrolysis (timestep
defined in equation 13; TEMPFI4 the temperature effect on floodwater hydrolysis
(0-0.9) defined in equation 14; amdnd_ureais the floodwater urea (kg N Hhaas
urea). Maxis a fortran function returning the largest of tvalues.

pot_hydrolysis= 0.008+ (0.005x OC%) (12)
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UALGCT = 0.1xalgact (13)
TEMPFU = 004x(FTEMP+ 0.2) (14)

WhereOC% is the organic carbon percentage in the top ag#i algactis the daily
algal activity factor (0-1) defined in detail fuethbelow (Equation 19FTEMP is the
interpolated floodwater temperature for the timest€) defined below (Equation 15).

FTEMP=FTMIN + HTMFACx (FTMAX +20- FTMIN) (15)

WhereFTMIN is the daily minimum floodwater temperatuf€Y, FTMAXis the daily
maximum floodwater temperaturéC); and HTMFAC is a floodwater temperature
factor which increases from near zero at the beggof the day to almost one at
midday to zero at the end of the diurnal cycle (@iodand Singh, 1998).

B. Ammonia volatilization. Floodwater ammonia (N§)l exists in equilibrium with
floodwater ammonium (NH) in proportions calculated using the floodwater
temperatureTK; in Kelvin) and pH (Godwin and Singh, 1998) (Eqoatl6):

floodwater

INH,"|
272992
-pH floodwater

(0.009018-
TK

[ NH 3] floodwater =

(16)

10+10

The partial pressure of NHis calculated from the overall floodwater NH
concentration as a function of floodwater tempemt(Freney et al., 1981). This
partial pressure of NHprovides the potential for NH/olatilization and N-loss to the
atmosphere. This loss potential is a function ofdaand floodwater depth (Godwin
and Singh 1991). In the absence of wind data, seeaucalibrated surrogate constant
NH4 loss fac{Gaydon et al, 2012a). We apply this factor to ¢h&culated partial
pressure of ammonia for determination of volattiza according to equation 17.

amlos= 0.036x flBp+(NH4_loss_ factxevagx (0.0082+0.000036 fnt8p> x FDEPTH) a7)
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Where amlosis the daily ammonia loss (kg Ha fnh3p is the partial pressure of

ammonia;evapis pan evaporation (mm); adEPTH s the depth of the floodwater
(mm).

Mmoo oo
2 PAB senescence
SurfaceOM Ammonia | @nd incorporation
]
— x e ' .
::ertlllse b JVolatilisation ' Fixed N
nputs OF decomp l
immobiligation I
N loss in Vi :
Runoff T 2
<« v “| |‘,

Urea \\: o ¥
N ]

® NH4 :

]

]

POND

v v @ Jv

Mass Flow & Diffusion of N to/from APSIM SoilN

Figure 1. Processes simulated in the APSIM-Ponduteod — urea hydrolysisB — NH;
volatilization; C — PAB growth and turnoveB) — surface residue decompositi@:- flux of
solutes to and from the soil.

C. PAB growth and turnoverQOur conceptualized dynamics of PAB growth within a
rice crop is illustrated in Figure 2. Godwin anddh (1991) described the calculation
of an algal activity factor which influences uregdtolysis and floodwater pH. We

use this factor but also calculate the daily afg@wth and accumulated biomass as
follows:

dit pab=maxrate pabxalgact (18)
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Wheredlt_pab is the daily growth of PAB (kg/ha)paxrate_pabis the maximum
(unconstrained) daily growth rate of PAB (kg/ha/dayhe daily algal activity factor,
algact (Godwin and Singhl991), is a function of available light (solar raton,
reduced by canopy cover), floodwater temperatutegsphorus, and mineral N
availability (Equation 19).

algact = min[ali, fti, fni, fpi] (19)

Each of these potentially limiting components ipresented by a 0-1 factor, and on
any given dayalgact is assumed to be equal to the minimum (or mositiiig) of
these (Figure 3). These factors include, a liglatdr @li), temperature factorft(),
nitrogen factor ffi), and phosphorus factaip(), defined as follows: The light factor
estimates the fraction of radiant energgdfation; MJ mi? day") passing through the
crop canopy and reaching the floodwater surface:

- frad
ali =1- e[ >0 ) (20)

Where:
frad = radiationx (1-WATER_ALBDEDQxel %) (21)

Godwin and Singh (1991) state that shape of thagiomship is rather arbitrary but
designed to be asymptotic at 15 MJ¥ day' to account for light saturation. The
effect of changes in floodwater depth and turbidity not considered. The
temperature factofti, increases linearly from a zero value af@3o unity at 30C,
then decreases linearly again to zero &tGl5The nitrogen factofni, relates the
relative propensity for algal growth to the floode/aN concentration (ppm) (Equation

22).

i - [N H 4 ] floodwater + [N 03] floodwater
15.0

fn

+01 (22)
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Godwin and Singh (1991) once again suggest thatstiage of the relationship is
arbitrary in nature, but becomes asymptotic tolaevaf unity at around 20 mg N litre
! at which point algal growth is assumed to beyfslipplied with any potential N
requirements. The contribution of N-fixation to BArowth is captured by setting a
minimum value of 0.1 fofni, which is realized in the absence of floodwatererah N
(Equation 22). Under such circumstances, PAB dnomvay continue, albeit at this
reduced rate. The valuéni = 0.1) for the N-fixation-limited growth rate was
accordance with the algal activity calculations ®@bdwin and Singh (1991) in
CERES-Rice, and represents the background actvity-fixing cyanobacteria in the
absence of floodwater mineral N. The addition estifizer to the floodwater results
temporarily in freely available mineral N, and th&bsequent spikes tni reflect the
blooms in PAB which often accompany fertilizatidhgure 3).

The final limiting factor,fpi, is an attempt to accommodate the significantcesfe
of P on algal activity, even though APSIM-Pond does simulate a P balance. This
index has only two possible values which are sé¢hatbeginning of each simulation
by the user, based on the presence (fpi =1.0) serate fpi = 0.5) of phosphatic
fertilizer. The actual daily growth ratell{_pab is then calculated by limiting the
potential daily growth ratenfaxrate pap by algact as expressed in equation 19. A
netaverage PAB growth rate of 20 kgt was suggested by Roger (1996), however
there is evidence that maximum potential (non-kahjt PAB growth rate is
considerably higher (Norsker et al, 2011). Henee,have treatedhaxrate_palas a
calibrated parameter in APSIM-Pond, due to the rmgaly complex ecological
compositions of PAB species in different environise(see calibration process in
section 3.1). Floodwater PAB is constrained tnaimum of 500 kg hHa(maximum
observed in practice; Roger, 1996), with C contért0% and C:N of approximately 8
(Roger, 1996). As PAB accumulates biomass, N @pislpreferentially from mineral
N in the floodwater. When PAB N demand outstripgmeral N supply in the
floodwater,fni will become a limiting factor to growth, and th&® production rate is
limited to a maximum of ten percent (0.1 x) of pagential daily growth rate to reflect
that BNF by cyanobacteria is now driving the growthPAB in the floodwater. A
significant new element of APSIM-Pond is our corto@pzation and description of
‘algal turnover’. If the maximum PAB biomass of(BRg h&" is reached before full
canopy closure, further PAB production is theomdhc possible. In this case, we
assume that subsequent potential daily PAB growtmatched by PAB senescence,
added to the APSIM Surface Organic Matter pool ferbet al., 1998) on a daily
basis. In addition to senesced PAB, which cacoapose in the floodwater and
enter the soil as mineral N on a daily basis, titaltPAB biomass is added to the
surface organic matter pool after draining-dowihef rice paddy.
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Figure 2. APSIM-Pond conceptualized algal growghainics within a rice crop. Floating
algal biomass accumulates until the maximum alldevafass is reached (point A; 500 kg/ha
(Roger 1996)). If algal growth potential still st after this point (ie Algal Growth Factor,
algact > 0), then any further algal production is assun@de balanced by senescence,
leaving the floating mass unchanged. Senescedialatetransferred to the APSIM-Surface
Organic Matter pool, and can be decomposed. Pdnitustrate peaks in algal activity,
associated with fertilizer N application.
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------- light factor (ali)

temperature factor (fti)

nitrogen factor (fni)

Index

The most limiting of ali, fti, and fni on
any day determines algact

Index

—— algal activity factor (algact)
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Days after rice sowing

Figure 3. The algal activity factoalfac) is determined by the most limiting (minimum) of
four controlling (0-1) factors; the light factoal(), the temperature factoftij, the nitrogen
factor ¢ni), and the phosphorus factdpi(— not shown, assumed to be 1.0 in this example, ie
phosphorus not limiting). The minimum value poksilor fni is 0.1, recognizing the capacity
for PAB N-fixation in the absence of floodwater mial N, yet slowing the potential growth

rate of PAB under N-fixing conditions.

There it can decomposa situ or be incorporated into the soil (via tillage) @er
management specified. To simulate situations wheeePAB may sit viably on the
wet surface of the soil during intermittent dry-doaf floodwater (such as @ternate
wet-and-dry(AWD) irrigation practice, Bouman et.aR007) and then revive on re-
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flooding, we do not add the PAB to the ASPIM suefairganic matter pool until a
period of 5 days with no floodwater has passed.

D. Immobilization of floodwater mineral .N When surface organic matter is
decomposed in dryland APSIM simulations, the APSMfaceOM module creates
an N-immobilization demand which it attempts tasggtfrom APSIM-SoilN (Probert
et al.,, 1998). Now, when APSIM-Pond is presents ttlemand is sought from
APSIM-Pond mineral N pools. Similarly, mineral Mleased in decomposition
becomes part of the APSIM-Pond mineral N pools. fldbdwater is present, the
moisture factor for decomposition of residues (Rroket al, 1998; Thorburn et al,
2001) is set to 0.5 to account for lower poterdedomposition rates in water.

E. Flux of solutes to/from soil. The N pools (urea, NQ and NH") represented in
APSIM-Pond are transferred to/from the soil on #ydaasis via the processes of mass
flow and diffusion. For mass flow calculationse tiraction of floodwater infiltrating
(infiltration_frac) is calculated daily by dividing the depth of watefiltrating
(infiltration) by the total floodwater deptiFrDEPTH):

(23)

inf iltration _ frac = (wj

FDEPTH

This factor is then applied to the mass of eackodidte in the floodwater to determine
the mass entering soil layer 1 that day. For diffo calculations, the concentration of
each solute in the floodwater is compared with thatoil solution of layer 1. When
the concentrations are different in the two commpartts, a “diffusion process” is
invoked to determine the flux. This is a simpleqass for the highly soluble NO
and urea components, as both floodwater and sailspare assumed to be freely
diffusible. An effective diffusion coefficienDE) is calculated for each of the urea
and NQ pools, as a function of an aqueous diffusion ftmeht (AQDCO), the
saturated volumetric moisture content of soil lage(SAT), and atortuosity factor
(equal to/SAT; Nye and Tinker, 1977) (Equation 24):

DE = AQDCx (1OE - 5)xtortuosityx SAT (24)

The actual diffusion rateDIFFN (kg N ha' timestep)) is then calculated as a
function of the diffusion coefficient (DE), the tBfence in the solute concentrations
between the floodwater and soil for the solute uestion DELC), the diffusion
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distance (DELX; we assumed half the distance oftdpesoil layer), and the timestep
(Equation 25):

DIFEN = DELC
DELX

x DE x timestep (25)

The flux of NH,” between floodwater and soil is more complex, aaduires
determination of the diffusible component of soMN (in other words NH that is
not adsorped onto clay particles in the soil). @gmuir isotherm (Equation 26) is
used to calculate this freely diffusible hWHproportion as a function of the surface soil
cation exchange capacit€EC) and the concentration of NHin the soil {NH4]Soi,),

in accordance with the methodology of Godwin anth8i(1998):

INH, |4 = €XP((41- 007xCEC)xalog[NH, |, - 183)  (26)

soil

A concentration gradient is then determined, angoaitive or negative flux is
calculated for the NI in solution, as previously described for the ;N@nd urea
components. The only difference for NHs that the calculate®E is additionally
divided by the soil ammonium buffering powdR), calculated as a function of the
surface soil CEC.

BP =30.0x (1.0 - g(-0%cE9) ) (27)

CEC is a new required APSIM-Pond input parameiére source code to all APSIM
modules is freely available to the publichdtp://www.apsim.infounder the ‘products’
tab.

F. Nitrification and denitrification

We have simplified the representation of the floatbw environment in APSIM-Pond
by neglecting to simulate the processes of nittfan and denitrification in the
floodwater, as per the approach of CERES-Rice (Godand Singh, 1998).
Simulation of both these processes in APSIM is ipbssand captured as soon as
solutes enter the soil profile, depending on de@ifesoil saturation, temperature and
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pH conditions, following Michaelis-Menton kineti@s described by Probert et al.,
1998.

MODEL EVALUATION

Model evaluation was performed in two stages udiatyl data from the LTCCE
(Table 1); an initial adjustment of the empiricadrgmetermaxrate_PABthrough
iteratively comparing simulated and observed datasbil organic C dalibration),
followed by testing of the calibrated model agaitist observed grain yield figures
(validation).

Calibration of empirical parameters

Maximum potential daily growth rate of PAB

Increases in soil organic C measured during the@CH@re essentially independent of
fertilizer treatment, and are believed to have Itedufrom BNF from PAB in these
systems (Figure 4; Pampollino et al., 2008, eressmot available).
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Figure 4. Measured changes in surface soil (@@ ®rganic carbon during the IRRI Long
Term Continuous Cropping Experiment (LTCCE) (Dobanm et al., 2000, Pampolino et al.,
2008), as a function of N fertilizer applied to katce crop. Three rice crops per year were
produced between 1985 and 1998; all above-grouop @sidues removed from the field.

No information on experimental variation betweeratment replications was available.
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Dataset abbreviation Reference Location Years Treatents

Crops/varieties Measurement Details

Calibration and Validation

LTCCE Doberman et al (2000) IRRI, Los Banos, 1985-1998 0, 150, 240,360 PTR/IR8, various
. . -1
(IRRI Long Term Continuous Pampolino et al (2008) Philippines kgN ha" per
. . annum. Three (3)
Cropping Experiment) .
rice crops per
year

Calibration

Changes in surface soil organic carbon
(top 20cms)

Validation
Rice production (yield)

Table 1 Details of the field experiment used in the lmation and validation of the APSIM-Pond modetR-puddied transplanted rice)
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Figure 5. Comparison of APSIM simulations (linegdh measured data) for soil organic
carbon (0-20 cm) in the IRRI Long Term Continuousping Experiment for three (3)

annual fertilizer treatments (0, 240 and 360 kgN)hand a range of values of the APSIM-
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Pond parametemaxrate_pab(maximum potential daily algal growth rate, kg‘hday").
Values of this parameter shown (in kg'tday') are:- a) 0 — no algal inputs to the system; b)
50; c¢) 100; d) 150; e) 200; f) 250; g) 300. Natetual simulated algal inputs to the system
are determined by applying limiting factors forttgP, temperature and N, neaxrate _pab

2.5
" A - measured data points
2.3 b.

2.2 1

2.1+

Soil Organic Carbon
(%)

1400 A
1200 -
1000 -
800 -
600 -
400 -
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Humic Compounds
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Figure 6. Simulated dynamics of surface soi2Q0em), for &-curved no algal inputs into

the system, andbfcurved algal inputs to the systems at a 150 kg ey’ maximum
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potential growth rate, for the zero N treatmenthea IRRI Long Term Continuous Cropping

Experiment (Doberman et al., 2000; Pampolino e2&i08)

APSIM-Pond employs a constantaxrate_PAB to define the potential unlimited
growth capacity of PAB on a daily basis. We uskd LTCCE to calibrate this
constant, by assessing its impact on long-term agianic C for a range of applied
fertilizer rates (0, 120, 240 and 360 kgN'ha™) over three irrigated lowland rice
crops per year for fourteen (14) years. Figuréh@as APSIM simulation of surface
soil (top 20cm) organic C for a range of valuesnudxrate PAB plotted against
observed soil organic carbon for three differenttilfeer rate treatments in the
LTCCE. From this calibration process, the besinfit value formaxrate PABwas
judged to be 150 kg Had™. Using this calibrated value for potential daiyAB
growth rate, Figure 6 illustrates how the simulaitedusion of PAB growth and its
subsequent incorporation into the soil system coagpwith a simulation that ignores
the C and N contributions from PAB production. dtimportant to note that th®o
algae curves in figures 5 and 6 still account for théeeff of algal activity on Nk
volatilization (like the approach of CERES-Riceyt ihey do not incorporate PAB
biomass (C and N) into system processes.

Model validation

The calibrated model was subsequently tested bypaany simulated and observed
rice yields for the LTCCE using a range of ferglizreatments over a 15-year period.
The addition of PAB C and N to the cropping systesaults in simulated yields

comparable to observed vyields (Figure 7). Ignotimgse C and N inputs results in
severe under-prediction of long-term rice yieldattigularly in the zero-N treatment.

Comparisons were made between experimentally-etgdn@ampolino et al., 2008)

and APSIM-simulated soil C balances from this expent (Table 2). Simulated C

inputs and losses were then further segregatedPA® inputs, rice root inputs, and

losses of gaseous C to the atmosphere. Our siomlahodelling suggests a

significant relative role for PAB inputs, from thperspective of both soil organic C
maintenance and production sustainability.  Publisireports on the LTCCE

(Dobermann et al., 2000; Pampolino et al., 2008yide only long-term average crop
yields and changes in soil organic carbon. Indigldcrop yields over the range of
years, together with interspersed measurementsoibfosganic carbon were not

available for use in our analysis. Release ofaltega in coming years will facilitate

further evaluation of our model modifications usimgore modern methods of

validation (for example, Bellocchi et al., 2010;r@alonieri et al., 2010).
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8000 -
7000 _ b.T obs.
6000 - a.

5000 ~

4000 ~

3000 ~

Average Rice Yield
(kg/halcrop)

2000 -

1000 ~ a.

0 360
Annual Fertiliser Application (kgN/ha)

Figure 7. Simulated vs average observed grehls/ (over 13 years) for two fertilizer
treatments (zero and 360 kgN“har?) in the IRRI Long Term Continuous Cropping
Experiment (LTCCE). APSIM simulations presentethva) no simulated algal inputs to the
system; and) algal inputs with 150 kg faday” potential algal production. No information
on observed experimental variation between treatnreplications was provided (in
Dobermann et al., 2000)

DISCUSSION

As demonstrated by Figures 6 and 7, the simulayedrdics of soil organic C and rice
yield only make sense when system inputs of C arfdohh PAB are included. In
theory, simulated organic C could also be mainthiwghout new system inputs by
reducing soil mineralization rate parameters, hawe\¥ supply would decrease and
simulated yields would suffer. Figure 6 illustet@PSIM simulated variables Soil
Organic Carbon (%), Soil Microbial Biomass (kg'haFresh Organic Matter (kg i
and Humic Compounds (kg fiafor simulation of the LTCCHRvith andwithoutinputs

of PAB included (for more complete description ofahthese pools are conceptualized
in APSIM, see Probert et al., 1998). Although noeed data was only available for
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Table 2. Comparison between estimated (Pampetliral., 2008) and simulated (APSIM)
net inputs of carbon to the surface soil from cropts and PAB incorporation, for low and
high fertilizer treatments (kg Hin the IRRI Long Term Continuous Cropping Expegith
(LTCCE) over a 15 year period.

Applied
N Rate Net Carbon additions to surface soil per annum (RgEyr™)
Simulated (APSIM)
Estimated * From From PAB Simulated
TOTAL R'Cte Tilled in  Decomposition Ci Iosse; to TOTAL
roots during during crops atmosphere
puddling®
0 1235 - 1863 329 1515 1742 2314 1271
360 1401 -2113 341 2642 2768 3479 2272

* range is due to assumptions on different ratesaual SOC mineralization (3.5-5.5%)

@ in the APSIM simulations, algae remaining on soitface after floodwater dry-down

of previous crop was tilled into surface soil dgrihe puddling process for the next crop.

soil organic carbon, it is clear for each of theseiables that including PAB is not
only logical but also very important. For examp&cluding PAB inputsg curves)
results in a gradual decline in microbial biomasd aorresponding buildup of fresh
organic matter in the soil over the simulated pemd the LTCCE (Figure 6). This
results from a lack of mineral N in the systemaoailitate breakdown of old rice roots.
This does not occur in practice and would not tstesnable, as illustrated by the run-
down in soil humic material. Fromsensibility perspective (checking for intuitive
correctness of simulated variables in the absehceeasured data for comparison),
incorporating PAB contributions provides a much entwgical and sustainable soil
system representation, in line with practical eigrere b curves). There is no run-
down in soil organic carbon (supported by measdagd), and the pools of microbial
biomass, fresh organic matter and humus make sntrisense. The fresh organic
matter pool is highly dynamic around a low avergageexpected), resulting in a strong
microbial community and steady soil humus level$is is what we would anticipate
in a proven sustainable cropping system such a8 TRHCE. Reichardt et al (1999)
suggest that microbial biomass in rice fields repr¢ 2-4% of total C. If we consider
the top 20cms of soil, total C in our APSIM simidatwas 4.4 x 1bkg ha', making
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our simulated microbial biomass (mean of around01d@ ha') equal to 4%. Hence
our assumptions on PAB inputs are also supportgoublished measured data on soil
microbial biomass.

Modelling allows estimates of hard-to-measure camemds (for example, the
relative contribution from rice roots and algae)b® quantified, summed, and then
compared with overall net figures from measuremenist simulated soil C additions
compare well with calculations from the field (Tak?). Our simulation analysis
particularly allows the segregation of relativerputs and losses, which indicate that
PAB inputs of C to the soil considerably exceed@uis from rice roots.

After initially validating the model using soil vables, we focused on cross-
validation using long-term rice crop yields. Thmepact of including PAB inputs in
simulations of the LTCCE are significant (Figure AVhen no PAB C and N inputs
are included, APSIM substantially underestimatexlitimg-term average rice yields in
the zero-N treatment. The yields in the 360-Nttreant were also underestimated, but
by a smaller amount, due to the contributions ffertilizer N and the likely reduced
actual contributions from BNF (BNF is inhibited bsrtilizer N, (Roger and Ladha,
1992)). When PAB inputs (using maxrate_PAB = kf0ha' day') are included,
there is a significant increase in the simulate-2¢ yields, strongly correlating with
measured yields. Simulated yields for the 360-®attment are similarly enhanced.
We believe this dual cross-correlation (comparimgusated and measured variables
for above and below ground system dynamics (yigldd soil) in the LTCCE)
provides strong evidence that our modelling appdroa@ptures key system
sustainability processes.

Our new assumptions on PAB turnover are criticalths understanding and
simulation capacity. For the calibration and sgoeat validation presented in this
paper, we arrived at a value for maximum potentdially growth rate of algae
(maxrate_PABKkg ha'day") of 150 for the LTCCE. This value is considerabigher
than the 20 kg halay' suggested by Roger (1996), however that figurerrefl to
averagenet production and for our purposes we are interestdde dailygrossalgal
production. As we have demonstrated, algal senesc@ross minus net production)
is a significant component and cannot be ignorBidrsker et al. (2011) found gross
PAB production rates in tropical floodwater to éxhia photosynthetic efficiency of
around 2%, approximating 50-60 t/ha dry biomassypar. This corresponds to daily
average (unlimited) algal production rates of 137164 kg hdday’, strongly
supporting our independently calibrated figure 50 kg hd'day" for maxrate_ PAB

There remain several areas of uncertainty which beéeve require further
investigation so that APSIM can be confidently usediverse geographical locations
and management systems for long-term rice systemlaiion.
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() Should maxrate_ PABbe a constant or a parameter varied for different
environments? At this point, without further ewide, we believe it should be a
parameter based on accounts from literature. Thieypéeld ecosystem provides an
environment favourable for the growth of N-fixing/amobacteria; however, the
relative occurrence of cyanobacteria varies witlrge limits. From two extensive
studies it appears that they are not always preseite soils, and if present, can be in
varying degrees (Watanabe and Yamamoto, 1971).0Rsd®r their heterogeneous
and sometimes limited distribution are still notlMeown as no systematic analysis
has correlated their presence or absence with e@miental factors (Roger and
Kulasooria, 1980). For this reason, we suggest ti@ parametemaxrate PAB
should be calibrated or estimated for differenésivhere possible, assuming 150 kg
ha'day" in the absence of further information.

(i) When should simulated algal biomass be ‘killand added to the surface organic
matter pools for decomposition? There is someeandad in the literature about PAB
persistence after floodwater dry-down (Roger andakaoria, 1980). We currently
assume that the PAB dies after five (5) days withilmodwater, and is transferred to
the APSIM-SurfaceOM module where it can begin tooskepose. After five days, if
floodwater is re-established PAB production mustrtsanew. Due to uncertainty
around the appropriate time threshold, we suggestatter is also worthy of further
research.

CONCLUSIONS

We have presented a modelling approach which cegptime inputs of C and N from
PAB to rice-based cropping systems, in additiorthi® impact of PAB activity on
floodwater processes (e.g. ammonia volatilizationje have described and illustrated
why these algae-based C and N inputs are an eslsemtiponent in a model for long-
term simulation of rice-based cropping systems. haee built upon the successful
prior work of the CERES-Rice team by using theipraach to modellingalgal
activity and expanding it to include actual system inp@it§€ and N from PAB. In this
way we have extended the focus from simulationirajle rice crops to the simulation
of cropping sequences which include rice. We habtined strong validation by
testing our modelling framework against the bestlable long-term continuous rice-
cropping dataset, from the perspectives of botH dghamics and crop yield
maintenance. This new capacity to simulate syst&f iputs, together with recent
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developments allowing simulation of transitionabarobic/aerobic soil environments
(Gaydon et al, 2012a), has positioned the APSIM eh@d a useful tool for future
simulations studies evaluating performance andasaility of changed practices in
rice-based cropping systems. Given the model'srmtit flexibility in specifying an
infinite range of possible management interventionss now a functional tool for
future research into adaptations related to clincht@nge, reduced water availability
and future food production imperatives in rice-lshsmpping systems.
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The best farm-level irrigation strategy changes senally with
fluctuating water availability
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Abstract

Around the globe farmers managing irrigated cr@ue fa future with a decreased and more
variable water supply. To investigate genericptakion issues, a range of on-farm strategies
were evaluated for apportioning limited water betwdields and enterprises using a typical
case-study farm from Australia’s Riverina regiofhese strategies are compared for a range
of seasonal water availability levels. The analydid not address investment in new
irrigation technologies or new crops, but focussedirrigation intensity and crop choice
amongst existing enterprises.  Participatory engage and whole-farm simulation
modelling were our primary tools of research. Huaptation options found to best suit
irrigation farming in years of high water availatyilwere substantially different to those
when water supplies were low. This illustratesatefgic differences between irrigation
farming in land-limited circumstances and waterid@d circumstances. Our study indicates
that the cropping and irrigation strategy leadingteatest farm returns changes on a season-
by-season basis, depending primarily on the watgitadility level.

Keywords: irrigation, resource allocation, whole farm milidg, farming systems modelling
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INTRODUCTION

Many arid irrigated agricultural regions of the \Ybrare expecting a future with

decreased and more variable water supplies (Rijgoer2006; Christensen et al.,
2007). Internationally, farmers are faced with iemquestions on how to adapt:
change crops, invest in more efficient irrigati@clinology and machinery, or alter
agronomic and/or irrigation strategies? Acceptirggluced production may be
unavoidable but is rarely a desirable option, eitinem the farmer’'s perspective or
global imperatives (the forecast requirement tadase global food production by
50% over the next 40 years (World Bank, 2008; voreb@er et al., 2008)).

Universally applicable methodologies are requiredassess adaptation options for
agriculture in the face of changed circumstancesiiikke et al. 2009; Howden et al.,
2007). Australia’s Riverina is a well-establishedgated region with access to
traditionally secure water, now increasingly ungeessure. It provides an ideal
opportunity to explore adaptation options, genepcnciples, and research

methodologies using a case-study approach, dueeteetdy availability of soil, crop,

and farming system information, historical climatata, and farmers familiar with

research involvement.

Irrigated agriculture in this region (latitude °$4to 35.5S; longitude 144 % to
146.5E) involves of a variety of crops such as rice gottereals, pulses and oilseeds,
as well as livestock. Farmers possess irrigatiotemantitlements(in ML) which
licence them to a proportional share of availablew resources in their district or
irrigation area. An entitlement applies to eitiggoundwater or surface-water (from
rivers or diverted channel schemes) resources aptesents the total volume of
seasonal water procurable under each licence whemllbcation is 100%. The
allocation, expressed as a percentage (%), iIs a measure ofiriigation water
available to the entire district system. It varigem season to season, and is
determined and regulated by government. Availalgeer determinations are made at
the start of the water year (1 July — 30 June) alhatation percentages are first
announced in mid-August. They may then be upgrasted monthly basis if inflows
to storage dams result in increased system watailadility (New South Wales
Department of Infrastructure, Planning, and Nat&asources, 2004). The seasonal
volume of water which an individual irrigation faemcan access is calculated by
multiplying their entittement by the seasonal adlbton percentage and dividing by
100. Australian water policy is complex and nomfanmn between districts and
regions (McKay, 2005; Crase et al., 2000), howeReferina irrigators are able to
trade both seasonal allocation and entitlementsr(Bjnd, 2003).
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Recently, Riverina irrigators have experienced aopdented restrictions in
production due to low allocations brought aboutayombination of climatic and
political factors. Over the past decade, the va@whavailable water in the southern
Basin has been around 40% less than the long-teenage (MDBA, 2010). Average
seasonal allocations over the last 15 years hageaged below 50% of entitlement,
with high variability. This is in contrast to aiqr history of receiving at least 100%
every season since as far back as 1912 (depictéijume 1, adapted from Gaydon et
al., 2008; and Mclintyre et al., 2011).

160 -
140 -
120

100 -

60 -

40 -

Percent Allocation (%)
8

20 +

Figure 1. Annual irrigation water allocations (pemtage of licensed quota) for
Murrumbidgee Irrigation Area, 1980/81 — 20010/1assms. The trend of 100% or greater

allocation extends unbroken from 1998 back to 1912.

Recent climate change projections suggest furtleeredses in regional water
supply are likely. The Murray Darling Basin Sustble Yields Project (CSIRO,
2007) suggested 9-14% reduction in water diversfongrrigation by 2030, whilst a
16-25% reduction in average Murray-Darling stredomvgé by 2050 and 16-48% by
2100 has also been predicted (Pittock, 2003; @&ms&tn et al., 2007, Hennessy et al.,
2007). Such reductions in stream-flows are likéty have dramatic negative
implications for future allocations in the Riveri@Bnes and Pittock, 2003). Jones and
Page (2002) suggest that a 15% drop in annualathiny 2030 could mean a 50%
reduction in allocation levels. In Australia thepply of water for irrigation is not
affected by climatic factors alone. Environmengablicies and the National
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Competition Policy have also resulted in decreasater availability to irrigators
(Adamson et al, 2007; Humphreys and Robinson, 2003; Murray-DarliBgsin
Authority, 2010). Clearly, the experience of thaspis no longer an adequate
reference for planning Australia’s agricultural Urtg (Jones, 2010), and innovative
adaptation in on-farm water management practicesraquired to keep Riverina
irrigators profitable in a future characterizedébyeduced and more-variable irrigation
water supply.

There is a range of potential ways an individuagation farmer could adapt to
decreased allocations. Essentially, the aim vélltd increase efficiency (Keating et
al., 2010) and increase water productivity, thedpation per unit of water applied,
WP (Zwart and Bastiaanssen, 2004; Cai and Rosed2868; Seckler et al., 2003).
Options such as partial- (deficit) irrigation maytease WP (Fereres and Soriano,
2007); changes in agronomic practices such asigngtcrop species and varieties
(Howell, 2001), changes in residue (crop stubblapagement practices (Tolk et al.,
1999; Schillinger et al., 2010); changes to prdpogl sharing of water between
winter and summer crops (Lorite et al., 2007),patimise potential increases in WP.
More transformational changes such as investingew irrigation technology and
crops (Harris, 2000; Wood and Finger, 2006; Maskesl.,2006; Hafi et al., 2006),
represent further options, as do disposing of waterthe free market (Bjornlund,
2003; Crase et al., 2000). All these options aghli context-specific and decisions
on suitable adaptations are strongly influencedologlly existing co-limitations (e.g.
labour, capital, nutrients (Rodriguez et al., 2003 well as socio-economic issues
(Adger et al.2009; Crane et al., 2008; Crane et al., 2010).

To ensure analysis of realistic adaptation optigoesiticipatory research with
farmers is preferred (Robertson et al., 2000; Meiek al., 2001; Carberry et al.,
2002). Questions relating to use of limited wateer numerous fields and enterprises
on an individual farm necessarily requireswdole-of-farm modelling approach
(Rodriguez et al., 2007). By working closely wiléwrmers in developing detailed
scenarios for testing, it is possible to incorperatrange of whole farm constraints
(labour, machinery, irrigation cycles etc) withagatually modelling them.

In this paper, we present a case-study approaaly psirticipatory research and the
APSIM model (Keating et al., 2003) to compare ayeaof farmer-identified strategies
for using limited irrigation water on a typical RiNna grain-cropping farm. The
strategies encompass various irrigation intensiaesl different philosophies for
apportioning water between existing on-farm enisgs; under a range of allocation
scenarios. We did not consider new investment oaopti (efficient irrigation
technology) or new crops in this analysis. We éyadi this case study approach
demonstrates some generic principles and a methggoapplicable to on-farm
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analysis in any region facing the contentious issoiehow to use limited irrigation
water resources on-farm across a range of allatatio

MATERIALS AND METHODS

Choice of case-study farm

The farm chosen for this analysis was an irrigateglcereal-soybean operation in the
Murrumbidgee lIrrigation Area (MIA), NSW. This dmggion experiences a mean
annual rainfall of 405mm with an annual potentighgoration of 1780mm. The
600ha farm has 3265 ML of water entitlement (edevato approximately 544mm
ha'). The dominant soil type is a Gogeldrie Clay (Bimore et al., 1956) with
smaller areas of sandy-loam (Taylor and Hooper8193The farm is typical of the
region, and has been established to use a mixtuféoad and furrow irrigation.
Irrigation water is supplied via the channel netwof Murrumbidgee Irrigation Ltd.,
and there is no on-farm water storage capacity.

Validating APSIM performance

The APSIM model was parameterized using relevait @op and climate data, and
subsequently tested against experimental dataagweregional figures, and farmer
historical records for both crop production and evatse variables. Satisfactory
performance was achieved, with details providefppendix A.

Development of Adaptation Scenarios

Together with the case-study farmer, we envisageghge of potential strategies for
apportioning available water to different fields ars farm with varying levels of
irrigation intensity. The options considered instistudy consisted of changes in
agronomic/irrigation practice and subsequent medalifons to cropping areas and
winter/summer crop proportions.

Adaptation option scenarios identified
AO1 Control (historical management — full irrigationesidues removed)
= For seasonal allocations below 15%, concentratelysoin a winter-cropping
programme with fully-irrigated barley (variety ‘Gdner’) at 220mm row
spacing, irrigated on an 80mm soil water defidarley is sown starting 30
May and immediately irrigated. Dryland barley iscasown as conditions
dictate, depending on soil water availability addnting rainfall of at least
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AO2

AO3

AO4

AO5

82

15mm over a 3-day period. All crop residues areaeed two weeks prior to
sowing of next barley crop.

For seasonal allocations greater than 15% buthess50%, introduce soybean
summer cropping in rotation with the barley. Ses (variety ‘Djakal’) is
sown from 28 November, 25 plantsAiM900mm row spacing, and immediately
irrigated. All barley crop residues are removedmto sowing, and irrigations
are applied at 60mm soil water deficit.

For seasonal allocations greater than 50%, floodeds introduced in rotation
with barley (Rice-Rice-Barley) on suitable soilSeveral varieties of rice are
sown starting in mid September (at 150 kg seedhpetare), and finishing in
mid-November. Rice crop residues are removed paarext crop (barley or
rice) by burning.

Control + retain barley residues through subsequsmtbean crop

Management is the same as AO1 (control), exceptitadey row spacing is
increased from 220mm to 400mm. This allows soyledre sown directly in
between rows of barley residues, maintaining théblde throughout the
soybean crop to help limit soil water evaporatiom aeduce the number of
irrigations required. The land area sown to bailgated barley and soybean is
increased due to the irrigation water saved bydkegporation suppression (0.5
Ml ha' (or 50 mm hd) in barley crops; 1.0 ML Fa(or 100 mm hd) in
soybean crops).

Partially irrigate winter crop (increase irrigatedinter crop area)
As per AO2, but reduce inputs on the irrigated ddadrops (irrigation water
and fertilizer). The barley crops are watered ohO@mm soil water deficit
(rather than 80mm), resulting in a decreased twtdbr requirement per crop
(1.5 ML ha' (or 150 mm ha) rather than 2.5 ML h&(or 250 mm h3), on
average (Table 1)). The water savings are usattctease the irrigated barley
crop area.

Partially irrigate winter crop (increase summer grarea)

As per AO3, however the water savings are usedntoease the soybean
cropping area, rather than the irrigated barleg.are

Rainfall-based sowing for winter crop (increase suen crop)

As per AO4, however the inputs on the irrigatedidyacrops are decreased
even further, by avoiding the initial irrigation&sowing instead on a suitable
rainfall event. Sowing occurs when more than 15mamfall occurs over a

period of 3 days, in between the datesdMay and 3 June. This adaptation
results in a further average irrigation saving dflll ha™ (or 100 mm hd), but
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also results in occasional sowing of barley outsideoptimal sowing window,
resulting in potential yield decline.

All winter crop (fully irrigated)
As per AO2, however no summer crops planted regssdlof seasonal
allocation. If total barley area reaches maximuwailable, then any
outstanding water is sold on the open market.

All winter crop (partially irrigated)
As per AO3, however no summer crops planted regssdlof seasonal
allocation. As per AOG6, excess water sold on aparket.

All summer crop (fully-irrigated)
As per AO1, however no irrigated barley sown. @lhilable water is devoted
to a combination of soybean or rice. Below 50%adtion — all soybean;
above 50% - rice is proportionately introduced.

Maximum areas for summer and winter crops (witlonstraints), buy water
as required (fully irrigate winter crop)
As per AO2, however the farm is fully sown, witHimits imposed by land
areas, rotational requirements, labour and macphinérthe water required to
meet the irrigation demand is above the seasonscasion, then the
outstanding water is purchased on the open market.

AO10 Maximum areas for summer and winter crops (witltonstraints), buy water

as required (partially irrigate winter crop)

As per AO9, however the barley is partially-irrigdf aiming to reduce the total
water requirement.

Allocation scenarios considered

To compare the performance of the 10 adaptatiomptacross a range of potential
future water-supply scenarios, seasonal allocatiohs80%, 50%, and 20% of
entitlement were simulated.

Simulation of crop water use

Farmers routinely determine annual sowing areaddiiberent crops by making an
assumption on required irrigation water per hectdrproduction for each crop, and
then applying this factor to the water volume theye decided to apportion to that

crop.

This calculation results in a sow-able arEar the range of adaptation options

considered in this analysis, the required water psehectare of production varies
considerably and was simulated using APSIM (Table 1
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Table 1. Simulated crop water-use (ML/ha) for eadaptation option, used in planning of

cropping areas.

Adaptation Option humber
Crop/crop- 1 2 3 4 5 6 7 8 9 10
sequence | (control)

Barley 3 25 15 15 1 3 15 n/a 25 15
Barley 3 3 15 15 1 na n/la nla 3 15
(w/soy)
Barley 2.5 15 05 05 05 na na na 15 05
(after/rice)

8 7 7 7 7 na nla 8 7 7
Soybean

13 13 13 13 13 n/a nla 13 13 13
Rice

Determination of cropping and irrigation area foaeh AO

The water-use factors from Table 1 were then usedonjunction with farmer-
suggested apportioning of water (Table 2) to detezmropping areas associated with
each adaptation option and seasonal allocatiorasicenT he resulting land areas sown
are shown in brackets in Table 2. If the adaptagsoenario called for buying or
selling of water on the open market, the deficrgus is also shown in the table.

Whole Farm Analysis

Traditional modelling studies in agriculture havecdssed on field-scale issues,
however evaluating options for apportioning a lediresource (in this case, irrigation
water) between different fields on a farm necebsegruires avhole-of-farmanalysis
approach. We began by conducting APSIM fieldescinulations, generating gross
margin (GM) cumulative probability distributions DEs) for the various adaptation
options on the case-study farm fields. Theseildigions were then combined in a
spreadsheet to represent the distribution of GMistlie whole farm, using farmer-
determined cropping areas (section 2.3.4). Byuhiolg the farmer’s input in this way,
a range of whole-of-farm constraints were implciticluded into the analysis. These
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Table 2. Farmer-estimated water allocation percentagesqensed amount, 3265 ML/annum) for each adaptatienaio option,
for the three (3) irrigation water allocation sceos (80%, 50% and 20%). Land areas allocatedhéirtares, out of total 530) are
shown in brackets

Adaptation Option number
Crop/crop- 1 2 3 4 5 6 7 8 9 10
sequence (control)

Irrigation Allocation = 80%

Sole barley 5 (54) 5 (65) 13 (283) 249 1(33) 49 (530) 25 (530) 0 16.5 (216) 10 (211)
Barley-Soybean| 30 (89) 30 (98) 25 (96) 30 (115) 31 (127) 0 0 33 (133) 60 (196) 52 (200)
Rice-barley 15 (32) 15 (34) 14 (34) 16 (39) 16 (39) 0 0 0 16.5 (37) 16 (39)
Sole rice 30 (75) 30 (75) 28 (70) 32 (80) 32 (80) 0 0 47 (119) 33 (83) 32 (80)
Dryland barley n/a (95) n/a (95) n/a (45) n/a (95) n/a (95) n/a (0) n/a (0) n/a (95) n/a (0) n/a (0)
Water for sale 0 0 0 0 0 31 55 0 0 0
Water to buy 0 0 0 0 0 0 0 0 46 30
TOTAL 80(345) 80(367) 80 (530) 80 (373) 80(373) 80 (530) 80(530) 80 (530 126(530) 110(530)
Irrigation Allocation = 50%
Sole barley 5 (54) 5 (65) 11 (239) 2(33) 1(33) 49 (530) 24 (530) 0 16.5 (216) 10 (211)
Barley-Soybean| 45 (134) 45 (147) 39 (150) 48 (186) 49 (200) 0 0 50 (204) 60 (196) 52 (200)
Rice-barley 0 0 0 0 0 0 0 0 16.5 (37) 16 (39)
Sole rice 0 0 0 0 0 0 0 0 33 (83) 32 (80)
Dryland barley n/a (95) n/a (95) n/a (45) n/a (95) n/a (95) n/a (0) n/a (0) n/a (95) n/a (0) n/a (0)
Water for sale 0 0 0 0 0 1 26 0 0 0
Water to buy 0 0 0 0 0 0 0 0 76 60
TOTAL 50 (283) 50(307) 50 (434) 50 (314) 50(328) 50 (530) 50(530) 50 (299) 126(530) 110(530)
Irrigation Allocation = 20%

Sole barley 15 (163) 15 (196) 16 (348) 7 (152) 4 (131) 20 (218) 20 (435) 0 16.5 (216) 10 (211)
Barley-Soybean 5 (15) 5 (16) 4 (15) 13 (50) 16 (65) 0 0 20 (82) 60 (196) 52 (200)
Rice-barley 0 0 0 0 0 0 0 0( 16.5 (37) 16 (39)
Sole rice 0 0 0 0 0 0 0 0() 33 (83) 32 (80)
Dryland barley n/a (95) n/a (95) n/a (45) n/a (95) n/a (95) n/a (95) n/a (0) n/a (95) n/a (0) n/a (0)
Water for sale 0 0 0 0 0 0 0 0 0 0
Water to buy 0 0 0 0 0 0 0 0 106 90

TOTAL 20(273) 20(307) 20(408) 20(297) 20(291) 20(313) 20(435) 20(177) 126(530) 110(530)
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constraints included: total land area available dowing to different crops (taking
into account rotational requirements); labour anacinmery limitations; maximum

allowable percentage of land under rice (the Aliatnaice industry has self-imposed
restrictions, aimed at minimizing risk of irrigatedlinity problems (Humphreys et al.,
2006)); and constraints resulting from limited netekfor certain crops.

We used $/farm rather than $/ML as the basic vhirialh comparison between
adaptation scenarios to avoid confusion about hmwadcount for the dryland crop
component. Scenarios were compared as CDFs ($/faxmar the range of seasonal
allocation scenarios. This aimed to assess whetbktain adaptation options were
more favourable under high or low water supply.pe@fic methodologies used in
each of these steps are outlined below.

Field-scale simulations

The APSIM model was configured (as per Appendixf@)individual fields on the
case-study farm and simulations performed usingd#s of historical climate data
(1957-2009) to provide a realistic measure of seasclimatic variability for the
modelled scenarios. The primary APSIM outputs usesibsequent GM calculations
were crop yields (kg i and irrigation water use (mmfa

Calculation of Gross Margins (GMs)

GMs were calculated at a field-scale using detadests and prices from the NSW
“Farm Enterprise Budget Series” 2009/2010 (NSW Goneent, 2009), widely used
by local farmers in their own calculations. Gehassumptions on variable costs and
prices are provided in Table 3. Variable costproduction include: field operations
(sowing, cultivation, harvesting, spraying); constnes (seeds, fertilizer, herbicide,
insecticide); cartage; and insurances/levies.

Some of the adaptation options analysed requirtherebuying or selling of water
on the open market. The market price varies mdykad a function of seasonal
allocations. For example, when allocations are, lavailable water in the district is
scarce, and the market price is high. Vice vetisa, price is low when seasonal
allocations are high. Using historical data from @nline water-trading service
(Murrumbidgee Water Exchange, 2010), an algorithescdbing the assumed
relationship between market price and seasonakalin was fitted (data not
presented). The generalized response functionetaildd below in Eq. 1, and
illustrated in Figure 2.

P = 420x %% (1)
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WhereP is the market water price ($ Mi; Q is the seasonal allocation (%)

Table 3. Baseline costs and prices used in siceaarlyses(note: variable costs of crop

production listed do not include irrigation codiecause these vary based on scenario)

Crop Variable Costs of Assumed control Grain
Production ($ hd) Price ($ tonn&)
Barley
= Fully irrigated (AO 1,2,6,9) 524
= Partially irrigated (AO 3-5,7, 394 200
10) 332
= Dryland
582 800
Soybean
949 300
Rice
Water(includes fixed and variable 35 ($ MLY) n/a
components)
350 -
- 300
=
£ 250 -
(]
©
S 200 -
S
8 150 -
a
@ 100 -
4
3
= 50
O T T T T T
0 20 40 60 80 100 120

Seasonal Irrigation Water Allocation (%)

Figure 2.

seasonal water allocation.

The assumed relationship between water price enofjen market and the
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Scaling-up field GMs to Whole Farm GMs

Field-scale GMs were scaled up to whole-farm lemelan annual basis, using the
enterprise area determinations (Table 2). For ekanif irrigated barley occupied 3
ha, soybean 2 ha, rice 2 ha, and dryland barleythka the overall farm GM for that
year would be calculated by: (3 x Irrigated bar@&y (for that year)) + (2 x Soybean
GM) + (2 x Rice GM) + (1 x Dryland Barley GM). Thehole-of-farm GMs were
expressed in $/farm, and were calculated for ed¢heosimulated 52 years, for each
adaptation option.

RESULTS
Evaluation of adaptation scenarios

Irrigation and “The law of diminishing returns”

Graphs were produced using simulated output from vhlidated APSIM model
(Appendix A) to illustrate the relationship betweengation water applied, and
subsequent grain yield for barley on the case-stadyn (Figures 3 and 4) The
greatest gain per ML of applied water is below 2.84L ha' (150-200 mm H3)
(Figure 4). Above this, increases in yield ard giossible but at a reduced rate of
return (decreased slope). The relationship betveeen production and transpiration
is effectively linear (Perry et al., 2009), hent¢estdecreased slope results from
increased non-productive losses such as deep deaibelow crop roots at higher
irrigation applications (Figure 1 in Fereres andri®w, 2007). This ‘law of
diminishing returns’ leads to the assumption thate may be value in ‘spreading out
the water’ when allocations are low, to extractigigvalue (extra yield/ML) from less
irrigations, sowing greater area and aiming forswdximum yields.

The effect of irrigation water allocation

Figure 5 shows the cumulative frequency distributsd whole farm returns, over a 52
year period (1957-2009), for adaptation option€®1-The allocation level has a large
effect on whole-farm returns, however we also foanstrong effect on the relative
value of the different adaptation options. Fighra-c shows the relative performance
of the adaptation options analyzed, for allocation80, 50 and 20% respectively.
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Figure 3. Cumulative probability distributions for barley grayield as a function of

irrigation strategy for the case-study farm.
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= The solid black curve represents the performandkeofraditional (control)
management systemlAQ1) on the case study farm. The relative strength o
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this management strategy decreases as allocagensase, indicating that what
was a good strategy for fully-allocated, land-lwitirrigated production, is a
less adapted strategy under limited water condition

Adaptation option 2A402) resulted in a small uniform improvement in retirn
through limitation of non-productive soil evapoaoatilosses, and use of that
water for extra planted/irrigated area.

Adaptation option 3403) showed significant advantages, particularly atdo
allocation amounts when available land was in abood (Figure 6). The
benefits from this strategy reduced as allocatmmmaased, however advantages
were still possible, right up to 100% allocatiom flois case-study farm.

Adaptation option 4404) was also successful in increasing returns ovet AO
at all allocation scenarios examined, however priesea reduced advantage
compared to AO3, particularly for the lower allaoas.

Adaptation option 5405) provided minimal benefits over AO4 even with the
increased sown area, due to occasionally pushmdpainley sowing dates (and
hence growing period) into sub-optimal times of ykar, resulting in decreased
yields and water productivity. Increased risk ofdawnside result is also
evident in Figure 5 (b and c) with a more pronouhizgl on the CDF.

Adaptation option 6 AO6) was clearly a sub-optimal option at higher
allocations (Figure 5a), illustrating why in pastcddes irrigators did not
engage in this strategy. It became more and mumrgarable with AO1 as the
allocations decreased. For this case-study farmstili fell well short of the
partial irrigation strategies (AO3, AO4) at lowdlioaations.

Adaptation option 7 AO7) is sub-optimal at higher allocations (Figure 5a),
however significant advantage accrued as irrigatalocation decreased
(Figures 5 and 6). At 20% allocation, there wételito differentiate AO3 and
AQO7 as the best adaptation options examined.

Adaptation option 8 A08) yielded no advantage over AOL1 for the case-study
farm at any irrigation water allocation level.

Adaptation option 9A09) ranged fromvery goodat higher allocations (Figure
5 a, market water is relatively cheap)dpectacularly badat low allocations
(Figure 5c, market water is very expensive). FegGrdepicts this range of
outcomes and indicates that above allocations &6 &) the case-study farm,
this adaptation option is among the best examined.

Adaptation option 10A010) similarly yielded good results at high allocason
was the best option examined at 50% allocation vealcompletely ineffective
(but less spectacularly bad than AO9) at 20% aliosa
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Figure 6. Simulated whole-farm income gains (compared withticd, AO1) available from
adaptation options 3, 7 and 9 (AO3, AO7 and AO9)aatunction of irrigation water
allocation.

DISCUSSION

The best whole-farm strategy depends on season&tmellocation

The whole-farm adaptation options considered irs tAnalysis revealed varying
performance across a range of allocations. Thimtan in performance served to
illustrate the profound difference between irrigati farming in land-limited
circumstances, as comparedwater-limited circumstances. For the vast majority of
the MIA’s history (1914 up to mid 1990's), irrigati water was available in excess
(100% allocations and greater, Figure 1.) and landed conditions prevailed. Not
surprisingly, the dominant philosophy which devedpin the region’s irrigated
agricultural community was a fully-irrigated, fulfertilized, high input approach to
cropping, achieving maximum vyield in all sown field The validity of this approach
under those circumstances is revealed in our stroalanalysis findings, where Figs.
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5 and 6 illustrate the success of AO9 and AO1(0ragtion farming strategies at the
high end of the irrigation allocation spectrum.

Future years of high allocation could be interspéraiith many years of low to
medium allocation. Under such circumstances oatyars suggests that a different
approach to irrigation farming is needed. Figan8 6 illustrate that AO3-5 and AO7
(the partially-irrigated winter-crop adaptation iops) provide significantly better
outcomes over traditional practice (AO1l) and therenmtensive irrigated farming
approaches (A09-10) under these conditions. datergly also, our analysis has
indicated that for our case-study farm, water satvedugh partial irrigation is best
deployed on planting additional winter crops, rattlean additional summer crops.
This may be dependent on relative prices betweenwo options, which were not
considered as part of this analysis.

Thelaw of diminishing returnfias been described as one of the most famous laws
in all of economics (Samuelson and Nordhaus, 200he law states that, at some
point, less extra output is achieved through adlditi doses of an input while holding
other inputs fixed. In the context of irrigatiaihjs is evident in Figure 4, where the
rate of increase in grain yield for barley decrsaas water irrigation inputs are
linearly increased. The driving mechanism for thisanging relationship is an
increase in non-productive losses with water appbo, primarily deep drainage
below the crop root zone. (Deep drainage is cemsdl a ‘loss’ from the farmer’s
perspective, however at a higher scale the watgr lmeare-used by other consumers
and essentially not ‘lost’ (Paydar et al., 2009)lror the farmer, the success of AOS3,
AO4, AO5 and AOY7 lies in taking advantage of tlaw lof diminishing returns from
appliedwater and seeking to limit application to the hggductivity left-hand end of
the curve, devoting saved water to the sowing ditexhal land. The benefits of this
strategy are obviously not available when landhes ltimiting factor in production, as
was the case in the Riverina for much of its histoHowever, now that production is
likely to become water-limited in a significant partion of years, the high-input
cropping philosophy of the past (e.g. Angus andyl.2002) needs to be questioned as
‘the best’ for all circumstances. This analysisndestrates water-limited production
can be better managed, and average farm returrsasex, by ‘spreading the water’
when allocations are low. Cropping area limitasioalated to labour, machinery and
overheads apply. This strategy becomes even nauvable the lower the allocation
goes, as illustrated by Figure 6. It follows teatking to maximize crop yields does
not necessarily lead to maximizing whole-farm resymparticularly in seasons of low
allocation.

It is important to note that the advantages ofiglantrigation can only be gained
from winter crops in this region. Other irrigatiaistricts around the globe may be
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different. Due to high evapotranspiration demaddsng the Riverina summer, the
law of diminishing returns has reduced effect agdiScant yield gains from summer
crops can be achieved with additional irrigatiortevaright up until maximum yield.

This conclusion is strongly supported by local farmmwho steadfastly refuse to
consider stressing of summer crops, knowing thatdbuld lead to considerable yield
reductions.

General comments about the analysis

The analysis was performed using historical clintet®. We did not consider climate
change scenarios (ie impacts of changes in, @nperatures, rainfall, and climate
variability), and consider such an additional aselyvorthy of further study.

We did not consider several other possible adaptatiptions in response to
reduced allocations that involved capital investiren the farmer (ie investment in
more efficient irrigation technology). Such compans would involve a more
detailed economic analysis including capital inme=stt, debt levels etc.. We felt that
the evaluation of this option, whilst very relevamid timely, would overly complicate
this study if included, hence suggest it betteteslito a separate analysis. A further
analysis comparing farm performance using strasefyean this paper with the sale of
water entitlements to the Australian Governmentaewn buy-back scheme has been
undertaken (Chapter 5; Gaydon et al., 2012d)

Our case study should be regarded as an assesshpaiential low-cost changes
to irrigated farming practice at a whole-farm grasargin level (agronomic practices,
cropping priorities and irrigation strategies), nasponse to the threat of reduced
irrigation water availability. It is a part of thegger story. It is also relevant to note
that many Riverina broad-acre irrigation farmersehalready responded to low water
availability over the last decade by implementiegidue maintenance (AO2), and
partially irrigating winter crops.

Farmer responses to research findings

Responses to the research findings were soughtidaodlly from the case study

farmer and two other independent advisory farmdrse three farmers were selected
to represent a diversity of farm types from the dfiva region, in terms of soils,

geographical location, farm size, attitudes to,r@kd current farming practices. A
large number of comments were collated, and ordychmmon points will be related

here.

94



The best farm level irrigation strategy varies swealy

There was general consensus on the merits of fogusn high-input cropping
when water was abundant, and a lower-input approdngn water was scarce. There
was strong agreement on the value of residue rete(AO2). The degree to which
farmers felt comfortable with ‘spreading the water'years of low allocation varied.
One farmer noted that he would need to spend “amlote time at church” if he
implemented AO3-AO5, indicating he felt uncomfot@alabout the downside risk
associated with planting larger areas of partiatigated fields, despite the
considerably greater simulated upside gains passiBlach of the farmers expressed
this feeling to some degree, which may have beenamefact of having just
experienced a decade of drought. However this ahsy reflect that Riverina farmers
generally manage the downside risk on their fatmefore they will focus on pursuing
high returns. It was noted that despite the pdisb of greater average returns from
other adaptation options , the conservative op{id@1 in Figure 5, for all the
simulated allocation percentages), still represkataeliable positive profit and was
still attractive from that perspective. The loomithreat of a changing climate was
also mentioned by one farmer as adding additiorsd to the partial irrigation
strategies depicted in Figure 5 (which were geerdrtom historical climate data).

Each of the farmers noted that annual relativeegrisetween summer and winter
grains was a large factor in determining where watel land would be allocated on-
farm, yet this was not an aspect considered imatltaysis due to added complexity.
The interaction between relative crop prices arab@eal allocation was an issue of
interest to farmers, and may warrant further redear

CONCLUSIONS

Our results indicated a profound difference betwd#enbest strategies for irrigation
cropping in water-limited seasons and water-abundemd-limited) seasons. In
circumstances when water is plentiful and landlatdity becomes the limiting factor
in production, it makes economic sense to fulligate and fertilize crops, selecting
populations and varieties to maximize crop yields. this way, farmers maximize
their return per ML, per hectare, and per farm.weeer, when water allocations are
low, our analysis demonstrated that the best aeeraturns per farm are obtained
through strategies which ‘spread the water’ andisoen maximizing land utilization
through partial irrigation of winter crops, capitahg on thelaw of diminishing
returns These strategies aim for sub-maximal yields Ipectare, but maximize
returns per ML and per farm when land is not lingti In the Riverina region, partial
irrigation of summer crops is not a viable optiaredo hot, dry conditions and very
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high rates of evapotranspiration. Gains were ahigwn to be possible from partial

irrigation of winter cereals. In our analysis, erasaved was better devoted to sowing
additional winter crop area rather than additiosammer crop area; however this
finding is likely to be strongly influenced by rélse prices between winter and

summer grains.

Some of the ‘water-spreading’ strategies offered tap90% improvement in
average farm returns over traditional practice®watallocation levels, but up to 30%
worse performance than traditional practices ah lmggation levels. Similarly, the
best high allocation strategies performed extrenpelgrly at low allocations. This
study suggests that maximizing long-term averag@nmes requires farm management
strategies which vary on a season-by-season baseslilon allocations.
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APPENDIX A - Testing APSIM performance

A.1 Materials and Methods

A.1.1 Benchmarking APSIM performance

A critical component of the research approach mteskis participatory engagement
between researchers and the case study farmerfirgihsteps in this process involves
interviewing the case-study farmer to understandildeof their operation (land area,
paddock sizes, soil types, irrigation and agronopmaxctices), major decision points,
labour and machinery constraints, risk prefereneesl their observed long-term
averages and variation for crop yields and irrgatvater-use. Based on these details,
we configured the APSIM model using local soil imf@ation (Hornbuckle and
Christen 1999), climate data from the SILO datal{dséfrey et al, 2001) for Whitton
(Australian Bureau of Meteorology (BoM) Station Q18). We performed
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simulations of current practices over a 52-yearigoe(1957- 2009) to compare
simulated crop production and water-use with tis¢olical observations of the farmer,
and any other available district information. Wsoachecked modelled calculations
for gross margins against farmer expectations, weétailed economic inputs (NSW
Department of Primary Industries, 2009). This iahitphase, benchmarking the
performance of the model, involved several iteraiof interviews and simulation,
until mutually acceptable performance was achieved.

A.1.2 Testing of APSIM model in irrigated wateficlesituations

The performance of APSIM in simulating crop groveihd water-use in response to
water deficit irrigation was tested using experitaémata of Thompson and Chase
(1992). This experiment was conducted at Yancoicdfjural Institute in the
Murrumbidgee Irrigation Area in 1980, comparing w&he@rain yield, grain protein,
and water-use for a range of strategies under floaghtion (Table A.1). Several
management permutations (6), ranging from rain-tadpugh partially-irrigated, to
fully irrigated, were examined. Replicated expenntal data and standard deviations
were not available, hence we have used the reporean values. APSIM was
configured using local soil information (Hornbuclkdad Christen 1999), climate data
from the SILO database (Jeffrey et al, 2001) fomdta Regulator (BoM Station
074123), and imposed management information ashgeexperiment. A simulation
was performed for each of the six (6) treatmengporting variables measured by
Thompson and Chase (1992). Measured and simuatedvere then compared.

Table A.1. Wheat irrigation treatments imposed for APSIM mlotesting following

experiment of Thompson and Chase (1992).

Treatment Description
1 (control) No irrigation, totally rain-fed
2 Irrigated only during growth wheat growth stage 1*
3 Irrigated only during growth stage 2 *
4 Irrigated only during stages 1 and 2 *
5 Irrigated during growth stages 1 and 3*
6 Fully irrigated :- irrigated during all growth stag) (1-3)

" wheat growth stages as defined by Thompson andeGhas?2)
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A.2 Results and Discussion
A.2.1 Benchmarking

Comparisons between simulated and estimated gralitlsy(Table A.2) and water-use
figures (Table A.3) are shown below for the casegfarm.

Table A.2.  Grain Yield comparison for benchmark simulations

Crop Simulated (t ha) Farmer’s Estimates District Averages
Max. | Min. | Ave. (t hat) (t ha’)

Rice 11.65/ 0.0 | 10.7 10+ e

Soybean 3.39| 24| 286 1.5-3.5 1 26

Irrigated Barley 7.03| 24| 4.8 2-7 (average 5) 155

Dryland Barley 45 | 10| 2.7 2.5 18

Table A.3. Irrigation water-use comparison for benchmark satiahs

Crop Simulated (Ml h&) Farmer’s Estimates District Averages
Max. | Min. | Ave. (Ml hat) (Ml hat)
Rice 146| 88 | 11.4 12 1314
Soybean 75| 45| 6.7 7 '8
Irrigated Barley 45| 15| 33 1.5-45 HB5
Dryland Barley - - - - -

b Nsw Department of Primary Industries (2009)
2 Khan et al. (2004)
3 CSIRO (2005)

Simulated results indicate satisfactory performarime the APSIM model in
reproducing both the average and range of croplyighd water-use on the case study
farm.

A.2.2 Performance of APSIM model in water de§ititations

Simulated versus measured data for the experinidrtt@ampson and Chase (1992) are
shown in Figs A.1 and A.2. APSIM was able to aaptthe system performance over
the range of deficit irrigation treatments (Figufed and A.2), within what we have
assumed to be the likely bounds of experimentaabdity. Grain yield was routinely
over-predicted, however the trend in experimenbaeovations was captured. Slight
over-prediction of yield is expected for severahgens; (1) APSIM utilises small
rainfall events (<5mm) in the climate record whergareality these are probably non-
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effective due to canopy/residue interception anossguent evaporation (Thompson
and Chase 1992). In water-stressed treatmenisHjd-ig A.1), these are likely to be
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1 _
O _

t1 t2 t3 t4 t5 t6

Irrigation Treatment

Grain Yield (tonnes/ha)

Figure A.1. APSIM simulated vs observed graindseldry) for the experiment of Thompson
and Chase (1992)
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Figure A.2. APSIM simulated vs observed grain @it for the experiment of Thompson
and Chase (1992)

significant. APSIM was not able to satisfactorgymulate the performance of
treatment 3, with a yield over-prediction of arout@6. As stated by Thompson and
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Chase (1992), T3 (early water stressing with itrggain middle stages) showed a
significantly different physiological response tdl @he other treatments with
significantly more (4.7 vs 3.3) green leaves pevoshat anthesis. This increased
partitioning of resources into leaves resultedeiduced grain yield. APSIM was not
able to simulate this phenomenon, and consequenthgtantial over-estimation of
grain yield and under-estimation of green leaf laemoccurred. This scenario (T3 -
only irrigating in growth stage 2) is not commorrniing practice, and was not
identified as an adaptation option during the aakamt scenario analyses described in
this paper, so APSIM’s inability to capture the eb®&d physiology did not concern us
in assessing suitability for using APSIM in thisidy. Fig A.2 shows the simulated
grain proteins associated with the yields in Fid.A. Without access to details of
treatment variability in Thompson and Chase’s expent, we have assumed that
APSIM’s performance in both grain yield and proteimulation is within the bounds
of experimental variability over the range of apglirrigation stress levels, and hence
acceptable for subsequent adaptation scenariosazaly
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Using Modern Portfolio Theory to compare options fo irrigation
farmers to invest water
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2 University of Tasmania, Tasmanian Institute of iBgiture, Hobart TAS 7001, Australia
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Abstract

For irrigation farmers, the deregulation of watearkets and consequent emergence of water as
a tradeable commodity calls for a method of comrmgatraditional on-farm water investment
options (growing crops) with off-farm market opts(selling water). The option to diversify
farm income in this way is a desirable future adaph strategy in response to decreased and
more variable water supplies. We demonstrate &adeffor comparing such options based on
their risk-return characteristics. A framework aoonly used in the finance sector is adapted
to agricultural water investment decisions, andsiilated using a case-study farm from
Australia’s Riverina region. In our example, agarof potential farm management practices
are examined for several future water availabsitgnarios, and then compared with a fixed-
return option (selling water entitlements to thestalian Government’s current water buy-
back scheme). We demonstrate how the attractigesiethe scheme for farmers depends on
future water availability levels. For any futualocation level, the best way to use water on-
farm varies with the value of the fixed-return opti The farmer’s decision on what portion of
their water entitlement to sell provides them with opportunity to tailor their operation’s risk-
return performance. This method is universallyliapple wherever there is a mix of variable
and fixed-return investment options, and offers rmamework to assist farmers in
conceptualizing comparisons between traditionafasm uses for water and newer, market-
based options.

Keywords: irrigation, farming systems modelling, modermtfdio theory, efficiency frontier
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Chapter 5

INTRODUCTION

With deregulation of water markets, irrigation fams are presented with new options
for investing their water. Traditionally farmeraiged financial returns from water via
production of crops and livestock — today, somentas can also use water itself as a
tradeable entity (Crase et al., 2000; McKay 2006porecast reductions and increased
variability in water supplies (CSIRO, 2007; Henness al., 2007) compel irrigation
farmers to regard such new investment alternataggotential future adaptation
options in response to water scarcity (Bjornlun@24) Bjornlund 2006; Howden et
al., 2007). In addition to forecast climatic chasg Australia has implemented
significant water policy reforms since the mid-1990 These have additionally
imposed uncertainties regarding future supply, ipgsthe risk management burden
from water authorities to irrigators. BjornlundO@6) suggests this has created an
increased need for risk management tools to assightors in managing this
increased uncertainty amidst an increasing rangxbitation options.

We present a method for assessing water investopiains for irrigation farmers,
wherever the possibility exists to use their waitsmources on-farm, to sell them off-
farm, or to employ some combination of both. Wiestirate this method using a real
case-study farm from the Riverina region of Ausiral a major irrigation district
straddling the Murray and Murrumbidgee Rivers imteern New South Wales and
Northern Victoria. (latitude 3% to 35.5S; longitude 144% to 146.8E). For this
farm, available water can be used to irrigate wewigrain crops under a range of
potential agronomic and irrigation strategies;ih @lso be sold seasonally on the open
market to other users, or water entitlements ctnddraded permanently. Various
combinations of these options are of course alssipte. The farmer possesses a
general securityentittement - these are characterized by greakerim annual supply
thanhigh securityentittiements, which are primarily owned by farmertgh permanent
plantings or infrastructure (crops such as grapiésis and stone fruits; dairy). The
relative capital values of these entitlement typeffect this (Crean, Jayasuriya and
Jones, 2001).

Aspects of the Australian water markets for bot#ssaal allocation and permanent
entittement have been widely studied and analyzedthie scientific literature
(Bjornlund 2003a; Bjornlund 2003b; Bjornlund andsRmi, 2005; Bjornlund 2006;
Bjornlund and Rossini, 2007; Bjornlund and Rossii08; Brooks and Harris, 2008;
Wheeler et al., 2008). Bjornlund (2006) explatihat allocation markets have been
used by irrigators to manage risk within and betweseasons, whereas entitlement
markets are associated with more long-term straegsitioning. The substantial risk
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in future supply has made irrigators more hesitanise the entittiement market, and
consequently the allocation markets are far motiwedg used for risk management.
Prices therefore fluctuate much more widely thatitlement prices, especially during
periods of exceptional drought (such as 2002-0328@6-07). The original rationale
for introducing markets in permanent water entigais was to facilitate a move of
water from inefficient low-value production, to iefent high-value production
(Bjornlund 2003a). Although originally it was assed this would occur via direct
sale of entitlement, Bjornlund and Rossini (2008gest that seasonal water sales to
higher value users are one of the more financiattyactive adaptation options for
lower-value irrigation farmers in times of low atltions. Producers of high value
products with long-term investments in dairy heatisl permanent plantings (grapes,
citrus, stone-fruits) have demonstrated they waly phigh prices during periods of
water scarcity to limit potential losses causedrsyfficient irrigation (Bjornlund and
Rossini, 2005; Brooks and Harris, 2008). This hasn a life-line to growers of
lower-valued irrigated cereal crops and grains egeent drought periods, with prices
for seasonally-traded water rising above A$500 Mt well beyond the A$50-100
ML™ which many of them can achieve from using the wadeirrigate grain crops
(Bjornlund 2006), and substantially offsetting thgpact for them of having less water
available. The Australian experience thereforda allocation markets have achieved
many of the outcomes expected of the entitlemenketaBjornlund and Rossini,
2007).

Entitlement transfers do occur however (Crase et 2000; McKay, 2006;
Bjornlund and Rossini, 2007) and prices paid inrirerket for water entitlements in
parts of Australia increased by 15% p.a. over thgdar period from 1993 to 2003
(Bjornlund and Rossini, 2007). This suggests ta&tining ownership of entitlements
whilst selling water seasonally made more sensérfigated grain farmers over that
period. Future growth in the value of entitlenseinbwever is less certain — Bjornlund
and Rossini (2008) suggest it would be strangehditiement prices keep rising if the
seasonal allocations yielded by the entitlemergsiacreasing.

In Australia, the vast majority of entitlement tiragl has been rural-to-rural (Turral
et al., 2005), unlike the US where trade pricesehiagen significantly influenced by
urban expansion and population growth (Person aictidésen, 1994). More recently
a new buyer has entered the Australian market & ftrm of the Australian
Government with its “Water Buy-Back Scheme”, aina¢decouping previously (over-
) licensed irrigation water entittement for envinoental purposes (Australian
Government, 2010a). Under this scheme, farmers s@ly all or part of their
entitlement for a tendered price per ML. They ta@n continue to conduct farming
operations (either rain-fed or irrigated using waderchased on the open market), or
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alternately sell or lease the farm. This is patédy topical because the government
is currently offering to buy back up to 100% of ttaemer’s licensed water (the full
entitlemeny, while farmers have received only a fraction leéit full entittement in
real water &llocation) each year over the past decade due to a condmnatticlimatic
and political factors (Gaydon et al., 2012c). Otharrent initiatives of the Australian
Government fund the purchase of efficient irrigattechnology for farmers in return
for the permanent relinquishment of an equivaleattipn of the their licensed
allocation (Australian Government, 2010b).

Clearly there are numerous off-farm options foraanfer to consider, each with
their own inherent risks and potential returns.e Tikely future allocation variability,
particularly for general security entitlement, iacartain (CSIRO 2007), and this
complicates comparisons between on-farm and sudHamh water investment
options. The analytical method we describe in plaiger is suitable for comparing any
on- and off-farm options providing risk-return es#tes are available. For
demonstration purposes we have chosen the Austr@overnment’s Water Buyback
Scheme as our example for an off-farm water investroption. This does not imply
it's the best, or the most important option — i lparely been selected as an example.
Here we compare this with a range of on-farm wateestment options on the case-
study farm (growing different types of crops foledaising our proposed framework.

Assessing and comparing a range of investment mptior water lends itself to
methods routinely used in financial and share pbeotlanalysis, where investments are
compared based on their risk-return characteristiosthe agricultural context, water
options are rarely conceptualized in this way, éayglue to difficulties in defining the
risks associated with various on-farm cropping @i We propose thaflodern
Portfolio Theorypresents a framework in which to make these coisas.

Modern Portfolio Theory (MPT)

The Sharpe RatioS) can be used to express how well the return of sseta
compensates the investor for the risk taken (SH&94). It is defined by Equation 1.

. R-R; _ |IR-R ] "
o JvalR-R,

Where R is the return from the investment in questR is the ‘risk-free’ return, and
o IS the standard deviation of the excess of thetassurn over the ‘risk-free’ return.
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If R¢ really is risk-free, then the variance in its resiis zero, hence the standard
deviation of the excess is the same as the stamt#aidtion in returns of the asset in
question (Equation 2; Scholz, 2007):

JvalR-R,] = varR] ?)

In the irrigated agricultural context, the ‘risle&’ return on a parcel of irrigation water
may be considered as the price a farmer wouldveder selling this water directly to
another user at the start of the irrigation seasopermanently selling their irrigation
water entittement. The return ($/Ml) from the waitethen fixed. In the MPT sense
‘risk’ is defined as potential variability in retus — it has no connotations of missed
opportunities or potential forgoing of gains fronther options which have been
forsaken, such as in common language usage. dfrmaefr decides instead to use the
water on-farm to produce saleable products (crofm®,risk of achieving a given
return from the water increases because of intripebduction and market risks such
as climate variability, pest or disease problemd aalatility in commodity price
markets. Presumably the decision to use the waterrigation would be based on the
expectation that returns for on-farm water use waqdtentially be greater than from
selling the water. The Sharpe Ratio may be usedssess the reward-to-risk
characteristics of a range of possible optionsyigmog that a reliable source for likely
outcome distributions is available.

Irrigation farmers from Australia’s Riverina cantentially invest their water in
different ways on-farm in an attempt to maximizéures and spread risks; for
example, reserving a certain proportion of wateraf@ange of winter crops, some for
summer crops, and maybe some for pastures. Witkilon-farm options, there exists
a myriad of potential strategies to use the watdre crops could be fully- or partially-
irrigated with varying land areas. Farmers alswehthe option to grow different
species or varieties of crops, fertilizing andgating them in different ways. These
different on-farm water investment options can lemceptualized as a spread of
potential shares in an investment portfolio. Eathhe ‘shares’ will have different
risk-return profiles, or Sharpe Ratios. The quests: which combination of ‘shares’
should a farmer invest in, and in what proportioA”method for comparing the risk-
return profiles of different investment options needed. To investigate this, we
propose using a financial methodology knownMwsdern Portfolio Theory(MPT,;
Markowitz, 1952). The fundamental concept of MBThat individual investments in
a portfolio should not be selected on their own merits. hdtéhe optimal solution
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results from a combination of investments (divécation) which present the most
desired combination of risks and returns.

If all possible combinations of investments aretteld on risk-return axes, the
points define a region in this space bounded byEHient Frontier (Markowitz,
1952; Merton, 1972; Chamberlain, 1983; Owen andiraiitich, 1983). With a
specific focus on agriculture, Keating et al. (2Di€fer to this as a&co-Efficiency
Frontier; in our context we will refer to it as dtfficiency Frontier Combinations of
shares (or in the case of irrigation farmers, sealson-farm enterprises such as wheat,
rice or pastures etc) along the upper edge offffigency frontier represent portfolios
for which there is lowest risk for a given levele{pected return, or the best return for
a given risk level (Figure 1).

c tangency portfolio -

5 gency p efficiency
r) frontier
x

°

9 o

o

L o ° Individual

m o investments

o

Risk-free ______»

investment Best possible CAL
0

Risk

Figure 1. Comparing risk-return profiles for dréat portfolio options with a risk-free
portfolio. Each point on the graph represents df@m with a combination of possible
investments. CAL is th€apital Allocation Line.(Conceptual figure adapted from Merton
(1972)).

MPT takes the efficiency frontier idea further. duggests that combining an
investment portfolio which sits on the efficienapritier with a fixed return (or risk-

free) investment can actually increase returns heybe efficiency frontier for a given
risk. When a fixed-return investment possibiliy introduced into the mix, the
tangential line shown in Figure 1 becomesnbw efficiency frontier, and is called the
Capital Allocation Line(CAL). It is tangential to the ol@fficiency frontier at the

risky portfolio point with the highest Sharpe Ratim Figure 1, the y-axis intercept of
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the CAL represents a fixed-return investment ptidfoe defined as ‘no variability’ in
return. The point of tangency with the hyperbaaresents the portfolio with the
most desirable risk-return profile in relation teetavailable fixed-return investment.
Points in between these two options along the CAprasent the best possible
combinations of investments (including fixed-retames) for each risk level (Merton,
1972).

For an irrigation farmer, selling water on the wperarket, or selling their water
entittements permanently to the Government reptefrad returns on that water
asset. Riskier options, like using the water todpce crops/animals on-farm, are
represented by the spectrum of points within thee efficiency frontier. The points
along the CAL represent the best combination ddyriand fixed-return investments
for any given risk level. An alternate conceptzatiion is that the slope of the CAL
illustrates the amount of return (ie returns ova above the fixed-return option) that
can be reasonably expected by taking on risk withensystem (Figure 2). This is also
known as theisk premium

CAL
c tangency portfolio l
S
b
(O}
(04
=
g .
3] i
(D) i
o i . .
x : Risk Premium
11| i
i
|
Risk-free P& 4
investment |
0 !

Risk

Figure 2. The slope of the CAL in a given systapresents the amount of return available
for taking on a certain level of risk above a ngkrinvestment option (or thiesk premiun).

We use this framework to compare traditional adgtucal options for using irrigation
water with market-based investment options. We aigeal farm from Australia’s
Riverina to illustrate the approach, comparing am¥f cropping options with the sale
of water entitlements to the Australian Governmentater-buyback scheme. This
example demonstrates the value of this framewonk domparing options with
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different risk-return profiles, across a range afsgqble future water allocation
scenarios.

MATERIALS AND METHODS
Case-study farm

The farm used in this analysis is described by Gayet al. (2012c). Itis an irrigated
rice-cereal-soybean operation in the Murrumbidge®dtion Area (MIA), NSW
(latitude 34S to 35.5S; longitude 144 % to 146.5E). The 600ha farm has 3265 ML
(equivalent to approximately 544mm Haof general security irrigation water
entitlement.

Characterizing the on-farm investment options

Ten (10) on-farm water investment options for theezstudy farm were considered in
this analysis (Table 1). They are described andathed in detail by Gaydon et al.
(2012c), resulting in a population of annual faeturns over a 52 year period for each
option. The individual risk-return characteristmr each option is defined by the
average annual farm profit in A$ h4the return), and the standard deviation of the
population (theaisk). The performance of these on-farm options ufited seasonal
allocations of 80%, 50%, and 20% of entittlementeverodelled by Gaydon et al.
(2012c) and used in our analysis. In this exantplke farmer plans to retain his water
entitlement in perpetuity and seek returns from @kailable water each season by
farming.

Characterizing the off-farm investment option

The average sale price for general security watttlements in the MIA as part of the
Australian Federal Government water-buy back scheme A$927 ML' (Jan 2011,
Hassall, 2011). The scheme offers to purchasedi@' mvater entitlements, partially
or in their entirety.

We used this average purchase price to calculat@én annum value of the off-
farm water investment option for the case-studyfaassuming zero-risk investment
returns on cash of 6.5% were possible (Matthew @ieartner, Deloitte Australia,
personal communication regarding Australian GoveminTreasury Bonds, January
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Table 1. Broad outline of on-farm scenarios usednalysis (details in Chapter 4; Gaydon et

al., 2012c)
Scenario Description

AO1 Control (historical management: full irrigation, crop ises removed).
Crops include barley (winter — mixture of irrigataxd dryland), soybean and
rice (summer — irrigated).

AO2 AOL1 + retain barley residues through subsequeriesy crops instead of
removing them (to reduce unproductive soil evaponit

AO3 AO2 + partially irrigate winter crop (increase gated winter crop area with
water saved).

AO4 AO2 + partially irrigate winter crop (increase susmarop area)

AO5 AO4 + rainfall-based sowing for winter crops (ingse summer crop area).

AOG6 All winter crop (fully irrigated) — no summer cropswn

AO7 All winter crop (partially irrigated — ie largerea sown than AO6)

AO8 All summer crop (fully irrigated)

AO9 Maximum areas for summer and winter crops (witlunstraints), buy water
on open market as required (fully irrigate all @pp

AO10 Maximum areas for summer and winter crops (witlinstraints), buy water

as required (partially irrigate winter crop).

2011). For the assumed (January 2011) governmegnback price (A$927 ML),
and the case-study licensed allocation of 3265ME, aalculated an annual gross
return of A$196,733 (A$927 ML x 3265 ML x 0.065 yed) at an assumption of nil
risk. We then also used a conservative leasedretuthe dryland property (without
water allocation) of A$124 per ha per annum (Timtdhinson, Breed Hutchinson
Agents, Leeton, personal communication) to caleutat additional annual property
income for the case-study farm of A$74,131. Th®ulted in a fixed return from the
property of A$270,864 per annum.
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Representation of options in risk-return space

Each investment option was represented as a poiatgraph, with axes representing
average farm returns (Y-axis; A$ famyear) and variability in returns (X-axis;
standard deviation of farm returns). This enabdedluation and comparison of
option characteristics in risk-return space, as therrequirements of MPT. The
‘risk” for each option results from the expectedarsn-year variability in on-farm
climate, captured in simulations that use 52 yeafshistorical climate data.
Efficiency frontiers were estimated from the spredghoints associated with each of
the three (3) allocation levels analysed. Eackhe$e frontier curves represents the
risk-return performance of the farm for annual wat#ocations of 20, 50 or 80%
respectively.

RESULTS AND DISCUSSION

One of the challenges facing Riverina irrigatorsewhassessing the merits of the
Australian Government’s water buy-back offer is htawcompare a one-off cash

payment with a range of possible on-farm water stment options in an uncertain

future water-supply environment. Given forecasintis suggesting decreased and
more variable allocations into the future, this pamson becomes increasingly

difficult to conceptualize without a suitable fram@k. We have sought to investigate
this issue by adapting some methods from the fimavarld, where such comparisons
between investment options with different risk levare more common.

Figure 3 illustrates the simulated adaption optidos the case-study farm,
presented within the efficiency framework on rigkurn axes. Because the analysis of
Gaydon et al. (2012c) generated details for onlyp@@ntial on-farm management
options for each allocation level (out of poteryiathousands), the graph is
intrinsically underpopulated and the red, blue doldck ‘frontier curves are
approximations only. It would be possible to gatera much more complete
population using the methods of Power et al. (201d) a Monte Carlo-based
technique to assess combinations (Markowitz, 1991).For these conceptual
estimations, poinA represents the fixed return option (sell all wagatitiement to
government buy-back scheme); poBitrepresents the optimal portfolio with 80%
allocation (highest Sharpe Ratio; the highest retafrisk ratio in relation to the
specified fixed return optiord); while pointC represents the optimal portfolio with
50% allocation. Not surprisingly, the lower théoehtion the lower the risk premium
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(the potential benefit gained by taking that ridicf €). For the approximated frontier
curves in Figure 3, AO3 (Adaptation Option 3; Gayads al. 2012c) is very close to
the optimal adaptive option for years with 50% ediiton. Modern Portfolio Theory
implies that the risk-return relationship for a is@eo of 50% water allocation each
year on the case-study farm can be optimized fgrdasired risk level by combining
various proportions of the fixed-return investmdAt) and the risky investment
represented by poir€. The CAL that connects these two points reprastgr@new
efficiency frontier now that a fixed-return option like the water Hagck is ‘in the
equation’. By selecting a point on the CAL thabywdes comfort in terms of risk
exposure (defined as variability in returns), farsnean specify their preferred
combination of risky and fixed-return investmentsder the circumstances. This is
equivalent to selling a certain proportion of themtitlement back to the government,
investing the cash payment, and managing the rengaientittement on-farm
according to the AO3 strategy. The location oft tikamfort’ point will vary from
farmer to farmer, from 100% sell-back (for somear® might be ready to leave the
land or retire), to 100% retain (for a farmer keerexplore the full farming potential
of their water assets). Regardless of wheredhadr’'s personal risk preference lies,
this approach allows for the definition of a newtaéncy frontier.

The effect of future water supply variability

Obviously in reality farmers do not expect to reeeb0% allocation every year (or
80% or 20%). It is impossible to know what theufat variability in water allocations
will be, as large uncertainties exist around bdtthe key drivers: climate change and
politics.  Our approach is to present farmers vath operational framework that
incorporates their own estimations for future alic@n variability and subsequently
assesses the impact on comparisons between agadpbbns for using their water.
We have not attempted to prescribe what will happéh future allocations. For
example, if a farmer believes that future seasahatations will range between 80%
and 20%, then clearly the estimated efficiency timnfor their business will lie
somewhere between these two simulated curves omstiesturn diagram (Figure 3).
The question is “precisely where?”

To provide some insights, we considered an exanmvle three future allocation
scenarios over a 10-year period. The three almtatcenarios each had an average
seasonal allocation of 50%, yet exhibited differaminual variability around that
average. The scenarios were (% allocation eadf):yea
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Figure 3. Simulated adaptation options for the case-studynfaresented as points on
efficiency framework axes, for three (3) potentiature allocation amounts. Each point
represents 52 years simulated farm performances efiwelope curves (red, blue and black)
are estimates, based on a limited population. Xiaxis is the standard deviation of

population for each average return point.

SCENARIO 1: 50, 50, 50, 50, 50, 50, 50, 50, 50(@rage 50)
SCENARIO 2: 80, 20, 80, 20, 80, 20, 80, 20, 80(&@&rage 50)
SCENARIO 3: 90, 90, 10, 90, 10, 10, 90, 10, 10(8@rage 50)

The risk-return performance for each of the 10 &tagn options was reassessed using
the APSIM model for each of the scenarios, aspeotiginal analysis (Gaydon et al.,
2012c). The resulting risk-return characteridtic each adaptation option was
plotted, and efficiency frontiers for each scenafiallocation estimated (Figure 4).
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Figure 4. The effect of increasing variability in seasonaltavaallocation — showing
simulated points for the 10 adaptation options (®ayet al., 2012c) and estimated efficiency
frontiers for three imposed scenarios of increastigcation variability; SCENARIO A —
50% allocation (constant each year); SCENARIO B0% average allocation (ranging
between 80% and 20%); and SCENARIO C — 50% aveaigeation (ranging between 90%
and 10%). Each point represents 10 years simufatedperformance with varying seasonal

allocations as per each scenario.

Increasing variability in allocation (illustrated lonoving from Scenario 1 to Scenario
3), results in greater risk in returns, yet notahlky average returns over the period do
not vary significantly. It appears likely theredothat there will be a family of
efficiency frontier curves for each average futuaocation level, spreading
horizontally to the right with increasingly variéity of supply.
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A method for incorporating farmers’ own estimate about future latation
variability

Farmers will have their own individual perspectiegsthe likely range of future water
allocations, based on their past experiences apecgations regarding future changes
in climate and the political landscape. We p@daithat these expectations can be
quantified and used to define a sensible locatfaher business’s efficiency frontier.
Our proposed method initially requires the defomtof four (4) key curves (Figure 5).
These can be derived via simulation (as previodsiyonstrated) after the farmer has
specified their expected future allocati@ngee.g. let us assume the farmers predicts
a future seasonal range between 80% and 20%.hidrcase, the required curves to
define are (as numbered in Figure 5):

1. The constant-allocation curve for the top of thege(80% allocation)
2. The constant-allocation curve for the bottom ofrduege (20% allocation)
3. The constant-allocation curve for the middle of taege (50% allocation)

4. The maximum variability curve for the mid-range eage (ie a sequence of
allocations comprising random years of 80% and 2&l#écation, with an
average of 50%; like scenario 3 in Figure 4.)

Once these curves are defined, two critical assomgptan logically be made:-

a. The maximum potential variability must occur in tihreddle of the expected
allocation range (in this case, 50%) - a matherahtiality resulting from the
possibility for random sequences of years withcatmns composed only of
the upper and lower bounds (80% and 20%).

b. By the same logic, the variability for an averaflecation at both the top and
bottom of the estimated range (80% and 20%) isssacey zero — for example,
if the average allocation is 80% and the maximulmcation also is 80%, then
every season must be 80% to achieve this — in etbets, zero variability).

This allows definition of aMaximum Variability Envelopé-igure 5) as a function of
the farmer’s expected range in future allocatiorihe final critical step is for farmers
to provide their estimation on their expectederagefuture allocation within their
specified range. This then defines the horizoydaligned family of curves
representing the possible variation for that averatjocation, ranging between the
constant-allocation curve and the envelope. Kkanmgple, a sensible location for the
efficiency frontier curve could be indicated by tth@shed blue line in Figure 5, if this
farmer estimated an average future allocation &b &Hhd expected mid-range season-
to-season variability (halfway between a constdittcation and the most extreme
variability possible).
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Figure 5. The proposed method for positioning the efficierimntier associated with a
farmer’s own estimate of average future water-spppld its associated variability. Four (4)
curves are necessary to define the space, andecastablished by simulation constant
allocation at upper estimate of future range (is txample, 80%)2. constant allocation at
lower estimate of range (20%3,. constant allocation in middle of range (50%); ahd
maximum variability allocation for a 50% averag®y definition, the possible spread of
efficiency frontiers will always be greatest in theddle of the estimated future range, and
zero at maximum and minimum of the range — them®ining a “Maximum Variability
Envelope”. This figure shows how a farmer’s estem@n this case, a ‘mid-range’ variability
around an average allocation of 65%) could betéathalf-way between ‘65% fixed’ curve

and envelope (shown as a blue dashed line in xaisple)
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Translating scientific information into real lifection requires attention to salience,
credibility and legitimacy of the approach (Cashakt 2003; Meinke et al., 2009).

Both saliency and credibility are enhanced whensitat-makers, in our case farmers,
are able to integrate their own expectations abhaure water supplies, critical farm

cash-flows, and risk preferences. Our frameworkisés such integration at the
individual level. We are therefore confident thealgtical approach demonstrated in
this paper is well-placed to assist farmers and thavisors in decisions related to
investment of water resources. We have conscicasbyded being too prescriptive,

as there is ample evidence of the failure of suetisibn-support tools (McCown,

2002). There may be value in additional reseérglding on the concepts presented
in this paper to further refine methods for intdgbmg farmer expectations within

simulated efficiency frontiers.

What happens when the value of the fixed-return igot is varied?

Once the appropriate efficiency frontier has beesiindd as described above,
variations in the value of the fixed-return investih (in this case, changes to the
federal government water buy-back price) can beeptualized. When the value is
varied, the optimal adaptation option for the giweigation water allocation scenario
also changes (Figure 6). In the figure, poiid, andC represent adaptation options
with the highest Sharpe Ratios for buy-back offefs$766/ML, $927/ML and
$1100/ML respectively. As the buy-back price foater entitlement increases,
competitive on-farm options become fewer and riski@ our example these on-farm
alternatives are adaptation options 4, 3 and Jfesvely (Gaydon et al. 2012c). The
current buy-back offer would suggest AO3 (partiathgate and increase winter crop
area) as the best of the analyzed on-farm strategibereas a fall in the buy-back
offer price would suggest an optimal on-farm sggteloser to AO4 (partially irrigate,
then increase fully-irrigated summer crop) whiclegants reduced average farm
returns, but at less risk than AO3. Converselyinarease in the buy-back price above
the current offer sends the optimal farming strateg higher average returns from
riskier practices. Because the curves in Figsn® G are estimates, it is pointless to
attempt any conclusive statements on the exactiposf thenew efficiency frontier
or CAL line for each of the water allocation amaynor about the optimal farm
strategies for different buy-back prices. A mocewate definition of these curves
would provide greater confidence in making assestion these matters.
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Figure 6. Simulated adaptation options for the case-studgnfaresented as points on
efficiency framework axes (for a future allocatioh50%), illustrating the effect of varying
the ‘no-risk’ investment value on the optimal addijoin option. The x-axis is the standard

deviation of population for each average returmpoi

If the Government buy-back price is incrementatigreased, at some point a level is
reached at which no on-farm cropping strategy immetitive and risk premiums
become negative. For example, Figure 3 implie$ thiz point has already been
reached with the current buy-back price, if theufatallocations for the case-study
farm were to be in the vicinity of 20%. Someonghia financial world might respond
to this situation by making a clear judgement t@l"swvhile the offer stands.
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Farmer response to research findings

Responses to the research findings were soughtidaodlly from the case study
farmer and two other independent advisory farmdrse three farmers were selected
to represent a diversity of farm types from the dfiva region, in terms of soils,
geographical location, farm size, attitudes to,r@kd current farming practices. A
large number of comments were collated, and we @ggrt the most pertinent points.

Our MPT analysis comparing on-farm water-use otianith the Australian
Government’s current water buy-back scheme engeddeonsiderable interest
amongst the farmers. All commented that this viresfirst attempt they had seen to
relate these options in a quantitative or graphica}. The concept of defining ‘risk’
as the standard deviation of a population of retwmas not an intuitive concept for
any of the farmers interviewed. The general cosisenvas that risk would be better
expressed as a ‘down-side risk’, or as a percenbhgesars in which returns were
below a defined threshold. The substitution of dsme risk for variance in return-
risk trade-off analyses has considerable precedentiee literature (McCown et al.,
1992; Carberry et al., 2000; Keating et al., 20@ anany more). Frequently,
anecdotal evidence suggests that the adaptatiooneptith greatest down-side risks
are also the ones with the greatest standard dwwathence the analyses may not be
greatly affected. Ultimately this debate over tdefinition of ‘risk’ is a
communication issue and does not invalidate ourcamh. It does stress, however,
that participatory engagement is required when ldpugg an operational version of
our MPT approach to farm-level water managemertte fermers were comfortable
with the approach, and could see this was a framevor them to incorporate their
own estimates of how future variability in waterpplies might unfold, and to
subsequently define where their business fronti@ulev be positioned on the
framework in relation to fixed-return investmentiops.

There was consensus that the MPT analyses and dsompéetween Government
water buy-back and on-farm adaptation options cddd'vastly different” between
individual farms; largely due to different ratiogtlveen entitlement and land area.
Land ownership and water entitlement are not imeadty linked in the Riverina
region, and both land and water entitlement caadb@ separately resulting in a range
of farms exhibiting high to low ‘concentrations’ ehtitlement. In summary, our
specific case study findings on the economics ef cbmparison apply to the case
study farm only, and further investigation on hdwstvaries with a farm’s ‘water to
land’ ratio may be warranted. An operational varsfe.g. spreadsheet-based) of our
MPT approach could be developed in partnership witarested farmers and their
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financial advisors. Such co-development would owere some of the communication
and perception issues discussed earlier.

Comparing other water market options

Obviously the example we have provided comparingaom options with the sale of
entitlement to the Australian Government’s Watey#ack Scheme does not provide
a comprehensive picture of the wide range of watarket options available to
irrigation farmers. Several authors (Bjornlund 280Bjornlund and Rossini 2005;
Bjornlund 2006) identify retaining entitlements aindding allocation seasonally as a
more desirable option, taking advantage of cagtawth in value of entitlements
(15% per annum increase between 1993 and 2003nIBjat and Rossini, 2007) and
high seasonal water prices when possible. A furtimancial analysis showed that
investment in a water entitlement over a 5 yeadingl period, including annual sale
of allocation and subsequent sale of the entitlémeas in excess of returns from the
Australian share market (Bjornlund and Rossini, 00 A key element is that
entitlements must be liquidated before any camjtahs can be realized. Given the
reported capital increases in entitlement value suggest analyzing further scenarios
where the farmer retains the entitlements for &h&rr5 or 10 years, farming with the
water over that period, and then selling the emtignt on the open market to realize
the associated capital gain. A scenario of thimineatakes the analysis into “real
options space” (Trigeorgis, 1996; Black and Sc01973), and is beyond the scope
of this current paper, yet once the correspondioigtiity of future capital gains is
estimated and the risk-returns are quantified,réseilts could still be represented as
operational points on MPT risk-return axes and camag with our current examples.
A particular challenge in characterizing the riskurns associated with this type of
“hold then sell” scenario would be deriving readaaastimates of future capital gains
for the water entitlement asset, given that yiétdm that asset (ie the allocations) are
forecast to reduce (CSIRO, 2007; Hennessy et 80/ and that Bjornlund and
Rossini (2007) suggest “it would seem strange éndéitlement prices keep increasing
while the seasonal allocations yielded by the lemiénts are decreasing”

Bjornlund and Rossini (2008) also suggest the Aliain water market is showing
signs of becoming anaturing market Derivative products such as ‘put and call’
options, together with futures contracts/tradingvatter are market instruments which
may be expected to emerge. These products mayutehe farmers manage risk and
variability in water supply and protect them agamsforeseen fluctuations in prices,
in the same way as in financial markets.
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There are clearly many potential future optionsifiegation farmers to evaluate, in
addition to their traditional decisions about whedps to plant to what area. All of
these options can be simultaneously representedeoNPT framework as individual
points, providing individual risk-return charactgits can be estimated. If maximising
return is the sole aim, the highest average retultrclearly identify the best option.
However the MPT framework we have demonstrated rnesoparticularly useful
when there is some degree of risk-aversion, andehaition of the efficiency frontier
from the range of assembled options can help peoagbessment of the best possible
of combinations of investments (diversification) t@ximise returns for any desired
risk level.

Ultimately, different farmers will have differenspirations and therefore different
criteria on which to evaluate available optionsrrabet al., (2005) explained that
buyers of entitlement are principally interestednareasing the reliability of supply
and intensification, whereas the majority of sallbave excess water, are reducing
irrigated area or need to raise finance. We sugipes further research using this
MPT approach is warranted, to assess a more coensie range of potential off-
farm water market options for farmers, comparirgnthwith traditional on-farm water
use options under a range of potential future anstances (commodity prices,
operating costs, allocations). Consideration afspects for a decision-support tool
could follow.

CONCLUSIONS

For irrigation farmers, the deregulation of watarkets and consequent emergence of
water as a tradeable commodity calls for a methHodomparing traditional on-farm
water investment options (growing crops) with aifrh market options (selling
water). Here we have demonstrated a new appradelpted from the financial world,
for making this comparison. This method uses tecept of arefficiency frontiey
recognizing that options cannot be compared basdtier average returns alone, but
also on their risk levels. We used a case-stady ffrom Australia’s Riverina region,
however the method is universally applicable wherefarmers have co-existing
investment options to either sell or use (irrigatt) their water, or a mixture of both.
Under these circumstances, the method we havenpegssallows identification of the
on-farm strategy with the highest return-to-riskh@®e) ratio in comparison with a
fixed-return option. Once this identification isade, farmers can conceptualize how
the risk-return characteristics of their businessesild be impacted by selling and
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using various proportions of their water entitlemefVe also demonstrated how the
best on-farm water use strategy changes with thee\at the sale option. The method
relies on sensible definition of risk-return chaeastics for on-farm water use
options, and this may be facilitated by well-testadning systems models. The
method does not intrinsically include any assummai@bout future water-supply
variability. Instead, it provides a framework foarfers to impose their own
expectations. Further research may assist farinersore accurately estimating a
position for their business efficiency frontier whicaptures their own estimations of
future allocation variability, and also making campons with a more comprehensive
range of off-farm water market options.
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CHAPTER 6

Rice growth, yield and water productivity responseso irrigation
scheduling prior to the delayed application of conhuous flooding in
south-east Australia
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Abstract

The majority of rice grown in south-east AustraBacontinuously flooded for much of its growing
season, but reduced irrigation water availabilitpught about by a combination of drought and
environmental flow legislation has presented a neethaintain (or even increase) rice production
with less irrigation water. Delaying the applicatiof continuous flooding until prior to panicle
initiation can increase input water productivity ®ducing non-beneficial evaporation losses from
free water and the soil. A field experiment was dimted over two growing seasons, 2008/9 and
2009/10, comparing a conventional dry seeded tre@tithe control — continuous flooding from the 3
leaf stage) with delayed continuous flooding (10-62/s prior to panicle initiation) with several
irrigation scheduling treatments prior to floodiogmmencement. In the first year, the delayed water
treatments were irrigated at intervals of 40, 80 460 mm of cumulative reference evapotranspiration
(ETo) prior to delayed continuous flooding, theréimposing differing degrees of crop water stress. |
year 2, the 80 and 160 mm treatments were modifjagse of a crop factor (Kc) when the plants were
small and the 40 mm treatment was replaced witbrdirtuously flooded treatment throughout the
crop duration. Decreases in net water input (itriga+ rain—surface drainage) and increases intinpu
water productivity were achieved by reducing thasHi irrigation frequency during the pre-flood
period. Savings of 150 and 230 mm (10 and 15%) wehgeved in Year 1 from the 80 and 160 mm
cumulative ETo irrigation frequency treatments,pexgively, in comparison to the control. In the
second year, net water input savings of 230 andn®30(15 and 22%) were achieved with the 80/Kc
and 160/Kc mm treatments, respectively. Input wpteductivity of the 160 mm treatment was 0.06
kg/m3 (8%) higher than the control in Year 1, whileYear 2 a 0.15 kg/m3 (17%) increase in input
water productivity above the control was achievedthe 160/Kc mm treatment. Delaying the
application of continuous flooding in the seconarygreatly extended the period of crop growth
suggesting the need for earlier sowing (by 7—-1Gsd&y ensure pollen microspore still occurs at the
best time to minimise yield loss due to cold damagjgrogen fertilizer management is an important
issue when delaying continuous flooding, and ngrofpsses appeared to increase with the frequency
of irrigation prior to continuous flooding. This wdikely due to increased denitrification from
alternate wetting and drying of the soil. Furthesearch is required to determine the most apptepria
nitrogen management strategies, and to also lufiere the optimal pre-flood irrigation frequency.

Keywords: Rice, input water productivity, irrigation, dg&d continuous flooding
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INTRODUCTION

Over the past twenty years the average field im@ter productivity WP) of the total
NSW rice crop has almost doubl@dumphreys et al., 2006). This has been largely
due to increaseyields with the introduction of semi-dwarf cultigarand partly du&
reduced rice field water use. Through a combinabbrihe implementatiorof rice
field water use limit policy and the adoptionaléctromagnetic induction soil surveys
to identify more suitable low permeability areageéBher et al., 2002), there has been
a reduction in rice production on soils where saishl amounts of water is lost
through percolation past the root zone, resultmgeduced average rice crop water use
for the region (Humphreys and Robinson, 2003).

In recent years rice producers in south-easterntrdliss have experienced an
unprecedented restriction in production due to watertages brought about by a
combination of drought and environmental flow légfion. Over the period since
1997, irrigators have received only a fractionlait water allocations (Gaydon et al.,
2010). Given recent climate change projectionschvisuggest a 16—25% reduction in
average Murray-Darling streamflows by 2050 and B844eduction by 2100 (Pittock,
2003; Christensen et al., 2007; CSIRO, 2008), thetd&ely to be further downward
pressure on irrigation water allocations in theufat This reduced water availability
presents a challenge to maintain (or even incraase production with less irrigation
water. To increase water productivity, either waorctive water losses(evaporation,
percolation, seepage, transpiration from weeds) imeiseduced, or the efficiency of
productive water use (transpiration) must be inseda(Haefele et al., 2009), or a
combination of both. The majority of rice grownsauth east Australia is flooded for
much of its growing season, providing favourableevaand nutrient supply under
anaerobic conditions. There is little opportundyiricrease water productivity from the
current flooded rice growing practice (Humphreyslet2006), so farmers must adopt
innovative water management practices to meethhélenge of increasing rice water
productivity. One opportunity to save water maytbaeduce the length of time the
crop is flooded. The period from the start of contius flooding (which commences
prior to seeding for aerial water seeded crops anthe 3 leaf stage for drill sown
crops), to the time when the crop reaches full pgremver, is a period of opportunity
for reducing water use. During this period the pleanopy is small and evaporation
from the free water surface makes up 40% of totaperation loss in continuously
flooded aerial sown rice (Simpson et al., 1992).

Technologies such as alternate wetting and drgatyrated soil culture (Tuong et
al., 2004), aerobic rice culture (Kato et al., 2088d sprinkler irrigation (Muirhead et
al., 1989) have been found to be effective in redpavater use, mainly from a
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reduction in deep percolation and excessive ev#éigerdosses (Humphreys et al.,
2005), but often involve reduced yield, increasedts and more precise irrigation
water control. Changing from continuously floodedatmore aerobic rice culture also
has implications for other aspects of the rice pobidn system, including nutrients
and weed control.

The period when flooding of rice may not be requiine south-east Australia, is
limited because of the need for cold-temperatugegtion during the reproductive
period. The potential for dramatic yield reductidram low temperature is very high
during early pollen microspore development (Willenand Angus, 1994). The
application of deep water (20-25 cm) during thisiqeeis a recommended method
adopted by farmers to protect the pollen against temperature (Humphreys et al.,
2006). Flooding is also required during the repuoiche period to meet the crop water
requirements during the very high crop growth rg@s0-300 kg/ha/d) that occur
between panicle initiation (PI) and flowering. Thegh potential evapotranspiration
demand during this period necessitates flooding,@muld result in crop water deficit
stress if a non-ponded culture was used (Humpheessk, 2005).

However, delaying the onset of continuous floodingil about 2 weeks before
panicle initiation has shown promise in south gasttralia. Heenan and Thompson
(1984) obtained input water savings of 23% throungdrmittent irrigation every seven
days prior to the establishment of continuous fiogdat PI, compared with
conventional practice. Equivalent grain yields weaehieved in both cases. This
research was conducted in a field with consideralglep percolation loss of water
which would have inflated the water saving beneflhompson and Griffin (2006)
undertook further experiments to explore poternitigation water savings on a less
leaky site in 2001-2004. Grain yield from the intétent irrigation treatment was
generally similar to yield of the conventional tr@ant resulting in an increase of
water productivity ranging from 0.06 to 0.23 kg/m@mpared to the normal flooding
regime. The research conducted on delayed contnidlowding by Heenan and
Thompson (1984) and Thompson and Griffin (2006)olmed regular irrigation
intervals with little moisture stress on the cragridg the unflooded period. Larger
water savings may be achieved with less frequeigiaiions, but the optimal level of
moisture stress between irrigation is currently nown. Cumulative transpiration is
linearly related to total dry matter production @fsle et al., 2009) hence moisture
stress often results in reduced dry matter prodoncind grain yield. Determination of
a water stress level threshold to maximize watedyctivity is therefore important.

In this paper, we present the findings of field exments to investigate potential
input water savings from a range of treatmentsgdted at different cumulative
evapotranspiration frequencies prior to the startantinuous flooding which was
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delayed until 10-20 days before panicle initiatidihese were compared with a
conventional drill sown treatment with continuodsofling applied at the three leaf
stage. The experiment was repeated in 2009. Netrwgiut, crop growth, grain yield
and input water productivity from each treatmenteveompared.

MATERIALS AND METHODS

Site description

The experiment was conducted over the 2008/9 af®®/20 rice growing seasons
(October—April) at the Yanco Agricultural Institu(84-36’56"S, 14625’06"E) on a
red-brown earth soil (Alfisols, Soil Survey Statfd75). The soil was a Birganbigal
clay loam with a clay loam surface horizon 0.1590n2 deep and heavy clay subsoil
(van Dijk, 1961). The Yanco Agricultural Institute located in the Murrumbidgee
Irrigation Area in south east Australia. The sodgerties of the experimental field are
presented in Table 1.

Table 1. Initial soil characteristics of the fiedg@perimental site (mean of 3 replicates)

Parameters 0-10cm 10-20cm 20-30cB80-40cm
pH (1:5) (Cad)) 6.0 6.1 6.5 6.8
EC (1:5) (uS cr) 35 37 94 64
P- Colwell (mg kg 72 31 21 11
CEC (meq 1009) 15 16 18 21
Ca:Mg ratio 1.8 1.6 1.4 1.2
ESP (%) 3.9 6.2 9.1 12.0
Organic C (%) 1.6 1.1 0.8 0.5
Silt (%) 15 17 18 21
Clay (%) 26 28 35 28
Course Sand (%) 13 9 6 7
Fine Sand (%) 46 46 41 44

The experimental site has a temperate climate cteized by hot dry summers with
low humidity. One-third monthly mean (49 years) paratures and reference
evapotranspiration (ETo) for Griffith (49 km frore experimental site) together with
values recorded during the experiment are presemtédjure 1. The ETo is calculated
for Griffith using a locally calibrated modified P®man equation (Meyer, 1999) and
available athttp://www.clw.csiro.au/services/weather/#datarotal in-crop rainfall

received during the experimental period was 104 2@ mm for the 2008/9 and
2009/10 seasons, respectively. Rainfall receivadidren sowing and application of
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continuous flooding to the delayed treatments wésren in 2008/9 and 61 mm in

2009/10.
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Figure 1. Long term mean (49 years) minimum and imasn temperature and
evapotranspiration (ETo) and values recorded duhegexperiment (one-third month means)
for Griffith, NSW.

Treatments and design

The experiment was established in twelve individbays (12 m x 36 m) each

separated by 40 cm high earthen banks. Each bayindapendently connected to

water supply and drainage channels. The experithdasign was a randomized split-

plot with four water management treatments as thm tneatment, three nitrogen rates
as the subplot and three replications. Subplot sias 72 m2. In each year all

treatments were dry seeded using a combine sdéebaept for one broadcast seeded
treatment in 2009/10.

The water management treatments used irrigatioedsting based on cumulative
net reference evapotranspiration (ETo-minus ramjl gontinuous flood was applied
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10-20 days prior to panicle initiation, comparedte control where continuous flood
was applied at the three leaf stage of crop devednp.

In Year 1 (2008/9) the water management treatmeoksded:

1. Control - permanent water (PW) i.e. continuous flood aapht the three leaf
stage;

2. 40ETo- flush irrigations at 40 mm cumulative net refere evapotranspiration
(ETo-minus rain) intervals until PW applied 10 dg@ysr to panicle initiation
(PI);

3. 80ETo- flush irrigations at 80 mm cumulative ETo mimagn intervals until
PW applied 10 days prior to PI;

4. 160ETo- flush irrigations at 160 mm cumulative ETo minasn intervals
until PW applied 10 days prior to PI.

The irrigation scheduling thresholds were choseth \B0 mm being considered
suitable for this soil type for other cereal crapsl the 40 and 160 mm treatments
being half and double this respectively. Flushyations involved filling the bays with
5 cm depth of water then leaving them ponded fbo@rs before draining the water
from the bays. This is normal practice for drilmsorice in Australia where flush
irrigation water is drained through into the ndweiner) bays. Surface drainage water
was measured and subtracted from the amount ghiion water added to calculate
net irrigation input.

The medium grain short season semi-dwarf vari@yest(Smith et al., 2010) was
drill sown into a cultivated seedbed at 150 kg/hd the first flush irrigation applied to
all plots on 23 October 2008. All treatments reediva second flush irrigation to
ensure good establishment before the irrigatiogueacy treatments commenced. The
Control treatment received 3 flush irrigations (@gbonded for 3 hours then drained)
in total before permanent water on the 18 Nov 2Q@&e the 40ETo, 80ETo and
160ETo treatments received 11, 6 and 4 flush itinga respectively before
permanent water was applied on the 1 Jan 2009 rgi@a). All irrigation treatments
received three split-plot N rate treatments, 0, 488 200 kg N Hain the form of
urea. The nitrogen rates were selected based oanmsunt normally required to
achieve 10 t/ha yields for this soil type in thégjion (135 kg N H) and a higher rate
near the maximum of what would commercially be &upl(200 kg N hd). The
Control treatment received 2/3 of the nitrogen eggpto dry soil prior to permanent
water and the remaining 1/3 into water at Pl. Tig&EHo, 80ETo and 160ETo
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treatments received nitrogen in three equal splas, 1/3 at 3 leaf stage, 1/3 at mid-
tillering and
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Figure 2. Cumulative reference evapotranspiration éach delayed permanent water

treatment and daily rainfall (vertical bars) for¥&@ar 1 and b) Year 2 of the experiment.

1/3 prior to permanent water (10 days prior to Rl).nitrogen was applied to the dry
soil before a 48 hour period of ponding then drairexcept at the time when
permanent water was applied.

In Year 2 (2009/10) the irrigation regimes wereilamto year 1 for the Control,
80ETo and 160ETo treatments. Crop factors (Kc).6fahd 0.8 were applied between
1-15 Nov and 16-30 Nov respectively to the 80ETd 460ETo treatments to create
the 80ETo+Kc and 160ETo+Kc treatments respectivlly.crop factors for non-
ponded rice are not available crop factors fronepitereal crops at similar growth
stages were applied to increase irrigation wateinga as the small plants were being
irrigated more often than necessary when using cnlypulative ETo. The 40ETo
treatment was replaced with a broadcast dry seedatinent which was continuously
flooded from one day after sowing until shortly dref maturity. After spreading the
seed the continuously flooded bays (Flood) weresmed with 15 mm diamond mesh
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bird netting to prevent ducks from eating the s@édt netting was removed on the 1
Dec 09.

The Control, 80ETo +Kc and 160ETo +Kc treatmentsewnad| drill seeded into a
cultivated seedbed (Quest at 150 kihand received their first flush irrigation on 21
Oct 09. All treatments received a second fluslyation to ensure good establishment
before the irrigation frequency treatments commdnéée Control treatment received
2 flush irrigations before permanent water on tbeNbv 09, while the 80ETo +Kc
and 160ETo +Kc treatments received 5 and 3 flusdpaition treatments in total before
permanent water was applied on the 23 Dec 09 (€igb), 20 days prior to panicle
initiation. Permanent water was applied a few dagslier than planned due to
imminent rainfall which occurred on the 24th Dec. 08 irrigation treatments
received three rates of N (urea), 0, 150 and 228/k@, which was an increase on the
nitrogen applied in year 1 due to this being theosd rice crop (local practice). The
Flood and Control treatments both received 2/3 haf hitrogen applied prior to
permanent water, sown into the soil (10 cm dephjie Flood treatment and onto the
dry soil surface for the Control treatment, witle tremaining 1/3 applied into the
water at Pl. The 80ETo +Kc and 160ETo +Kc treatmerteived nitrogen in two
splits, i.e., 1/3 at mid tillering and 2/3 prior permanent water, 20 days prior to PI.

In all treatments and in both years the weeds waoeessfully controlled using
commercially available herbicides. Post sowing predrice emergence a combination
of glyphosate 360 gt (1 L ha'), Clomazone 480 g'£(0.3 L ha') and Pendimethalin
330 g ! (1.6 L h&) was applied to all treatments to control alreadyerged weeds
and provide some residual grass weed control. énGbntrol and Flood treatments
molinate 960 g L' (3.7 L ha') was used to control grass weeds and bensulfuron
methyl 600 g [* (86g h&) used to control broadleaf weeds. In Year 1 theycel
permanent water treatments received two applicatadrpropanil 480 g £ (8 L ha')
and in Year 2 one application of propanil 480°g(8 L ha') was applied during mid-
tillering to control grass weeds.

Crop measurements

Crop samples for biomass, tiller number and N uptakre taken five times during the
growing season. Above ground plant samples (1 n&tewollected at mid tillering,
late tillering (pre-permanent water of delayed Pkatments), panicle initiation,
anthesis and physiological maturity. A 100 g suljganwas removed from each
sample and dried in a microwave before being dmedn oven overnight at 60°C.
This subsample was ground and analysed for N by d3ucombustion. A fifty tiller
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subsample was also removed and separated intosleaeestems. The leaf, stem and
remaining samples were dried at 80 °C until a @mnsweight was achieved.

Grain yield was measured from a 10 m2 area haestmg a Kingaroy small plot
harvester and reported at 14% moisture. Two 1 miks were collected from each
plot after physiological maturity and dried at 8C Uuntil a constant weight to
determine total dry matter. These samples weresltlegk through a stationary thresher
and the grain weighed to determine harvest indexseparate 50 tiller sample was
collected and separated into panicles and stenmesp@hicles were manually threshed
and the filled and unfilled spikelets separatedabpirator and counted to determine
percent filled florets. The grain and straw samplese ground and analysed by
Dumas combustion to determined N content and digbtake calculated.

Crop phenology measurements were taken from eaxth@hlccurately determine
the timing of PI, anthesis and physiological mayuriPrior to PI, 10 main tillers were
removed every second or third day. The tillers vaticeed in half and visually assessed
for the presence of a panicle. The plot was consti¢o be at Pl when the panicle
could be identified with the naked eye (i.e. 1 mi2 long) in 5 of the 10 tillers. Pollen
microspore was identified by measuring the par@tgth of 10 main tillers every 2 -
3 days. When the average panicle length had reabb@anm it was considered to be
at pollen microspore. To identify anthesis, a repneative 1 m section of row was
pegged in each plot. Every second or third dayntimaber of panicles that had reached
mid-anthesis was recorded. Sampling to determineenwliplots had reached
physiological maturity involved taking a samplehafads from a representative section
of each plot every second day. The grain was rechds@n the heads and dried at
100°C until a constant weight to determine moisttwatent. Physiological maturity
was determined as the day that grain moisture baliheéd to 28%.

Water measurements

Water applications were measured into individuaisbasing RBC flumes (Clemmens
et al., 1984) equipped with water depth loggerse @nainage from each bay was
measured with circular flumes (Samani et al., 1991g water depth loggers. Water
use was calculated as the total water applied mihestotal drainage plus rainfall.
Water productivity was calculated using grain yiatdl4% moisture from the highest
nitrogen rate plot in each treatment divided bywa¢er use (mm) for each bay.
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Statistical analysis

Statistical analysis consisted of analysis of var@&a(ANOVA), with water regime the
main plot and nitrogen the subplot (GenStat Reld#s2, Lawes Agricultural Trust,
Rothamsted Experimental Station). Differences betweneans were compared by
least-significant difference (LSD) tests at 5% aioibity level.

RESULTS

The 2008/9 rice season was characterised by vgty temperatures during the plant
establishment period in late October and also theroductive period in late
January/early February (Figure 1). Evapotranspinativas also much higher than
average during these periods. In 2009/10 extretmgly temperatures occurred during
late October/early November and evapotranspiratadas were well above average
during this period (Figure 1). In both seasonsnir@mum temperatures were average
or above during the critical reproductive periodewltold temperature can cause grain
sterility.

Plant establishment and growth

Plant establishment was excellent in all plots @aiY1 with an average 325 plants m
and no significant difference between treatmemt dar 2 of the experiment the three
drill sown treatments (Control, 80ETo and 160ET)had excellent establishment
with an average 351 plants“nThe Flood sown treatment had a lower level of
establishment with 180 plants@mand a uniform plant distribution. The reduced
number of plants established in the Flood treatnmeay have been caused by soil
covering the dry seed when the permanent wateappléed.

In Year 1, when permanent water was applied tod#layed PW treatments (69
days after the first irrigation) the interactionleen water treatment and nitrogen rate
was significant for dry matter sampled at this tiilee Control treatment accumulated
significantly more dry matter than all of the deddyPW treatments at the 135 and 200
kg N ha" nitrogen rates (Figure 3a). By panicle initiatioplant dry matter
accumulation in the delayed PW treatments had lgremireased after the application
of nitrogen and permanent water 10 days earlier.panicle initiation the water
treatment and nitrogen rate interaction was sigaifi with the Control treatment
having a significantly higher dry matter than tt#EZ o treatment at the 135 kg N'ha
nitrogen rate and the 160ETo treatment at the 208 ka" nitrogen rate (Figure 3b).
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At physiological maturity the water treatment anttagen rate interaction was not
significant for total dry matter. The Control tresnt (averaged across nitrogen rates)
accumulated the largest amount of dry matter wiiah significantly higher than the

80ETo and 160ETo treatments which were both sicgmiily higher than the 40ETo
treatment (Table 2).

Table 2. Physiological maturity dry matter, totéragen uptake, grain yield at 14% moisture
and yield components for four water treatments @mde nitrogen rates for year 1 and 2
experiments.

PM Dry Total N Grain Harvest Panicles Florets/ 1000 Filled

matter uptake (kg yield Index /m? panicle grain floret
(g/m? N/ha) (t’ha) w. s
(9) (%)

Year 1

Water treatment (W)

Control 2148 179 9.5 0.42 666 83 24.4 72.6

40ETo 1787 125 6.9 0.35 654 64 23.6 72.2

80ETo 1987 147 8.1 0.38 694 67 24.1 73.9

160ETo 1946 154 8.4 0.41 618 74 23.4 80.0

LSD (P<0.05) 144 24 0.5 NS 10 0.5

Nitrogen Rate (N)

0 kg N/ha 1502 106 5.7 0.36 560 65 24.3 69.2

135 kg N/ha 2057 155 8.7 0.40 691 71 24.0 77.2

200 kg N/ha 2343 194 10.1 0.41 724 81 23.4 77.8

LSD (P<0.05) 114 11 0.5 52 6 0.5
Interaction (W x N)

LSD (P<0.05) NS NS NS 0.04 NS NS NS 9.9
Year 2

Water treatment (W)

Control 2313 211 10.9 0.44 693 89 23.9 76.9

Flood 2108 183 9.4 0.43 672 78 23.6 75.4

80ETo+Kc 2106 190 10.8 0.48 598 92 23.8 83.6

160ETo+Kc 2182 198 10.7 0.46 618 93 23.6 80.6

LSD (P<0.05) 0.7 NS 9 NS 4.6

Nitrogen Rate (N)

0 kg N/ha 1508 110 7.0 0.45 540 67 24.3 84.6

150 kg N/ha 2431 213 11.9 0.46 671 94 24.0 80.0

225 kg N/ha 2593 264 12.3 0.45 724 102 22.9 73.9

LSD (P<0.05) 0.6 68 6 0.6 4.0

Interaction (W x N)
LSD (P<0.05) 315 30 NS 0.05 NS NS NS NS

NS: non-significant

In Year 2 all treatments were sampled prior to whermanent water was applied to
the delayed PW treatments (63 days after the ifigiation) and the water treatment
and nitrogen rate interaction for dry matter wagmsicant. At the 150 kg N/ha and
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225 kg N h& nitrogen rates the Control and Flood treatmentth uroduced
significantly more dry matter than both of the geld permanent water treatments
which were not significantly different (Figure 3@ this time both the Control and

850 Year 1 Year 2
N —o6— Control (a) | —e— Control (d)
£ —m— 40ETo —s— Flood
2 700 1 _a— 80ETo | —A— 80ETo+Kc
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Figure 3. Dry matter for Year 1 and Year 2. Fornplgrowth stages Pre-PW — prior to
application of delayed permanent water (a and d), panicle initiation (b and e), PM -
physiological maturity (c and f). Bars indicate tleast significant difference (P<0.05), NS:
non-significant.

Flood treatments had already received two thirdsthef treatments total applied
nitrogen while the 80ETo+Kc and 160ETo+Kc treatrsdrdad only received one third
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of the treatments total nitrogen. The Flood treatinted reached panicle initiation at
this sampling time so the Flood treatment dry madega results from this sampling
time are also used for the Flood treatment in @ueigbe initiation graph (Figure 3e).
By panicle initiation the plant dry matter accumida in the delayed PW treatments
had greatly increased after the application of tiiaods their nitrogen and permanent
water. The water treatment by nitrogen rate intevacfor dry matter at panicle
initiation was significant with the Flood treatmembducing less dry matter than all
other treatments at the 150 and 225 kg N' matrogen rates (Figure 3e).At
physiological maturity the irrigation treatment bytrogen rate interaction was
significant and the Control treatment at 225 kga¥ produced significantly more dry
matter than the other three treatments which wirailar at the same nitrogen rate
(Figure 3f).

Total nitrogen uptake was higher in Year 2 of tkpezgiment, with a mean of 196
kg N/ha, compared to Year 1 with a mean of 151 kdha. This is due to a
combination of higher applied N rates in Year 2 aménged nitrogen application
timings of the delayed PW treatments between ydargear 1 the Control treatment
had a total N uptake of 179 kg N “havhich was significantly higher than the
80mm+Kc and 160mm-+Kc treatments with 147 and 158IKe" respectively which
were significantly higher than the 40mm treatmeithvt25 kg N h& (Table 2). In
Year 2 however the Control treatment had the higNasptake with 211 kg N Haand
there was no significant difference between anyhefother water treatments (Table
2).

Grain Yield

The interaction between water treatment and nittof@r grain yield was not

significant in either year. In both years there aveignificant effects of irrigation

scheduling, with the highest yield achieved by@uatrol treatment (Table 2). In Year
1 when averaged across nitrogen rates the Congiathtent yielded significantly more
than the 80ETo and 160ETo treatments which werk dighificantly higher than the
40mm treatment with yields of 9.5, 8.0, 8.4 andtthé respectively. The lower grain
yield of the 40ETo water treatment was due to almoation of lower dry matter and
lower number of florets per panicle.

In Year 2 there was no significant difference iaigryield when averaged across
nitrogen rates between the Control, 80ETo +Kc &@ETo +Kc treatments (Table 2).
The Flood treatment yielded significantly less diee a combination of factors
including reduced plant numbers and a lower nundbdtorets per panicle than all
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other treatments. Total dry matter for the Floehtment was similar to the delayed
PW treatments but lower than the Control, whiledtcsterility of the Flood treatment

was similar to the Control and lower than the dethf?W treatments resulting in the
lowest yield of all water treatments. The Floochtreent was earliest to reach pollen
microspore which placed it at a time of lower miommtemperatures which increased
floret sterility compared to the delayed PW treattsewhich matured later. Year 2

was an exceptionally good season for rice growirtg wery high temperatures during

tillering and higher than average minimum tempeesgduring the mid to late part of
the reproductive period (Figure 1).

Crop phenology

The delaying of permanent water and the amountitobgen applied both had a
significant impact on the development of the rigepc(Figure 4). In Year 1, the
Control treatment reached PI 3 days earlier thandéglayed PW treatments and this
difference in development was still present at esith The 40ETo treatment was the
first of the delayed permanent water treatmentseth maturity. In all treatments
increased nitrogen application extended the timiertato reach anthesis and
physiological maturity (Figure 4). The 40mm treatmne/as the first of the treatments
with 200 kg N ha applied nitrogen to reach physiological maturityedo its lower
fertility level caused by nitrogen losses during ftush irrigations. At physiological
maturity the water treatment by nitrogen interactias significant.

In Year 2 water treatment had a much larger infbeeon crop phenology than in
Year 1 (Figure 4). The Flood treatment was muckefas development reaching all
growth stages before any other treatment, follolwgdhe Control treatment which
was significantly faster than both the delayed R@attments in reaching all growth
stages. The 80ETo +Kc and 160ETo +Kc treatmenteahighest nitrogen rate, took
15 and 18 days longer respectively than the Comteaitment to reach physiological
maturity (Figure 4). The higher rates of nitroge@pléed in Year 2 combined with 2/3
of the nitrogen applied pre-PW compared to onlyifi/3ear 1 had a large impact on
crop development of the delayed PW treatments.

Water use and water productivity

In Year 1 water use (irrigation supply, minus bawidage, plus rainfall) for the
Control treatment (1561 mm) was significantly higkiean the other three treatments
with 1397, 1411 and 1327 mm for the 40ETo, 80ETa d&®O0ETo treatments
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respectively (Table 3). In Year 1 the 160ETo treaitrhad 0.06 kg mhigher water
productivity than the Control treatment howeverré¢hevas no significant difference
between any water treatments (Table 3).

The use of crop factors in irrigation calculati@hsing Year 2 extended the period
between irrigations and increased the water savohgjse delayed PW treatments. The
Flood treatment had the highest water use with 17 which was significantly
higher than the Control treatment with 1503 mm.r€h&as no significant difference
between the 80ETo +Kc and 160ETo +Kc treatment$ W276 and 1175 mm
respectively, both significantly lower than the @oh treatment (Table 3). The
160ETo +Kc treatment had the highest water prouigt{1.04 kg ni®) which was
similar to the 80ETo +Kc (0.97 kg ™ treatment but significantly higher than the
Control treatment (0.89 kg™ The Flood treatment had the lowest water praditgt
(0.67 kg n?).

(a) Year 1 Pl Anth,  PM
20 &—————¢———————¢
1O0RTe E——T——*
NS S——
°® v 4
PN et S———
0@ : : ¥ : : :’ : :
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Figure 4. Days after first flush irrigation thatetlreatments reached panicle initiatian), (

anthesis ¥) and physiological maturity] for (a) Year 1 and (b) Year 2 experiments.
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Table 3. Grain yield at 14% moisture for Year 1q2@ N/ha) and Year 2 (225 kg N/ha),
water use including rainfall and water productivity the water treatments in the Year 1 and

Year 2 experiments.

Grain yield Water use Water productivity

(t hat) (mm) (kg m?)
Year 1
Control 10.9 1560 0.70
40ETo 9.2 1400 0.66
80ETo 10.2 1410 0.72
160ETo 10.1 1330 0.76
LSD (P<0.05) 0.9 90 NS
Year 2
Control 13.4 1500 0.89
Flood 11.4 1710 0.67
80ETo +Kc 12.3 1280 0.97
160ETo +Kc 12.2 1180 1.04
LSD (P<0.05) 0.9 160 0.10

NS: non-significant

DISCUSSION

The research presented in this paper resulted filoen need to improve water
productivity of rice growing in south-east AustealiDrought and reduced water
availability has already seen some commercialgrosvers delaying the application of
permanent water on their drill sown rice crops (Whbrth and Lacy, 2008). These
growers sowed their crops and relied on rainfallhwninimal irrigation, severely
moisture stressing the crop during tillering in@rtb reduce water use. Some of these
growers achieved good grain yields and were clagjmiery high levels of water
productivity from the practice. A potential benetif delaying the application of
permanent water is that the crop can be establigliedminimal irrigation, fertilizer
and herbicide input. Once water allocation annomas@s are released and potential
water availability more accurately defined, thariar can decide whether nitrogen and
water resources should be applied to the crop loe ebandoned if the water resource
is not available. This is a better option than farsnwaiting until water allocation
announcements are released and then sowing a laje well outside the
recommended sowing period and risking severe \i@dd due to cold temperature
damage.
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In this experiment, delaying the application ofrpanent water reduced the period
the crop was ponded by 42 and 37 days in Yearsdl2arespectively, providing
potential water savings from reduced evaporatiahsaepage losses. The necessity to
flood current rice varieties during the reproduetperiod (Humphreys et al. 2006)
prevents further potential water savings from nloeded rice culture. Irrigating the
rice crop during the non-flooded period at diffdremmulative evapotranspiration
intervals provides the opportunity for increasedtenvasavings, but the level of
moisture stress a rice crop can experience witbigmificant yield loss was unknown
in the south-east Australian rice growing environtmgHumphreys et al. 2006). In
both years the rice plants in the 160ETo and 160&Ko treatments showed visual
symptoms of severe moisture stress prior to thécgtion of permanent water but the
rice crop recovered quickly from the moisture stralier the application of permanent
water to achieve good levels of total dry matted &igh grain yields. This supports
the findings of Muirhead et al (1989) who notedt thee crops were able to adapt to
an improved soil water status when permanent flogpavas introduced after drought,
up to a late stage of development (Pl). Bouman &mong (2001) noted that the
degree of yield reduction depends on both the #gvand frequency of drought, but
that in general soil matric potentials of -10 t0 432a (at 10-20 cm soil depth) resulted
in grain yield reductions of 10-40%. In Year llsuopisture tension levels measured
by gypsum blocks in our experiment reached 25 EZakPa and 200 kPa at 15 cm
depth between flush irrigations for the 40ETo, 80Ednd 160ETo treatments
respectively but insufficient reliable data regwiceporting soil moisture tensions in
any more detail or for Year 2. That final grainlgiee were only slightly reduced (less
than 10%; Table 3) under much higher soil matricepbals in our experiment,
suggests the crop stages exposed to drought sterss less sensitive than in the
assembled datasets of Bouman and Tuong (2001).irSYiathlav et al (2011) found
that reducing drought stress during more sensgiages (Pl and Flowering) reduced
yield loss from 9% down to 5% for a -10 to -20 kiteernate wet-and-dry irrigation
regime.

In our experiment water savings of 150 and 230 (h&nand 15%) for the 80ETo
and 160ETo treatments in Year 1 and 230 and 330(b3and 22%) for the 80ETo
+Kc and 160ETo +Kc treatments respectively in Y2avere achieved, compared to
the Control. This compares to savings between 818% found in earlier studies
(Thompson and Griffin 2006) with intermittent iragons at 50 to 60 mm of
cumulative evapotranspiration. Although the graields were a little lower for the
delayed permanent water treatments compared toaditéentional treatment a benefit
in water productivity was achieved. In Year 1 thatev productivity of the 160ETo
treatment was 0.06 kg #(8%) higher than the conventional treatment andear 2
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the 0.15 kg i (17%) advantage of the 160ETo +Kc treatment wasifstantly better
than the conventional drill sown treatment. In Y2ahe 80ETo + Kc treatment also
achieved a significant (but reduced) gain in wateductivity over the conventional
treatment (0.08 kg 1 9%). Thompson and Griffin (2006) reported inceshsvater
productivity ranging from 0.06 to 0.23 kgtnompared to the normal flooded regime.
Because our experiments indicated water produgtinicreased with decreasing
frequency of pre-flood irrigations, further resdais suggested to better define the
optimal irrigation deficit level. The point of mawal water productivity (in kg/m3)
may not necessarily correspond with the point @ifnog@ gross margins (in $/m2) from
the field, because some treatments will likely hadelitional costs associated with
increased weed control measures. A subsequentatedidnodelling study may assist
in defining the most practical pre-flood irrigatitnequency for farmers.

The timing of nitrogen application is very importawhen delaying permanent
water and the most efficient nitrogen applicationirig without reducing yield is yet
to be determined. In Year 1 of the experiment adlway split was used, with 1/3 of
the total N applied at both the 3 leaf and midetihg stages and the last 1/3 applied
prior to the delayed permanent water. Soil nitrasasurements from the 0-10cm soill
samples collected on 10 Dec 08 (after the 40ETatrirent had received 8 flush
irrigations and the 160ETo treatment 4 flushes)paesented in Table 4. They suggest
higher nitrogen losses from the more frequentligated treatments, likely due to
nitrification and subsequent denitrification whehet soil dries then becomes
waterlogged as was found by Humphreys et al. (198@¢ nitrogen losses are also
evidenced by the significantly lower total croprogen uptake in the 40ETo treatment
compared to the 160ETo treatment (Table 3). Theenflmsh irrigations a delayed
permanent water treatment received, the highetasses that occurred. Grigg et al.
(2000) found reduced N uptake from flush irrigasampared to flooded rice and
suggested N losses from denitrification as a resfuditernate wetting and drying may
be partly responsible. In Year 2, 1/3 of the tdtalvas applied at mid-tillering and the
remaining 2/3 applied prior to delayed PW in anoeffto improve nitrogen use
efficiency. In Year 2, the 80ETo +Kc and 160ETo +HKeatments had 10% and 8%
lower total N uptake respectively than the Contreatment compared to 18% and
14% respectively in Year 1 when only 1/3 of thealkatitrogen was applied prior to
permanent water.

Delaying permanent water had a significant impactimp development. In Year 2
of the experiment the 80ETo +Kc and 160ETo +Kc ttremts were delayed in
reaching pollen microspore by 12 and 16 days résdg compared to the Control
treatment. In Year 1 the delay in crop developmeagn’t as pronounced as in Year 2
when more nitrogen was applied prior to the appbcaof the delayed permanent
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water. This greatly increased plant dry matter &xtal N uptake in Year 2 compared
to Year 1 and resulted in extended crop developniEmt extension of the growth
period is important in relation to water use, as thop needs to be irrigated for a
longer period, and also for management, as hawédisthen occur during potentially
unfavourable conditions. The delay in crop develeptmay also move the critical
pollen microspore stage, when the developing polisnsusceptible to cold
temperatures, to outside the window of highest abdlty of safe minimum
temperatures. This could be critical for grain ¢iebnsidering how quickly the mean
minimum temperature decreases after mid-Februaiguf& 1). The delay in crop
development that occurs with delayed applicatioperinanent water may necessitate
sowing 7 to 10 days earlier compared to conventidnf sown crops to ensure the
sensitive pollen microspore stage still occurs whenimum temperatures are likely
to be highest.

The results of our field experiments may be charstic of many rice growing
areas in south-eastern Australia which grow riceaaed-brown earth soil. However,
large areas of rice are also grown on self-mulcland non self-mulching clay soils.
Further research is required into potential watexdpctivity gains on these soils,
which have higher plant available water contentrasponse to delayed permanent
water practices. The suitability of the 80ETo andOHETo cumulative
evapotranspiration levels for these soil types poténtial crop factors also requires
investigation. Further research into nitrogen agpion timing for both the red-brown
earth and clay soils needs to be conducted tordaterefficient nitrogen use while not
compromising grain yield and excessively extendivgggrowing period of the crop.

CONCLUSIONS

Two seasons of field experiments confirm that waavings can be achieved by
delaying the application of permanent water unigtjbefore Pl in drill sown rice on
red-brown earth soils in south east Australia. Addally, the experiments
demonstrated increased water productivity from @iglkvels of imposed crop water
stress during the initial non-flooded period. daiing at intervals of 160 mm
cumulative ET (plus crop factors) prior to permanemter significantly improved
water productivity above that of the convention@ll down treatment (by 17% in year
2). lrrigating at 80mm intervals resulted in angigant but lesser (9%) water
productivity increase over the control in the saymar. Non-significant gains in water
productivity were also achieved in year 1, beforepcfactors were added to
evapotranspiration calculations. Because increasester productivity were achieved
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with higher crop water stress during the non-flabgeeriod, we suggest further
research to better define optimal pre-flood irrigiatdeficit levels for different soils
and environments. Validated modelling studies nssysa in this process.

Delaying the application of permanent water extenthe period of crop growth
and it may be necessary to move sowing forward ddy® so pollen microspore still
occurs at the safest time in regards to cold teatpexr damage. Nitrogen losses were
shown to increase with the frequency of irrigatiopgor to permanent water,
illustrating that N management is an importantessuthis practice. Further research
Is required to determine the most appropriate guesittiming and splits for nitrogen
applications.
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Abstract

For south-east Australian rice production, delaymmhtinuous flooding (DCF; i.e. irrigation
scheduling while delaying the application of contns floodwater) can reduce non-productive
water losses and increase input water productMiy?), compared with traditional fully-flooded
cultivation. Several authors have reported carative experimental findings, yet there has been
no previous effort to assess long-term risk assediavith the practice, or to define best-practice
guidelines. In this paper we compare the trads{oétween input water-requirement and grain yield
for a range of DCF strategies with different eanligation intervals in the early non-flooded petjo
aiming to define best-practice guidelines. We aseexperimentally-validated cropping systems
model (APSIM) together with 55 years of historichkinate data to simulate the performance of the
different strategies, and to help understand tlyedkivers of system behaviour. DCF was shown to
provide better long-term WP and gross margin ouesthan conventional fully-flooded practices
(both aerial and drill sowing) with benefits incsg®y as a function of the pre-flood irrigation
interval, up until an interval of approximately 206 cumulative (ETo - rain). Phenological delay
caused by the early water stress results in delayea maturity, however earlier sowing of DCF
crops has the potential to increase WP further bying the sensitive floral development stage into
a time period with lower risk of cold temperatureSur study suggests that best-practice DCF in
rice can achieve a long term average WP of 0.84rlagn ML-1, representing gains of 0.17 (25%)
and 0.13 (17%) kg grain ML-1 over aerially-sown ayahventional-drill crops, respectively. We
demonstrate that climate change has the potemtimlhtinge best practice guidelines, however
suggest a further analysis using more sophisticatetite projections. DCF seems destined to play
a prominent future role in south-east Australiae production, however further research is required
into efficiently synchronising the practice witthet crop production enterprises on farm.

Keywords: rice, irrigation, water productivity, modellingPSIM, Australia
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Chapter 7

INTRODUCTION

The international challenge of increasing globaldf@and fibre production with limited

or reduced future irrigation water supplies hasnbeentified by numerous authors
(Keating et al., 2010, Cribb, 2010; Ali and Talukd2008; Bouman, 2007; Tuong et
al., 2005). One avenue to achieve this aim isei&ing input water productivity, WP
(tonnes grain/ML irrigation water applied), througdduction of non-productive water
loses (evaporation and percolation/seepage; Humphee al., 2010) via improved

agronomic and/or irrigation practices (Sudhir-Ya@a\wal., 2011a; Belder et al., 2007;
Bouman and Tuong, 2001).

In flooded rice production, water-use can be reduoea number of ways. Deep
percolation losses can be limited by reducing tldrdwlic head; through ponded
depth reduction (Kukal and Agarwaal, 2002); or byusated soil culture (Borrell et
al., 1997). Alternate wet-and-dry irrigation (AWBpuman and Tuong, 2001) offers
reductions in both evaporation and deep percolaki@ses, particularly on more
permeable soils. AWD involves flooding the sdileh allowing the pond to dry-down
before re-flooding again and repeating the proaéss some specified interval. AWD
IS now a proven technology throughout much of ibe-growing world (Bouman et
al., 2007; Li and Barker, 2004; Sudhir-Yadav et 2011a) however environmental
conditions in Australia’s temperate rice-growingstdcts (southern NSW; latitude
34°S to 35.5S; longitude 144% to 146.8E) preclude the full use of AWD as
practiced in other areas for several reasons.tl\girsce production in the region is
primarily on heavy clay soils so the opportunitiesreduce percolation losses are
relatively low (Humphreys et al, 2006). The Aub#na rice industry also has policies
in place to define regions with higher permeabilggils and limit flooded rice
production in these areas (Humphreys et al., 18@&cher et al.,, 2002). Secondly,
the growing Australian rice crops require mainte®arof continuous floodwater
throughout the reproductive stages of growth fop twain reasons: - a.) to limit the
high natural risk (>40%) of low temperature damégehe developing rice floret at
early microspore (protection is provided by submoerof the developing floret to a
depth of 200-250 mm - the floodwater buffers lowhtitime temperatures by 5°C;
Williams and Angus, 1994), and b.) to satisfy #eey high crop transpiration rates
encountered during the latter stages of crop grdvasulting from up to 250-300 kg
ha' day' dry matter production in a very dry, high radiatieenvironment)
(Humphreys et al., 2005). So for the Australiantext, a modified version of typical
AWD practice must be sought.

The majority of non-productive water losses in Aalsan flooded rice production
occur early in the season during the vegetativgestaprior to canopy closure.
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Simpson et al (1992) suggest that up to 40% of tmta-productive water losses occur
during this period, primarily through evaporationrh the free water surface. This is
also a time when the growing rice crop is not asceptible to low temperature
damage, and transpiration demand is relatively lsuggesting the possibility for
AWD techniques to limit both evaporative and deepcplation losses during this
early period. Heenan and Thompson (1984) ingattd potential increases in WP
using AWD during this early vegetative stage, unfestralian conditions. Their
promising results showed water savings of 23% withgield penalties over
conventional fully-flooded practice through intettant irrigation every seven days
prior to the establishment of continuous floodindg®a Equivalent grain yields were
achieved in both cases, hence significant increms®¥¢P were calculated. However
water savings were judged as inflated compared wyjifcal rice growing conditions
from the region, due to use of an experimentadfigith relatively high percolation
rates. To address this issue, Thompson and G(2d®6) conducted further similar
experiments on a less-leaky site between 2001 @84d.20nce again, grain yield from
the intermittent irrigation in the early crop stagsas generally similar to the yield
resulting from fully-flooded management. The irage in WP reported ranged
between 0.06 to 0.23 kg frover the period of the trials. Although the clpapmise
of this early AWD practice was now demonstratedAuastralian conditions, neither of
these early studies sought to examine the effediffdrent irrigation intervals (hence
crop water stress levels) on WP — a necessary stegt in defining best-practice
guidelines.

Dunn and Gaydon (2011) took this line of invesigatone step further by
examining the yield and water-use trade-offs (ie Miplications) for a range of early
AWD irrigation intervals, seeking to define besagtiice. They found that WP
increased with the length of the early AWD irrigatiinterval for all treatments
considered. Significantly, crop phenology was inoipd leading to later maturity in
the early AWD crops compared with continuously-tled crops. The greater the
imposed water stress level, the longer the phegaliedpy. The implication was that
the highly temperature-sensitive rice microsponeggefor the early AWD treatments
could be pushed back into colder time periods, ni@thy resulting in much riskier
practice. They suggested further research intmidef the best irrigation interval (to
maximize WP), given that WP increased with irrigatinterval for all the treatments
examined in their trials. They also suggestedhirrresearch into the possibility that
earlier sowing in early AWD management may reduee risk of cold temperature
damage resulting from delayed phenological devetapgm T Throughout the text of this
paper we will refer to this practice of AWD wateanagement in the period prior to
continuous flooding as delayed continuous floodiDGF).
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Modelling offers a way to extend experimental fimgs from a reference period of
several years (the experimental period) to a mudtemclimatic record, thereby
providing a better assessment of risk associatdtl wie practices in question.
Providing they are well-validated and tested, Hiwygical models can also assist
researchers to understand the key physical prateseg system behaviour, and can
hence be useful tools in defining best managemeattipe. Sudhir-Yadav et al
(2011b) applied this approach to extend experinheAW&D findings in Punjab,
resulting in successful definition of best-manageim@actice for that environment,
coupled with an in-depth understanding of climatgk. Achieving such a system
understanding from experiments alone would havertalecades.

In this paper, we use the APSIM cropping systemsleh@Keating et al, 2003;
Gaydon et al., 2012a, 2012b) to extend the leasnfrgm Dunn and Gaydon (2011)
and more thoroughly evaluate the practice of itrayascheduling during DCF for
south-eastern Australian rice production. We Ifirqparameterize, calibrate and
validate the model using the experimental data ehrband Gaydon (2011), testing
against observed grain yields and biomass productiagation water use, WP, and
soil water/nitrogen dynamics. We then use thededdid model to explore long-term
trends and variability associated with different Gtrategies (varying irrigation
intervals), and compare them with conventional ficas from the perspective of WP
and gross margins ($ profit M. This includes a detailed exploration of key
underlying processes that govern overall systenfopeance in order to define the
best operational strategies. To overcome some ef itlentified environmental
limitations, we explored a wide range of agronoraitd irrigation management
options. We finish by presenting an analysis on Ippgjected future climate change
may affect the performance of DCF in the Australenvironment, and how it may
potentially change best-practice guidelines.

MATERIALS AND METHODS
Overview of the APSIM model

APSIM is a dynamic daily time-step model that comelsi biophysical and
management modules within a central engine to sitautropping systems. The
model is capable of simulating soil water, C, N &dynamics and their interaction
within crop/management systems, driven by dailymate data (solar radiation,
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maximum and minimum temperatures, rainfall). Daplgtential production for a
range of crop species is calculated using stageetRUE constrained by climate and
available leaf area. The potential productiorhentlimited to actual production on a
daily basis by soil water, nitrogen and (for som®pc modules) phosphorus
availability (Keating et al., 2003). The SOILWAT odule uses a multi-layer,
cascading approach for the soil water balance viatlg CERES (Jones and Kiniry,
1986). The SURFACEOM module simulates the fatethef above-ground crop
residues that can be removed from the system, pocated into the soil or left to
decompose on the soil surface. The SOILN2 modulelates the transformations of
C and N in the soil. These include fresh organicttenadecomposition, N
immobilization, urea hydrolysis, ammonification,trification and denitrification.
Crop residues tilled into the soil, together witlots from the previous crop, constitute
the soil fresh organic matter (FOM) pool. This poan decompose to form the BIOM
(microbial biomass), HUM (humus), and mineral N @i@nd NH4) pools. The
BIOM pool notionally represents the more labilel soicrobial biomass and microbial
products, while the more resistant HUM pool repnséhe rest of the SOM (Probert
et al.,, 1998). APSIM crop modules seek informatimgarding water and N
availability directly from SOILWAT and SOILN modude whereby insufficient water
or N availability limits crop growth. More recemtlAPSIM has been enhanced to
simulate processes specific to rice-based croppysiems (Gaydon et al.,, 2012a,
2012b), such as transitions between flooded andflooded soil environments,
together with floodwater C, N, and water dynamiddodelled floodwater processes
include the growth and senescence of photosynthgtiatic biomass (PAB; algae and
other pond flora), a portion of which may be capabF fixing atmospheric N,
ultimately contributing to rice crop nutrition, @no soil organic carbon. Gaydon et
al. (2012b) demonstrated that simulation of theyueisustainability characteristics of
rice-based cropping systems (maintenance of batim gield and soil organic carbon
levels with little fertilizer inputs) is reliant osimulating inputs of C and N from PAB.
APSIM is the only model capable of simulating rlz@sed cropping systems which
includes this feature. The crop physiology rowifrem the ORYZA2000 rice model
(Bouman and van Laar, 2006) have also been incatgainto the APSIM framework
(APSIM-Oryza; Zhang et al., 2007), and use the APSbil water and nutrient
models for simulation of resource supply to thewang rice crop. The version of the
ORYZA2000 present within APSIM is referred to as AM-Oryza. The APSIM
model was therefore chosen for this modelling stodythe basis of demonstrated
performance in simulating key features of long-tecnop sequences rice-based
cropping systems.
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Model validation

The model was validated using the field experimghDunn and Gaydon (2011),
comparing key measured and simulated variables atoove and below-ground
processes (crop growth; soil water and N dynamacg) irrigation water demand.
References to WP imply input water productivityhe tmass of grain produced per ML
of water applied to the crop (irrigation + rainjall

Field Experiment

Data from the randomized replicated split-plotdieixperiment of Dunn and Gaydon
(2011) was used to parameterize, calibrate, andu&eathe performance of the
APSIM model for DCF water management. The expertmeas conducted over the
2008/9 and 2009/10 rice growing seasons (OctobarhAgi the Yanco Agricultural
Institute (340 36’ 56” S, 1460 25’ 06” E) on ad+<rown earth soil (Alfisols, Soil
Survey Staff, 1975). The soil was a Birganbigalydiaam with a clay loam surface
horizon 0.15-0.20m deep and heavy clay subsoil gk 1961; Hornbuckle and
Christen, 1999). The Yanco Agricultural Institute Iocated in the Murrumbidgee
Irrigation Area in south eastern Australia, near tilwnships of Yanco and Leeton.

In addition to the two years data provided by Dand Gaydon (2011), data from a
third year (unpublished) was also used in thisdadion exercise. The soil properties,
crop management, and crop and water monitoring edsthre fully described in Dunn
and Gaydon (2011), with only details pertinent tee tmodel parameterization
summarized here. The experimental treatments wigilg different between year 1
and years 2 and 3. The DCF water management tea&tmsed irrigation scheduling
based on cumulative net reference evapotranspirdftd o—rain) until continuous
flooding was applied 10-20 days prior to Pl (royghd days after sowing), compared
to the control where continuous flooding was appl the three leaf stage of crop
development (roughly 25 days after sowing).

In Year 1 (2008/9) the 4 water management treatnghteplications) were: (i)
Control; (i) DCF 40 mm — flush irrigations at 40mmcumulative ETo-rain intervals
until continuous flooding applied 10 days priorp@anicle initiation (PI); (iii) DCF 80
mm; and (iv) DCF 160mm. In years 2 and 3 th@ation thresholds were increased
through use of a crop factor (0.6 and 0.8 betweeh51Nov and 16-30 Nov,
respectively), to increase the imposed DCF watesstdue to limited treatment effect
in Year 1. For the same reason, the 40 mm treatwast replaced with a Flood
treatment designed to replicate traditional aesalving (initiated particularly by
farmer interest in this comparison). This treatmgas established by broadcast dry
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seeding, on the same day as the other treatmemts;amntinuously flooded from one
day after sowing until shortly before maturityThe treatments for years 2 and 3 were:
(i) Control; (ii) Flood; (iif) 80/Kc mm (effectiveo roughly 120 mm); and (iv) 160/Kc
mm (effective to roughly 240 mm). The medium grahort season semi-dwarf rice
variety, Quest, was used for all three years otarpentation, and sub-plot treatments
of N fertilizer rate were imposed (High (200 kg &' Medium (135 kg N hd); and
Low (zero, 0 kg N hd)) to test the N-response performance of the moddlhe
Control treatment received 2/3 of the nitrogen eggplto dry soil prior to the
application of continuous flooding and the remagnii3 into the floodwater at PI. The
40 mm, 80 mm and 160 mm treatments received nitragéhree equal splits, i.e., 1/3
at 3 leaf stage, 1/3 at mid-tillering and 1/3 prtor continuous flooding. Further
information on techniques used for measuring cnogation, and soil variables are
detailed in Chapter 6 (Dunn and Gaydon, 2011).

Model parameterization

a) Soil Physical and Chemical Parameters

Some soil properties of the experimental field presented Dunn and Gaydon
(2011; Table 1, p 1800), however the specific ptaissoil parameters required
for APSIM are provided here (Table 1). They wesé@neated from Hornbuckle
and Christen (1999) for a Birganbigal clay loam.

b) Climate

Measured daily climate data over the period offiblel experiment (2008-2011)
was obtained from the SILO database (Jeffrey et2@01) for Leeton Caravan
Park (Australian Bureau of Meteorology (BoM) Stat@/4062; about 5 km from
the experimental site) and used to provide daily ximam/minimum
temperatures, and radiation for the APSIM simutaio Rainfall was measured
daily at the experimental site and incorporated thie SILO climate file, under
the assumption that radiation and temperature irg/ faniform regionally, but
rainfall can be extremely variable (hence necessgfan-site measurement).
c) APSIM-Oryza temperature stress parameters

The ORYZA2000 model (and hence APSIM-Oryza) corsta@parate algorithms
to capture the impact of both high and low tempegatstresses on spikelet
fertility. These have been parameterized for tabiconditions, hence
application in the dry, temperate Australian grayvienvironment required re-
parameterization.
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Table .. Soil physical parameters (Birganbigal clay loam, Hornbeiekid Christen, 1999) used in parameterizing APSiNhie
experimental site at Yanco, NSW.

Soil layer BD SAT DUL LL15 AirDry SWCON Ks PAWC
(cms) (gem®  (Mmmmm?Y  (Mmmmm?  mMmmm? mmmm?)  (day')  (mm day?) (mm)
0-10 1.41 0.47 0.25 0.14 0.095 0.2 20.8 11.0
10-20 1.55 0.41 0.334 0.2 0.18 0.1 5 134
20-30 1.52 0.43 0.38 0.27 0.2 0.1 1.3 11.0
30-40 1.51 0.46 0.41 0.27 0.2 0.1 1.3 14.0
40-70 1.59 0.4 0.38 0.27 0.2 0.1 1.3 33.0

70-100 1.6 0.4 0.38 0.27 0.2 0.1 1.3 33.0
100-130 1.6 0.4 0.38 0.27 0.2 0.1 1.3 33.0

148.4 (total)

BD, bulk density (g ci); SAT, saturated moisture content (volumetric, mm wétem soil); DUL, drained upper limit dfield
Capacity LL15, 15-bar lower limit or volumetric moisture context a suction of 1500 KPa; AirDry, air-dried moigwontent,
the minimum to which the soil can be dried by evapora®WCON, APSIM parameter governing moisture drainagje/éen
soil layers, defined as the proportion of available watevatUL which can drain into the layer below on dydbasis; K,
saturated hydraulic conductivity or percolation rate (mg'3aPAWC, plant available water content (mm).
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(i) High temperature The relationship between average daily maximum
temperature (Ja) and the fraction of fertile spikelets jSesulting from heat
stress is (Equation 1; Bouman et al., 2001, p 61):

1
S, = 1+ € 0853 (Tne366) (1)

This algorithm is applied between crop growth s$a@®6< DVS >1.22, where
DVS is the APSIM-Oryza variable for crop developinstage, ranging from 0O at
sowing to 2.0 at PM. Anthesis occurs at DVS = hdhce the range susceptible
to high temperature stress is a period centredowvefing. The value of 36.6 in
equation 1 represents the maximum temperatureQjrabove which temperature
damage occurs. In a humid tropical environmens thithe accepted figure,
however in the Australian environment there is emk that ambient maximum
temperatures up to 6-C higher can be withstood by the crop without dapag
due to canopy cooling from the high transpiratiates in the dry air (Matsui et
al., 2007). Hence we changed 36.6 to 43.0 foisouulations.

(i) Low Temperature The percentage floret sterility caused by ¢eldperature
damage (Sc) is calculated over a wider range (8.28/S > 1.2), with DVS =

0.75 representing early microspore. . 8 a function of cumulative cold
temperature conditions (Equation 2; Bouman efal1, p 61).

s -1- (4.6 + 0.054x SQ™°)

¢ 10C.0 @)

Where SQ is the sum of cooling degree-days encoeohtever the sensitive
period. SQ is defined as a function of the averdgidy temperature ()
according to Equation 3.

SQ=) (22-T,) ®3)
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The value 22 in Equation 3 represents the averaly gemperature °C)

corresponding to occurrence of dangerous minimughtrtime temperatures of
17 °C, calibrated for a tropical environment (Uchijini®76). We conducted a
new parameterization on the assumption that thadioaship (ie 17:22) may not
necessarily apply in the markedly different Ausémalrice-growing environment

(Figure 1).

Average daily Temp, Tav (0C)

Figure 1.

40 +
35 -
30 -
25 -
20 -
15 -

y = 0.8408x + 5.9677
R®=0.7831

Minimum safe pond temperature for
developing rice floret, 17 oC

5 10 15 20 25 30 35 40

Pond minimum Temp (0C)

The relationship between dangerous lemperatures for the developing rice

florets (submerged in the pond under Australian agament) and the average daily

temperature for the experimental site at Yanco 742611).

Climate data for the experimental site over a S5&ymeriod was used, plotting
daily night-time pond temperature versus averagly temperature between late
January and mid February each year (the time adsdcwith the cold sensitive
phase in Australian rice crops). Night-time poathperatures were assumed to
equal minimum daily temperature +°6 (the temperature buffering effect of the
floodwater; Williams and Angus, 1994). As a resflthis analysis, the figure of
22 was changed to 20 for Australian conditions.
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Model Calibration

a) Crop variety

Rice crop varieties were calibrated for the simaflatof each experimental
treatment by varying the APSIM-Oryza crop phenolqg@rameters iteratively
until the modelled phenology dates matched the rebdedates. The primary
dates of focus were those associated with sowingnsplanting, panicle

initiation, flowering, and physiological maturity. In APSIM-Oryza, the crop

development rates for each growth stage exhibit>aEsx M interaction, hence

individual ‘varieties’ were calibrated for each tife imposed nitrogen-rate x
irrigation interval combinations used in the expent. The critical parameters
calibrated were DVRJ, DVRI, DVRP, DVRR, the devetamt rates in juvenile,

photoperiod-sensitive, panicle development andodyortive phases respectively
(oC d-1).

b) Soil organic matter (SOM) cycling

SOM mineralization capacity varies between locaias a function of soil biota
ecology and the proportion of SOM in the resistarlignin pool (inert fraction).

Hence, the values of the APSIM parameters Fbiom F&ndrt (Probert et al.,
1998) were calibrated for each experiment using ffam zero-N treatments. A
certain amount of plant-available mineral N wasuassd to come from rainfall
and/or irrigation water, and the remainder from enalization of organic matter
for the simulation of these treatments. The walak Fbiom and Finert were
incrementally varied within reasonable bounds (Brolet al., 1998) until the
simulated indigenous N supply in the zero-N treattm@llowed close simulation
of the measured crop vyields.

Validation Simulations

a) Variables compared

Simulated APSIM output variables for rice grainlgiiéwrr, kg dry matter ha-
1), above-ground biomass (wagt, kg dry mattet) happlied irrigation water
(mm), soil mineral N (NH4- and NO3kg ha") and volumetric soil moisture
content (fraction) on a layered soil basis (0-10,20, 20-30, and 30-40cms)
were compared with the corresponding measured data.
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Statistical evaluation methods used

A linear regression across all treatments was tsedmpare measured and simulated
grain yield, water use, and WP. We determined dlope (), intercept §), and
coefficient of correlation (B of the linear regression between simulated anasoed
values. We also evaluated model performance udiegStudent’s t test of means
assuming unequal variance P(t), and the absoluiarsgoot of the mean squared
error, RMSE (Equation 4).

\/_Z<S. -0,)*
RMSE= V="

- @

Where $and Q are simulated and observed values, respectivety nas the number
of pairs. A model reproduces experimental data Whena is 1,p is 0, R2 is 1, P(t)

is larger than 0.05 (indicating observed and sitedlalata are the same at the 95%
confidence level), and the absolute RMSE is similar standard deviation of
experimental measurements. We also calculated ntbeelling efficiency, EF
(Willmott, 1981) as another recognized measureitof The modelling efficiency is
defined as (Equation 5):

> -8)°
EF :1_2(Oi _a)z 5)

i=1n

whereo is the mean of the observed values. A value of=EF indicates a perfect
model (MSE = 0) and a value of 0 indicates a mddelwhich MSE is equal to the
original variability in the measured data. Negatixalues suggest that the average of
the measured values is a better predictor thamtiael in all cases.

Scenario Analysis

Using the validated model, a number of operatiatanarios were simulated for the
experimental site over a much wider climatic per{f8 years, 1957-2011) to gain a
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better understanding of climatic risk associatedhwDCF at different irrigation
intervals. Average gross margins (GMs, A$ ML-Brevcalculated for each interval,
in addition to WP, recognizing that DCF treatméantslve greater weed control costs
than conventional fully-flooded treatments. Tledative contribution of water and
temperature stress to simulated yield declinec@ftrol) was evaluated for each of the
DCF scenarios, leading to insights into a poteriigdt practice strategy, which was
subsequently simulated and evaluated against tgaarscenarios. The impacts of
the most likely projected future climate (for 203@e section 2.3.6 below) were then
evaluated for three selected scenarios and compatiedhistorical performance.

Climate Data used for scenarios

Daily climate data (1957-2011) from the SILO dasdbdJeffrey et al., 2001) for
Leeton Caravan Park (Australian Bureau of Metegyl@BoM) Station 074062) was
used for the APSIM simulations.

Scenarios

Detailed descriptions of the scenarios simulatedpaovided in Table 2. High N rates
were used in all scenarios, as these were showordeide the best WP during
experimental investigations (Dunn and Gaydon, 2@ht) would be preferred by local
farmers.

Gross margin analysis

GMs were calculated at a field-scale using detadests and prices from the NSW
“Farm Enterprise Budget Series” 2009/2010 (NSW Goneent, 2011), widely used
by local farmers in their own calculations. Genersdumptions on variable costs and
prices are provided in Table 3. Variable costprduction include: field operations
(sowing, cultivation, harvesting, spraying); consioes (seeds, fertilizer, herbicide,
insecticide); water; cartage; and insurances/leviEsgtra costs associated with weed
control in the DCF treatments were estimated frotpeeence gained during the
experiment of Dunn and Gaydon (2011) and also fiteerexperience of a local farmer
(Barry Kirkup, pers. comm. September 2011).
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Table - Description oftreatments used in the DCF scenario analysis, dxtgrthe experiment of Dunn and Gaydon (2C

Treatments Description Common Elements between
treatments
Flood Aerially-sown simulation (a historically common ptige in the region where pre-soaked rice Rice varietyQuest(medium grain

Control

80, 120, 160,
200, 240

seed is established directly into floodwater bypgiog from airplane). Floodwater short season semi-dwarf variety;
established on 14-Oct each year, seeded the foltpday. Continuously flooded for entire  Smith et al. 2010)

crop duration until PM. The bulk of the fertiliz&r50 kg N h& (as urea)) sown into the soil - Sowing rate: 150 kg seed ha
(10 cm depth) just before flooding; a top-dressing0 kg N hd (as urea) applied into (assumed estab. of 300 plantd)m

floodwater at P1. - Sowing date: 1BOctober each year
- Total applied N : 200kg ha

- Flush irrigations involved filling the
bays with 5 cm depth of water then

leaving them ponded for 3 h before

draining the water from the bays.

Conventional drill establishment — as per commeméa practice in region. (Drill sowing is
more commonly used in the region of recent times, td reduced water requirement cf.
aerial sowing.) Crop sown dry and flush irrigaggaradically (on 80mm cumulative BT
until continuous flooding applied at the three Ist@ge (approx 30 days after sowing).
Sowing fertilizer 150 kg h&Di-ammonium Phosphate (DAP; 18% N). Just before
continuous flooding is established, 150 kg N (as urea) is applied to the soil surface and - weeds were assumed to be contro
watered in. Top-dressing of a further 50 kg N (es urea) applied at PI, directly into the appropriate costs accounted for each
floodwater. treatment in gross margin analyses
(Table 3)

- floodwater drained at PM, crops

Delayed Continuous FloodindCF) treatments. As p€&ontrol, however establishment of harvested 7 days later

continuous flooding is delayed until 10 days bef®reaiming to save irrigation water from
unproductive evaporative losses. During this pwee period flush irrigations are scheduled,
applied respectively at 80, 120, 160, 200 and 2d0aumulative ETo (minus rain) intervals,
until continuous flooding applied 10 days prioRb Treatments received nitrogen in two
splits, i.e., 50 kg N ha(as urea) at mid tillering and 150 kg N'n@s urea) just prior to
continuous flooding, 10 days before PI. Both thesa applications applied to the soil
surface and watered in.
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Table 3. Elements used in gross margin calculations forageranalyses. The flood, control
and delayed continuous flood (DCF) treatments (&0, 160, 200, 240) are shown below.
The rice grain price used is the average overdbeten years (ABARES, 2010). All other
cost elements from NSW Government (2011).

Gross Margin Element Flood Control DCF
INCOME
Rice grain price (A$Y) 349 349 349
COSTS
Cultivation (2x scarify, roterra, grade) (A$ha 54 54 54
Sowing (A$ hd) 88 71 71
Seed (Quest @ 150kg/ha) (A$ha 73 73 73
Fertilizer (435 kg haurea) (A$ hd) 457 457 457
Herbicides & Insecticides (A$ 221 221 408
Irrigation water (fixed and variable costs) (A$ ML 35 35 35
Harvest (harvesting + cartage) ($Adrain) 36.5 36.5 36.5
Research Levies (A$ igrain) 3.0 3.0 3.0
Insurance (percentage of estimated crop value) (%) 1.65 1.65 1.65

The relative contributions of water and temperatsiress

The major sources of physiological stress expefdethe simulated rice crops under
DCF management were water and temperature stre®gs) that high N rates were
chosen. Water stress would be expected to oactivel early stages of crop growth
(prior to PI, APSIM-Oryza DVS = 0.65), as a functiof the imposed AWD irrigation
interval. Risk of dangerous temperature stressirsclater in the crop during floral
development and early grain filling (APSIM-Oryza BY0.75 > x < 1.2; Bouman et
al., 2001). For the DCF treatments with delayesvélring (due to early water stress
on phenological development), local experience estgl that risk of low
temperatures would be particularly increased at ¢heecal times. The general
simulation of grain yield for each scenario proddbke overall net effect of both water
and temperature stresses, however to isolate Eugveecontribution of each, separate
simulations were performed alternately with (i) thater stress reduction factor turned
off;, and then (ii) just the low temperature stresduction factor turned off. The
relative contributions of the two key stresses wihien determined by comparison
with the control and the general simulation withihostress factors turned on.
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Searching for ‘best practice’

System insights gained from examining stress fadection 2.3.4) were then used to
develop new management interventions that reduesetlstresses. The additional
scenarios were formulated, simulated, and compavid the results of original
scenarios to provide insights into ‘best practivanagement.

The impact of climate change

The performance of three selected scenarios (tmr&@pthe best performing original
DCF, and the ‘best practice’ DCF strategy) wereusated using 55 years of both (i)
historical; and (i) 2030 climate files. A simplestimate for 2030 climate was
obtained by modifying the historical climate filecarding to statistics forecast by
CSIRO (2007b). An average temperature rise of@.tvas applied to both minimum
and maximum temperatures, accompanied by a redustioainfall of 10%, and an
increase in atmospheric CO2 concentration to 44&.ppThe relative impact on
performance of the three selected management seemeaas then examined.

RESULTS
Model validation

Model validation results for grain yield, water usad WP are illustrated graphically
in Figure 2 and summarized in Table 4. Good cati@h between observed and
simulated grain yield (kg dry matter Haand water use (irrigation water requirement
+ rainfall; ML ha') were achieved. The correlations exhibited higHigures (0.91
and 0.85 respectively), supported by RMSE valueth@fsame order of magnitude as
(or less than) the experimental standard deviatioBgident’s paired t-test assuming
two-tailed distributions with unequal variances ga®(t) values of 0.38 and 0.43
respectively, indicating no statistical differenbetween simulated and observed
populations at the 95% confidence level (ie P().65). The Modelling Efficiency,
EF, was calculated at 0.83 and 0.81 respectivedynahstrating strong modelling
performance. The WP (t grain M).was a calculated variable for both observed and
simulated datasets, and exhibited far greater Widitia within each experimental
treatment than either the grain yield or water us@iven this large variability
(apparent from the wide error bars in Figure 2, tredhigh relative standard deviation
(20% of the observed WP average), Table 4), theeinstll performed acceptably
well — returning a high R(0.67) in combination with a RMSE smaller than the
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Chapter 7

Table 4. Model validation statistics for simulated vs measuvariables the experiment of
Dunn and Gaydon (2011)

Variable N Ximead SD) Xsim P(t) o B R° RMSE EF
Rice grain yield (kg ha) 27 8706 (918) 9229 0.38 1.03 287 0.91 854 0.83
Water Regime  Fertilizer
Conventional H 3 10906 (495) 11935
M 3 9954 (974) 9575
L 3 6043 (1089) 5826
80mm DCF H 3 10066 (685) 10748
M 3 9520 (726) 10008
L 3 5957 (1060) 6731
160mm DCF H 3 9843 (584) 10821
M 3 9594 (679) 10262 043 0.78 315 0.85 0.78 0.81
L 3 6471 (1508) 7152
Applied water use(ML ha™) 27 12.83 (0.42) 13.20
Water Regime  Fertilizer
Conventional H 3 14.33 (045) 14.48
M 3 14.33 (0.45) 14.84
L 3 14.33 (0.45) 14.06
80mm DCF H 3 12.46 (0.31) 12.75
M 3 12.46 (0.31) 12.94 095 105 -0.03 0.67 0.11 0.47
L 3 12.46 (0.31) 13.53
160mm DCF H 3 11.71 (0.49) 11.75
M 3 11.71 (0.49) 11.86
L 3 11.71 (0.49) 12.55
Water Productivity (t ML ™) 27 071 (0.14) 0.71
Water Regime  Fertilizer
Conventional H 3 0.77 (0.1) 083
M 3 0.64 (0.22) 0.65
L 3 0.54 (0.17) 0.42
80mm DCF H 3 0.71 (0.18) 0.84
M 3 0.79 (0.06) 0.78
L 3 0.62 (0.13) 0.5
160mm DCE H 3 0.87 (0.06) 0.92
M 3 0.85 (0.07) 0.87
L 3 0.57 (0.14) 0.57

N, number of data pairs;as mean of measured values;» mean of simulated values; SD,
combined standard deviation amongst all measueatitient replications; P(t), significance
of Student’s two-tailed paired t-test assuming egoal variances, slope of linear
regression between simulated and measured aveaigesyB, y-intercept of linear regression
between simulated and measured valuss@uare of linear correlation coefficient between
simulated and measured values; RMSE, absolutawean squared error; EF, the modelling

efficiency.
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Figure 3. Simulated versus observed soil minergolls (NH4- and NO3+; kg N ha-1) for
soil layers 1-4 (0-10cm, 10-20cm, 20-30cm, 30-40onthe Control high-N treatment. The
red lines and points show simulated and observe@8#N®spectively. The black show NH4-.
Error bars depict one experimental standard dewiagither side of the mean. The dotted
grey lines depict the periods when growing ricepsrovere present in the field (absolute

values of production not indicated).
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Figure 4. Simulated versus observed soil minergolls (NH4- and NO3+; kg N ha-1) for
soil layers 1-4 (0-10cm, 10-20cm, 20-30cm, 30-40onthe 160mm high-N treatment. The
red lines and points show simulated and observe@8#N®spectively. The black show NH4-.
Error bars depict one experimental standard dewiagither side of the mean. The dotted
grey lines depict the periods when growing ricepsrovere present in the field (absolute

values of production not indicated).
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Figure 5. Simulated versus observed volumetricvgaier content (mm mme-1) for soil layers

1-4 (0-10cm, 10-20cm, 20-30cm, 30-40cm) in the @unhigh-N treatment.

Error bars

depict one experimental standard deviation eitige sf the mean. The dotted grey lines

depict the periods when growing rice crops weresgme in the field (absolute values of

production not indicated).
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Figure 6. Simulated versus observed volumetricvgaier content (mm mm-1) for soil layers
1-4 (0-10cm, 10-20cm, 20-30cm, 30-40cm) in the 1@0imgh-N treatment. Error bars
depict one experimental standard deviation eitige sf the mean. The dotted grey lines
depict the periods when growing rice crops weresgme in the field (absolute values of

production not indicated).

164



Maximising WP through modelling of DCF

200 +
150 -
100 -

50 - P
0

Depth (mm)

Floodwater Depth

a.)

Soil Moisture (0-10 cms)

b.)

Vol. MC (mm/mm)
o
w

0.6 1 R LESTRS:
0.4 4 N L water stress factor reducing leaf
" : expansion c.)

Stress Factors (0-1)
o

PCEW
L L water stress factor reducing
0.4 1 EA - o
N potential transpiration d )

25 - Rice Biomass (WAGT)
20 A Rice Grain Yield (WRR)

5 ] 1

Production (t/ha)
&

15-Sep-10 04-Nov-10 24-Dec-10 12-Feb-11 03-Apr-11 23-May-11

Date

Figure 7. Simulated comparison (for an exampkr)ybetween the control (solid black and
blue lines) and the 160mm DCF (dotted black ane likes), illustrating differences in the
experienced ponding depth, the crop water stresslsle the consequent phenological
developments, and the resulting biomass/yield prooli dynamics. Point 1 is sowing; point
2 is physiological maturity (PM) for the contrologr, point 3 is PM for the 160mm DCF crop.
Graph c.) and d.) show two APSIM-Oryza water stf@ssors — a value of 1 indicates no

stress; a value of zero indicates severe stress.

Validation using a combination of above-ground aetbw-ground variables provides
greater confidence in model performance than eidhene, and can provide strong
evidence that the right model answers are beingirodd for the right reasons (Meinke
et al., 1997). Modelled mineral N pools (NH4- aw@3+; kg N ha-1) in each of the
top 4 soil layers (0-10cm, 10-20cm, 20-30cm, 30mMPDcompared well with observed
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values (Figures 3 and 4), as did modelled volumetail water content (mm nifh
(Figures 5 and 6). Comparisons for the high-N ftbpof the control and 160mm
treatments only are shown in Figures 3-6. A gragdhtomparison of modelled water
stress factors and production dynamics for the ©@band 160mm DCF treatments in
2009/10 demonstrates why a rice crop which is styewrater-stressed in the early
stages (160mm DCF treatment) can still produce vademt grain yield to a less
stressed crop (Control) (Figure 7).

With reference to Figure 7, APSIM suggests that deéay in crop phenology
induced by early water stress forces the 160mm toapach maturity at a later date
(Figure 7e, compare points 2 and 3). The 160mm D©P (at least in this example
year 2009/2010) is thereby still able to reachimg $ame biomass and yield at its PM
as the less-stressed and earlier-finishing con®elveral authors have noted the ability
of the early-stressed crops to achieve similardgigb the non-stressed crops under
experimental conditions (Heenan and Thompson, 198dmpson and Griffin, 2006;
Gaydon and Dunn, 2011). Figure 7 may illustratey.wh From a long-term risk
perspective, however, there are several negatiydidations of delayed phenology,
which will be examined later (for example, greatek of cold temperature damage,
and even delayed sowing of the subsequent whedtadey crop resulting in net
overall yield reductions for the farm).

Scenarios

Long-term performance of DCF management

Long-term simulations revealed a slight trend afrdasing average grain yield, as the
imposed water stress prior to Pl was increasedu(Ei@a, Table 5). Of particular
relevance was a larger decrease in required tivigavater per crop (Figure 8b, Table
5), leading to a steady increase in WP with indargpsarly imposed water stress, until
the 240mm DCF scenario where there appears t@lat gbut non-significant) fall in
WP (Figure 8c, Table 5). This suggests that ferringe of scenarios examined, input
WP can be maximized by using roughly a 200mm cutiveldETo - rain) irrigation
interval during the pre-PI period.

The gross margin comparison is important from fdaeners’ perspective - the
delay in permanent flooding invariably requires reased weed control costs
compared with traditional practices. However ewehen these extra costs are
included, the DCF scenarios still outperformed tiiaglitional fully-flooded scenarios
(flood and control; Figure 8d, Table 5). The cami@nal aerially-sown scenario
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(flood) provided less variable returns than allestecenarios, but with a reduction in
overall average return of roughly A$39 per ML.

N
o
]

16 4 a)
14 4

b.)
1957-2011 1957-2011

= e
o
L L

12 4

[N
a~
L

10 4

=
N
I

Grain Yield (t/ha @14%mc)
[ee)
Water Use (ML/ha)
=
o

17 1957-2011 1957-2011

N N

o [

o o
| |

150

100 -

Water Productivity (t/ML)
Gross Margins ($/ML)

a
o
I

flood control 80 120 160 200 240 flood control 80 120 160 200 240

Scenario

Figure 8. Comparison between the performancenafilsited scenarios over a 50-year period
(1957-2011):- a.) grain vyield (t Haat 14% moisture content); b.) water use (applied
irrigation + rain; ML h&); c.) Input WP (t grain ML water applied); and d.) Gross Margins
(A$ profit ML™). The error bars represent one standard deviationt the mean. The first
two scenarios (flood and control — currently presdi in the region) are coloured green to
differentiate them from ‘new’ DCF scenarios.

The DCEF rice crops all took considerably longemature than the control and much
longer to mature than the flood crops (Table 6)or Example, the 200mm DPF
scenario (which maximized gross margins from thgliag irrigation water) matured
on average 30 days after the control, and 49 diystae flood scenario. This could
have significant implications for timing and potahtyield of following crops such as
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wheat and barley. Average time of anthesis for2®@mm DCF crops is delayed by
14 days (cf. control) and 24 days (cf. flood).

Table 5. Simulated performance of the various scenarios amdristorical 55 year period
(1957-2011), presented as averages (with stan@aidtobn in brackets) for rice grain yields
(t ha' at 14% mc), applied water (irrigation + rain) (MH®), input water productivity, WP (t
ML™), and gross margins, GM (A$ M. Average rainfall for each treatment varied
between 175-228mm. Statistical differences betvessh scenario and the control were
evaluated using a two-tailed Student’s T-test (BS)).assuming unequal variances. An

asterix (*) indicates a statistical differencets 5% confidence level.

Irrigation Grain Yield Water Applied WP GM

Regime (t ha®) (ML ha™) (tML ™ (A$ ML)

Flood 12.9 (0.85) 16.6 (1.64) * 0.67 (0.05)*  189.3 (30.1) *
Control 12.6 (1.81) 15.3 (1.64) 0.71 (0.1) 206.6 (52.8)
80 11.8 (1.39) * 13.9 (1.72) * 0.73 (0.09) 201.2 (43.4)
120 11.7 (1.66) * 13.3 (1.79) * 0.76 (0.11) * 215.4 (56.5)
160 11.2 (1.81) * 12.6 (1.81) * 0.75 (0.14) * 207.7 (72.7)
200 11.5 (1.98) * 12.4 (1.77) * 0.79 (0.14)* 2285 (70.3) *
240 11.4 (1.90) * 12.4 (1.82) * 0.79 (0.14)*  227.9 (69.7) *

Table 6. Simulated rice crop phenology for each of the siead1957-2011). The data is
presented as average ‘days after sowing’, wittstaedard deviation in brackets (days),

followed by the date for the average, with the dated sowing date of 15-October.

Treatments Panicle Initiation, Anthesis Physiological
Rice sown on 15-Oct PI Maturity, PM
Flood 74 (4)  28-Dec 112 (4) 04-Feb  158(7) 22-Mar
Control 78 (4) 01-Jan 122 (5) 14-Feb 172 (9)  05-Apr
80 90 (4) 13-Jan 126 (5) 18-Feb 184 (11)  17-Apr
120 96 (4) 19-Jan 133(5) 25-Feb 199 (15)  02-May
160 97 (4) 20-Jan 133(5) 25-Feb 200 (15) 03-May
200 98 (4) 21-Jan 136 (5) 28-Feb 202 (16) 05-May
240 99 (4) 22-Jan 137 (5) 29-Feb 207 (18) 10-May

Sowing times for rice crops in south-east Australia traditionally chosen to position
the temperature-sensitive floral development perodund late January or early
February (i.e. mid summer) — historically the pdnaith the least risk of low night-
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time temperatures (Farrell et al., 2006). Therl#tavering period for the DCF crops
(for the 15 October sowing date used in this seenamalysis) raises the question
about the influence of cold temperatures in thesp A simple analysis counting
the number of days with average ambient temperabelew 20 oC during the

flowering period revealed that the DCF crops werdeed prone to greater risk of
more cold days at critical time (Figure 9).
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Figure 9. The relationship between simulated gcain yield in each scenario, and the
average number of dangerously cold days (averagbieam temperature < 20 oC)

encountered during the cold-sensitive period ofheamp. The error bars represent one
standard deviation about the mean.

The relative contributions of drought and temperatstress

Alternately disabling the APSIM-Oryza water stremsd cold-temperature stress
factors in the scenario simulations revealed arxpeeted behaviour — according to
the model, the yield decline from DCF is largelye thesult of increased cold-
temperature damage due to delayed phenology, with @ small role played by the
initial imposed water stress (Figure 10). Thigwdent in Figure 10a by the minimal
gains in average grain yield by ignoring the eleof water stress in the model.
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Conversely, ignoring the effects of cold tempemtsiress (Figure 10b) has a drastic
effect - the average grain yield for all scenarlmscomes close to that of the
continuously-flooded scenario and all obvious tsagka yield decline disappear.
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Figure 10. The relative contributions of a.) wadess; and b.) cold-temperature stress, to
simulated rice grain yield (1957-2011) in each seen The blue environment limited bars
illustrate simulated grain yields with drought @edhperature stress factors limiting growth in
normal operation. The yellow bars (in graph a.)l dne red bars (in graph b.) are the
simulated average grain yields when drought and-t@mhperature stresses, respectively, are
turned off — ie not limiting production.

Defining best practice

The revealed dramatic role of cold-temperature dpgman the delayed DCF
performance suggested the possibility to improwddg by sowing earlier to avoid
cold temperatures at the sensitive times. A sitadlaowing date trial, using the best
performing DCF scenario (200mm), revealed increpasyreld performance with
sowing back to as early as mid-September (Figuje Blplateau was then reached
and, according to the model, earlier sowing pradide further yield benefits. We
have therefore defined our best practice DCF manage for this region as sowing
15th September and applying AWD irrigation managamath a 200mm cumulative
(ETo - rain) trigger, prior to establishing contous flooding just prior to Pl.  This
strategy provides increased average input WP amagn the previous ‘best’ (200mm
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DCF at 15 October sowing), but importantly therals a considerably decreased risk
of lower WP indicated by the condensed box plogFe 12). The best practice DCF
exhibited a long-term average WP of 0.84 kg graib-M representing simulated
increases of 0.17, 0.13, and 0.03 kg grain ML-1rdxeditional aerial sown (flood),
drill sowing (control), and the best 15th Octobews DPF treatment (200mm),
respectively. The long-term average GM for beszpce DCF was calculated as 256
A$ ML-1, a gain of 67 and 50 A$ ML-1 respectivelyeo aerial and conventional drill
sowing.
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Figure 11. Simulated sowing date (1957-2011) lier200mm DCF scenario. Average grain
yield (over 55 years) from sowing on each of thed#ferent days is shown as a single point
with error bars either side of the mean represgrtime standard deviation. Each point is the

average of 55 crops.
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Figure 12. Simulated Input WP under an historatiahate (1957-2011, over 55 years; t ML-
1) for the two existing conventional treatmentsnirthe Murrumbidgee region (flood and
control, sown on 15th October); the best of theFDifzatments sown at the same time
(200mm DCF sown on 15 October); and the best pa&CF treatment sown earlier (200m
DCF sown on 15 September). The bounds of the baxes illustrate the 25th and 75th
percentiles (top and bottom, respectively); theeupgnd lower error bars represent the 5th
and 95th percentiles; the dots represent outltbessolid line inside the boxes illustrates the

median, the dashed line the mean.

The impact of climate change

The climate change simulations modified the re&agperformance of the scenarios
considerably (and hence the conclusions regardesy practice; Figure 13). The
200mm DCF with 15th October sowing now presentdhasbest practice option,
presumably due to reduced cold-temperature conggrarought about by increasing
night-time temperatures. All scenarios achievegh@éi water productivity than with
the historical climate (Figure 12). Of course thesult is highly contingent on the
assumptions used in modifying the historical terapee records to represent a future
2030-centred climate scenario (max vs min temp etc)
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Figure 13. Simulated Input WP under a projecteé802climate (over 55 years; t ML-1) for
the two existing conventional treatments from theridmbidgee region (flood and control,
sown on 15th October); the best of the DCF treatsnsown at the same time (200mm DCF
sown on 15 October); and the best practice DCRntrexat sown earlier (200m DCF sown on

15 September).

DISCUSSION

Long-term simulations (with 15th October plantinggvealed a slight trend of
decreasing average grain yield as the imposed wg#tess prior to Pl was increased
(Figure 8a). This is consistent with the experitaerfindings of a number of
researchers (Heenan and Thompson, 1984; ThompsbiGafiin, 2006; Dunn and
Gaydon, 2011), as well as the experience of kegl fmymers involved in our research
(Barry Kirkup, Graeme Menzies; pers. comm.), whoedathe ability of young rice
crops to “bounce back” strongly from early wategess once continuous flooding was
applied. Simulated reductions in crop water useevwexpected and more intuitive.
The simulated presence of an optimum in gross mar@ir at least a plateau; Figure 8
and Table 5), suggests that benefits from DCF nemagt do not continue
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indefinitely with increasing water stress priorRb Eventually ongoing severe water
deficit would ultimately kill the young rice plantget we have simulated an optimum
(200mm cumulative ETo between irrigations), whidilsf within the bounds of
experimental experience (years 2 and 3, Dunn aryd@ga 2011).

Increasing the levels of imposed crop water stpggs to Pl results in delayed
phenology with a later onset of flowering and pbi@gical maturity. We had
anticipated a consequence of this may be increaskdf cold-temperature damage
during flowering, however had always assumed thatdbserved yield declines with
increasing DCF irrigation interval were in fact dpemarily to the water stress
imposed. This modelling study has indicated thatlargest factor responsible for the
decline in yield is actually the increased coldpenature damage itself, with the
water stress effects being negligible. This sstgge the potential to reduce yield
decline by management interventions (earlier sojvin@n option which would have
been less valuable if the yield decline were relgtemarily to the imposed water
stress. Earlier sowing (1 month earlier, 15th 8eybier) of the 200mm DCF crops
was shown to result in further increases in yield Bence input WP, with reduced risk
in returns. We have defined this as a tentativestlpractice’ for the conditions
simulated, with a long-term average WP of 0.84 kgirg ML-1. This represents
simulated increases in long-term average WP’s df §25%), 0.13 (17%), and 0.03
(4%) kg grain ML-1 over traditional aerial sownodd), drill sowing (control), and the
best 15th October sown DPF treatment (200mm), otisedy.

A final aspect of DCF that requires further reshdaocunderstand ‘best practice’ is
the impact of the delayed rice maturity dates om #stablishment timeliness of
following crops in the rotation. A common croppisggquence in the region involves a
cereal crop (wheat or barley) sown directly afaresal successive rice crops (referred
to as ‘sod-sowing’). The primary reason is to tae on the full profile of soll
water, but there are additional agronomic reasdss @or example, provision of a
disease and pest break). Generally 3-4 weekgjisresl following harvest of the rice
crop until the farmer is able to sow the wheatégrtiue to logistical issues including
drying of rice stubbles before burning, and dryirigurface soil before actual planting
operations are possible. An additional delay afanth or more due to delayed DCF
rice harvest could result in the yield potentialtioé wheat/barley being considerably
compromised. Additionally, maturity dates for D@Ee crops show much greater
variability than traditional practices (standard/idéon of 16 days for 200mm DCF,
compared with 7 days (flood) and 9 days (contfbdble 6), further complicating farm
planning. A reassessment of appropriate whead¥pararieties may be required in
combinations with DCF rice. = We suggest a broadate study of whole-farm
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implications of introducing DCF rice water managei@long the lines of Power et
al., 2011; or Gaydon et al., 2012c).

Our simulations suggest that a warmer, drier futmith increased levels of
atmospheric CO2 could influence best practice $igations in DCF rice production.
The previously cold-limited 15th October sowing tife 200mm DCF scenario
performed better than the mid-September sown cropder the climate change
scenario envisaged - presumably a result of redaoitemperature sterility due to
warmer night-time temperatures. Given the simpi¢ure of our climate change
assumptions (simple arithmetic increases/decresgeled to historical temperatures
and rainfalls, with no change in variability), weggest further research into this issue
using the latest climate projection methods ard.da

CONCLUSIONS

We investigated the practice of delayed continubosding (DCF) for south-east
Australian rice production using a modelling apgtoaThe APSIM cropping systems
model was initially parameterized, calibrated, atested against 3 years of
experimental data, before simulating the long-teparformance of various
conventional and DCF management scenarios overyge&Shistorical period. DPF
was shown to provide better long-term WP and grossgin outcomes than
conventional fully-flooded practices (both aerialdadrill sowing) with benefits
increasing as a function of the pre-flood irrigatiaterval, up until an optimal interval
of 200mm cumulative (ETo - rain). The WP increasere achieved through limiting
non-productive water losses early in the seasohweawe accompanied by delayed
maturity and reduced grain yields. Increased -tetdperature damage due to late
maturity was shown as the primary driver of grald/reductions in the DCF crops.
The imposed early water stress caused the phenaladglay, yet itself unexpectedly
played only a small direct role in the simulatedigryield reductions. Earlier sowing
of DCF crops has potential to increase WP furthemioving the sensitive floral
development stage into a time period with lowek 0§ cold temperatures. Our study
suggests that best-practice DCF in rice can acladweag term average WP of 0.84 kg
grain ML-1, representing gains of 0.17 and 0.13jkajn ML-1 over aerially-sown and
conventional-drill crops, respectively. The loegm average GM for best-practice
DCF was calculated as 256 A$ ML-1, a gain of 67 a@d\$ ML-1 respectively over
aerial and conventional drill sowing. Further @@sé is warranted to examine the
whole-farm implications of DCF rice management,tipaftarly the effect of delayed
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harvest upon other crops in rotation with riceoj&eted future changes in climate are
likely to alter best-practice guidelines for DCEwever we suggest further research
using more sophisticated climate projections.
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Synthesis and General Discussion

The research work outlined in this thesis consiststwo major, inter-linked
components: (i) initial development of modellingol® to facilitate long-term
simulation of rice-based cropping systems, ands{ipsequent use of the tools in a
participatory fashion to investigate adaptationia for rice farmers in Australia’s
Riverina region. This final chapter will review caisynthesize the achievements in
both elements.

Modelling of rice-based farming systems

Prospects for developed modelling tools

This research project has successfully developetbdelling framework which can
assist in adaptation studies for rice-based crappystems. Its scope is not limited to
the Australian Riverina — chapters 2 and 3 dematesdr international applicability,
wherever information on climate, soil propertiesd arops (including phenology and
other physiological parameters) can be obtainedngtierm information on cropping
practices (management rules, fertilizer inputs) aasbociated grain yields are
particularly valuable to calibrate soil organic teatcycling parameters and potential
algal input rates (given that these are environnsgecific and difficult to measure
directly) - however if not available, they can é&timated. The APSIM model can
now be used to evaluate the long-term risk-returfgpmance of a wide range of
potential management scenarios which may be undduation in rice-based systems,
including climate change scenarios. The pre-axgstmulti-crop, rotational and
fallowing capability of APSIM positions the modeltrangly, while the new
components simulating seamlessly the transitiomwd®n aerobic and anaerobic soil
conditions (Chapter 2), critical floodwater proassand the inputs of C and N from
floodwater algae (Chapter 3) provide functionaklfgsential to modelling rice-based
systems. There is growing need for a Byktemanodelling capability, particularly
when reduced water supplies and the growing negqatdduce more food in many
parts of the rice-growing world are driving neweasch into rice-wheat, rice-maize,
and rice-legume systems with various modifiedg@lairrigation and residue practices
(Yadvinder-Singh et al., 2005; Jalota et al.,, 200Zhis includes the further
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development of water-saving techniques such asbeere and AWD that require
the ability to simulate soil water x nitrogen irdetions more completely and
comprehensively. Experience warns against the dserapping systems models
without including farmer input to scenario develanh(McCown et al., 2007). Many
systems constraints are not obvious to the nonidpoaer. The participatory methods
we have used in this research project demonstiatdarmer involvement in scenario
development includes many of such constraints riyli

The new research capability introduced by the mdeéeklopment component of this
project has already directly spawned several ndernational research projects in
rice-based cropping systems (worth in excess ofMy$tbased around the APSIM
model. The model also forms an important componewther informal international
collaborative initiatives around rice modelling (ke et al., 2009). Detailed APSIM
model evaluation and testing by in-country scigstissing experimental datasets is
currently underway in India, Bangladesh, Pakist&n, Lanka, Bhutan, Nepal,
Cambodia, and Laos.
 ACIAR project LWR/2010/033, “Developing capacity gropping systems
modelling to promote food security and the sustamaise of water resources
in South Asia”, http://www.saarc-sec.org/2011/08/24/news/SAARC- fal&t-
Project--Developing-capacity-in-cropping-systemsdeibtng-for-sustainable-
use-of-water-resources-to-promote-food-securit$auth-Asia-Dhaka-8th-
August-2011/69/ http://aciar.gov.au/project/LWR/2010/033
« ACIAR project LWR/2008/019, “Developing multi-scalelimate change
adaptation strategies for farming communities irmBadia, Laos, Bangladesh
and India”,http://aciar.gov.au/project/LWR/2008/019

Future challenges

Such ongoing testing by collaborating internatiorsdientists in a range of
environments and applications will continue to hidintify strengths and weaknesses
in the existing APSIM framework. The following asehave already been identified
for further investigation and improvement during ttourse of this PhD study:

« simulation of N immobilization in retained crop Bhle during wet fallows;
 introduction of algorithms describing greenhousg gaissions ;

* variation in potential algal growth between envirants;

« survival times for algae during floodwater dry-dopimases.

178



Synthesis and General Discussion

Adaptation prospects in the Riverina

Resilience (the ability to change practices ang stamnomically viable) in the face of
reduced water supplies is a function of farm sikie,degree of water reductions, and
the effectiveness of the practice changes impleadentn this thesis we have closely
examined a number of potential adaptation optioos rice-based farmers in
Australia’s Riverina, with the aim of remaining @cwonically viable in a future with
decreased and more variable water supplies. @jpteons were identified during the
participatory engagement process, however remaurezkplored in this research
project due to time and resource constraints. & laelitional options are detailed in
the final section of this chapter, and suggesteduidher research. The priority order
in which investigations were undertaken was deteechi largely by our farmer
advisory group. It is worth noting that there veamsensus on the order between our
five advisory farmers. Adaptation options whichvatved little or no capital
investment were given higher priority over more itapntensive possibilities (for
example, investing in new, more efficient irrigationachinery), particularly in an
environment with a very uncertain water-supply fatu

Criteria for assessing the contribution of thiseasch

A stated objective of this PhD study was to deveddpptation ideas to keep farmers
viable in a future with decreased and more variatdg¢er supplies. Assessing the
degree to which this objective has been achievedrlgl requires a definition of the
word ‘viable’. Many Australian farm families contie to remain farming long after a
prudent business-person would say the farm hasnieenon-viable There are well-
documented psychological reasons for this phenomépsychic income’ associated
with farming, that is the ‘non-monetary attractioftsholds for farmers and their
families (Vincent, 1976)), largely related to litgle choice and the farmer’s sense of
self. Therefore we suggest different criteria $eess family farm viability than would
usually apply in a purely business-oriented assessmA shrewd business-person
may require a certain threshold return on capf@a éxample > 4.25%, the current
Australian government reserve bank cash rate), edsea farm family may consider
themselvesviable if they are able to meet all their family expensesl are not
spiralling further into debt while only just meagirtheir living expenses. All of the
farmers participating in this research were famign trying to maximize returns from
their businesses, however it was explained to rattte final (minimum) criteria for
beingviable was the ability to meet family expenses. Basedhsiadvice, we have
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set the absolute minimum criteria for viability asfarm operating surplus (gross
margins minus overheads) of A$80,000 per year.s Tigure is debatable and varies
between families based on their circumstances di@nl age, health, assets and
savings etc), however for the purposes of the ¥oillg assessment, this is the criteria
we used.

Synthesis of adaptation options from this study

A scenario analysis involving the case-study famomf Chapters 4 and 5 was
conducted for a final synthesis and assessmentanwell the learnings from this
research project have contributed to increasedtatiap in the Riverina. The APSIM
model, with 53 years (1957-2009) of historical @i data, was used to evaluate
several synthesised scenarios and compare perfoenveith viability criteria under 3
different future water supply conditions (averagasonal allocations of 80%, 50%,
and 20% of licensed entitlement). Materials andhods used were as per detailed in
Chapter 4. The aim of this analysis was to asbessumulative contribution from the
adaptation options considered in this PhD studye & scenarios were:

1. Control — unmodified historical farm-management practi@ssper the control
in Chapter 4);

2. Agile — changing farm irrigation/cropping strategy as umction of the
seasonally-fluctuating allocation (as per best{iracsuggestions in Chapter 4);

3. Agile + DCF - scenario 2 with the addition of delayed cortimsi flooding
(DCF) of rice crops (as per best-practice suggestod Chapter 4 + 6 + 7);

4. Entitlement sale— sell water entitlements to the Australian Goweent Water
Buyback Scheme, and lease out the farm (as pen€@t@y

Table 1 details the assumed financial parameterthéocase-study farm. Figures for
assets, debts, and overheads are based on pubdiseerbe regional figures (Singh
and Lacy, 2004). Average figures for gross mar{@igls), farm cash surpluses (GMs
— overheads), and returns on capital were simulaedach scenario, across the three
seasonal allocation levels (Table 2). Average reguare presented, along with
associated variability (standard deviations in ke#s). The relationship between
scenario, seasonal allocation level, and farm sasplus is shown in Figure 1. The
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minimum viable cash surplus threshold of A$80,060 year is also illustrated on the
same graph (coarse dashed line). The simulateld Vagiability in annual cash
surpluses is evident from the wide error bars.

Table 1. Parameters for the example farm in theriviobidgee Irrigation District. Total

assets, debts and overheads assumed from reguarabas (asterisk indicates data source:
Singh and Lacy, 2005).

Parameter Value
Land Area (ha) 600
Irrigation entitlement (ML) (at 100% allocation) 3265
Total Assets (A$; @ A$6818 Ha 4,090,800
Total Debts (A$; @ A$1364 Hx 818,400
Overheads (A$ yt) 199,090
Minimum family income acceptable (A$ ) 80,000

550 -
SCENARIOS
450 1 =—6—1 (Control)
—s=— 2 (Agile) .-
" 350 | %" 3 (Agile + DCF) ot
2= --m-- 4 (Sell entitlement) ' S .
29 Minimum viable
c?) > 250 - family income
<8 | ksl (A$80,000)
E
o 150 -

€y
c < L
L ' — —_—

50 -

50 0 10 M 40 50 60 70 80 90 100

-150 -
Seasonal Allocation (% entitlement)

Figure 1 Average farm cash surpluses for the 4 scenariasfasction of seasonal allocation
level. Error bars represent one standard deviaitrer side of the mean. The minimum
viable annual income is shown as the coarse ddstead
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Table 2 Returns associated with different adaptatiomomgtfor the case study farm. Standard deviatives in brackets for the GM; the

same exact figures apply to the cash surplus. aVkeage return on capital (%) is also followed iy $tandard deviation in

brackets.
Parameter (average, 1957-2009) Av. Annual Adaptation Scenario
Allocation 1 2 3 4
(%)

Av. Gross margin (A$'000 farthyr™) 80 391 (116) 531 (143) 574 (166) 271 (0)
50 276 (45) 363 (140) 429 (172) 271 (0)
20 120 (30) 213 (106) 213 (106) 271 (0)

Av. Farm cash surplus (A$'000 farhyr?) 80 191 332 375 209
50 77 164 230 209
20 -80 14 14 209

Av. Return on capital (%) 80 4.7 (2.9) 8.1 (3.5) 9.2 (4.1) 5.1 (0)
50 1.9(1.1) 4.0 (3.4) 5.6 (4.2) 5.1 (0)
20 -1.9 (0.7) 0.3 (2.3) 0.3 (2.3) 5.1 (0)
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Below allocations of 35%, the control scenario malle to cover overheads and the
returns from the farm become negative. The adaptexplored (scenarios 2 and 3)
allow the farm to achieve positive returns dowratoaverage allocation below 20%
(Figure 1). The returns from scenario 4 are umddied by allocation level, as water
entitlements have been sold, the monies investedl,tlae farm leased (Chapter 5).
The surplus is represented by a horizontal lina aalue equal to the annual returns
(A$270,864; Chapter 5) minus the bank interest atstanding loans (Table 1,
assuming a business loan interest rate of 7.5% p&e value of this surplus was
calculated at A$209,000 per annum. With the fimgngarameters we have assumed
in this analysis (Table 1), scenario 4 always ptesia better financial return than the
control, with much lower levels of risk.

Scenario 24gile) provides substantially improved performance dwercontrol at
all allocation levels, and over scenario 4 for ager future allocations over 60%. The
addition of DCF rice to the agile farming strate@genario 3) adds further gains,
particularly at allocation levels above 50%. Gadesrease again slightly towards
80% as the farm reaches it's maximum allowable aosa limit (Industry-imposed
limits to control irrigated salinity, Humphreys &t, 2006). The incremental benefits
over scenario 2 also tail away at lower allocatiausce the proportion of rice in the
system becomes zero (Chapter 4). The combinedatdas represented by scenario
3 make irrigation farming a better financial prospthan selling water entitlements
(scenario 4 for seasonal allocations greater than around 46%.

The value of the allocation at the intercept pdietween each individual scenario
curve and the coarsely-dashed minimum viabilitye li(fFigure 1) represents the
minimum viable future allocation when the farm [geocated under that scenario. The
values were read from Figure 1 and then illustratd€igure 2.

This shows that the adaptation options investigatethis research project are
clearly able to assist Riverina irrigators to ad@pteduced levels of irrigation water
supply. An unresponsive traditional managemeateyy control) results in the case-
study farm becoming non-viable below average fuall@cation levels of 50%. This
finding supports Singh and Lacy (2005) who derigedimilar threshold figure via
different means. By adopting the practice of mgdd cropping/irrigation strategies
in accordance with the seasonal allocation (scen2ragile, Chapter 4), the farm
becomes more resilient to future reductions irgation water supply and can stay
viable down to an average allocation of 33% (Figdje Additionally adopting
delayed continuous flooding (scenaricagjle + DCF, Chapters 4, 6 and 7) results in
a further resilience gain, with the case-study faow able to stay viable under future
allocations of roughly 30%. Selling the water #aitnents, investing the money, and
leasing out the farm (scenario 5; Chapter 5) h@8oasurvivable threshold — it is a
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viable option regardless of future allocations lseait is essentially independent of
future water-supply trends.

60 -
50 A
@D ~
g§& ©
z 5
E = 4 )
S 8 30 Viable at all
% o allocations
i © 20
10 +
0
1 2 3 4
Control Agile Agile Entitlement
+ sale

DCEF rice

Figure 2. The minimum viable average season allocation ()ife case study farm, for
each of the 4 imposed management scenarios. Bhmmdicated allocation level, the

family farm becomes unsustainable.

Conclusions and recommendations

Singh and Lacy (2005) also determined that an geesaasonal allocation under 50%
will make family farms non-viable. They evaluatesh unchanging traditional
management scenario very similar to gantrol scenario used in the analysis just
presented. The most severe future forecasts &Rilerina regions include average
allocation levels below 50%. A reduction in averadurray-Darling stream-flows of
16-48% by 2100 has been predicted (Pittock, 2008st@nsen et al., 2007; Hennessy
et al., 2007). The maximum allocation in the Munhidgee Irrigation Areas has been
capped at 83% since 1995/96, hence a further reduct 48% would take the bottom
of the predicted range to 35%. Also, the recentriuDarling Basin Plan (Murray
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Darling Basin Authority, 2010) suggested that offily cutting 83% cap by a further
35-40% might be necessary to properly manage tmendihed regional water
resource into the future. If that were to happkea,cap (maximum allowable seasonal
allocation) would reduce to 48%. This plan causettage in the irrigation districts,
with copies of the new Murray Darling Basin Plannigeburned in piles on the streets
of farming towns [ittp://www.abc.net.au/news/2011-11-17/young-menyaapies-
of-the-quide-to-the-murray/3678438 The Australian government quickly stepped in
and ordered the plan to be re-drafted and re-reggdii yet this still illustrates the
gravity of water resource issues for the regiord @rmay be simply impossible to
avoid large cuts to future allocations.

Hence, according to this analysis and also thdtaaly and Singh (2005), many
family farms are under threat of becoming non-walfi changes to traditional
management practices are not implemented. Theandsaletailed in this thesis
demonstrates that simple changes in strategic neamagf, such as agile management
(Chapter 4) and delayed continuous flooding in poeduction (DCF, Chapters 6 and
7) can reduce survivable future allocation levetaup to 20%, down to a sustainable
average level of 30% (Figure 2). Greater annughidity in farm returns should be
expected under this type of management (erroribdfgure 1; standard deviations on
returns in Table 2), however if these can be mashageen technically the farm
families could stay viable down to these levelsudfire allocations. At average future
allocations below 30%, no on-farm adaptation oo considered offer viability to
the case-study farm. The option of selling entigats to the Australian government
now and leaving the farm (scenario 4; Chapter 5jable regardless of future water
supply scenario. In this way, it offers farmer @stion to avoid the risk associated
with possible future water supply variability, atigh the substantial gains possible
through improved management if better future watgrply scenarios unfold (Figure
1) cannot then be realized.

In summary: without changed management stratedieschase-study farm would
become non-viable if future water allocations weie average below 50%.
Implementation of agile management in tandem weélaykd continuous flooding in
rice production would keep the farm viable dowr8@8%6 allocation. If future average
allocations fall below 30%, the best choice foniars (from the options investigated)
would be to sell their entittements and investrifaney.
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Strengths and weaknesses of methods

The biggest strengths in the methods used forthi3 study lies in a) the incremental
development of a widely used modelling frameworlP8\M) leading to generic and
broad applicability of the newly developed modglicapabilities, and b) the
participatory nature of the research philosophy anmagram. Biophysical models
alone can provide interesting information, howeves only when they are combined
with real knowledge of system constraints and [ilgses (via farmers’ involvement)
that they become a very powerful element in devefppeal pragmatic adaptation
options.

The biggest methodological weakness in this study melate to the simplified
nature of many of the presented financial analyskkre comprehensive financial
analyses may provide additional detail on aspesd#ding to variability of returns and
their impacts on farming families. This, howewsgas beyond the scope of this PhD.
In my experience, Australian farmers have a rohbgity to synthesise a wide range
of information before making decisions, and it vilas belief of my advisory farmers
that our simplified financial analyses capturedkbg elements of the financial system
behaviour and told them what they needed to kndlevertheless, a further detailed
economic analysis on these research findings masalo@ble and is recommended.

The findings presented are specific to the casgydiarm considered, however we
believe trends and conclusions will apply univdysal the region. Absolute values
may be different for other individual farms (lartpgenaller, different debt levels,
different soils etc.). Further, the tools developaud the approach taken might
stimulate the thinking about appropriate water ues® management in other parts of
the world, beyond the Riverina or even AustralidisTmight further improve the
efficiency of use of one of the most precious cordities: water.

Future challenges

Numerous potential adaptation ideas were develdpethis research project, yet
remained un-examined due to time and resource reomst Of particular scientific
interest are:

* The potential for using seasonal climate forecgs(for on-farm climate) in
conjunction with wider, regional streamflow foretsagfor irrigation water
supply) in improving risk management for these $ypé irrigated farming
systems. The two forecasts could be quite diffgrbacause major water
supply dams for the Murrumbidgee Irrigation Area ap to 500 km distant,
experiencing different conditions. The on-farmefmasts could give a good
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insight into waterdemand whereas the wider catchment streamflow forecast
could predict water supply. The novel aspect wdaddcombining these two
disparate pieces of information, and the efficigrorporation of both into
on-farm management decisions represents an areéayadrresearch.

The risks and potential returns from investing ioren efficient irrigation
systems, and how this varies as a function of ptssilimatic and market
outcomes (commodity prices and costs).

The effect of different projected climate changensgios on on-farm climate.
The impact of farm size, soil type, and debt lewehll the analyses present in
this PhD.

Following from the research point above, extensibriearnings using GIS
applications to make wider regional proclamations adaptation in the
irrigation districts — specifically for policy conkerations.
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Summary

Rice-based cropping systems throughout the woddeaperiencing adaptive pressure
from various forces of change. These include chan@ water availability and
guality, increasing ambient temperatures and,®iarket imperatives, and the global
need to produce more food for a growing populatidn. Australia’s rice-growing
Riverina region the biggest driver of change hasnbdrastic reductions in irrigation
water availability over the last decade, in coritrass a long history of reliably
abundant supply. Droughts, competition for resesircn an over-allocated river
system, and political changes driven by environaemtperatives have combined to
create the current situation. Climate change ptedtis give no comfort, with an
outlook of ongoing water reductions and high vahigbof supply. Cropping systems
in the region have never been rice monoculturdsey are traditionally diverse, with
rice as the major crop in rotation with other céseaulses, oilseeds and pastures.
Over the last decade, agricultural production fitbe region has been decimated with
many farming families economically forced to leahe land. This research project
investigated on-farm adaptation options in respotsereduced irrigation water
supplies. The overarching aim was to increase @és#ience of farmers via increased
water productivity and farm returns.

An essential first component of the work was thehier development of required
modelling tools. Available rice models and preworice-modelling efforts had
focussed on simulation of agronomic issues witkiimgle rice crops This project
required acropping systemsiodel capable of simulating the performance ofjttarm
crop rotations involving rice and other crops/pessty together with fallow periods.
Such a model did not exist. The APSIM croppingeys model, already possessing
many of the required features (multiple crops, tiotes, residue/tilage practices,
flexible management specification etc.), was un#éblsimulate key processes specific
to flooded soils and rice floodwater due to itsitage in dryland agricultural
applications. We modified APSIM to include destiaps of soil C and N dynamics
under anaerobic conditions, and established a psof& simulating the two-way
transition between anaerobic and aerobic soil ¢mmdi occurring in crop sequences
of flooded rice and other non-flooded crops, pastuand fallows (Chapter 1).
Photosynthetic aquatic biomass (PAB — algae aner dkhodwater flora, including N-
fixing species) was recognized as a significant@of organic C and N in rice-based
cropping systems, and judged as an essential canpdor sensibly simulating long-
term rice system performance. The literature redethat contributions of fixed N
from floodwater algae was significant for nutritioh the following rice crop (not the
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currentone), hence explaining why previous rice-modellffprts around single rice
crops had been able to ignore these contributiosnilarly, the impact of small,
incremental seasonal additions of organic C froga@lcan be ignored for a single rice
crop, but not for a long-term simulated croppingusnce. Hence, the APSIM model
had to be modified to include new descriptions ioldgical and chemical processes
responsible for loss and gain of C and N in riecdwater (including the growth,
senescence, death, and subsequent soil incorpomattialgal biomass) (Chapter 3).
The improved APSIM model was then tested againsinge of diverse, replicated
experimental datasets, and acceptable performaase@monstrated.

The improved and validated APSIM model was thenduseconjunction with
participatory farmer engagement (and a field expent) to assess a range of
identified adaptation options. The question ofrappate irrigation intensity and crop
choice under different levels of water availabiliyas investigated using a typical
case-study farm from the region. The adaptaticwonp found to best suit irrigation
farming in years of high water availability werebstantially different to those when
water supplies were low. Our study demonstrated the cropping and irrigation
strategy leading to the greatest farm returns obsr@n a season-by-season basis,
depending primarily on water availability (Chap#y. We refer to this asagile
management later in the thesis.

Our collaborating farmers were also interesteddmgaring on-farm options for
alternative uses of their water resources (ieatiy crops and pastures and selling the
resulting grain/hay/meat) with off-farm options ¢buas selling water or entitlements
on the open market). A framework (Modern Portfdlieeory, MPT), commonly used
in the finance sector for assessing the compositi@mare portfolios, was adapted for
the case study farm and used to compare a range-farm irrigation options (from
Chapter 4), with an off-farm option to sell watattidements directly to an external
buyer (the Australian Government Water Buy-backe®od). The framework allows
options to be compared based solely on their eslrn characteristics, and we used
the MPT framework to demonstrate how the attraoess of the Australian
Government scheme for farmers depends primariljuture water availability levels
(Chapter 5). We showed why the MPT method is usaley applicable wherever
there is a mix of variable and fixed-return invesiti options, thereby offering a
framework to assist farmers in conceptualizing cangons between traditional on-
farm uses for water and newer, market-based options

Delaying the application of continuous floodwaterybung rice crops has shown
promise for increasing rice water productivity thgh decreasing non-productive
water losses early in the season (Heenan and Tloomp884; Thompson and Griffin,
2006). Previous experiments had demonstratedrtheipe, but fell short of defining
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best-practice guidelines, suggesting that a motaildd investigation may result in a
viable adaptation option to reduced water suppiesRiverina rice farmers. We
conducted a field experiment over two growing seasc2008/9 and 2009/10,
comparing traditional fully-flooded rice irrigatiomethods with delayed continuous
flooding (DCF) using a range of irrigation schedglitreatments prior to flooding
commencement. The aim was to compare the traddmfsieen water savings
(achieved by water stressing the young crop teesfit degrees) and resulting yield
penalties, seeking the degree of water stress wipicdvided optimum water
productivity (t grain ML'). The experiment demonstrated increased water
productivity right up to the maximum pre-floodingress level imposed during the
experiment — representing an increase of up to bX¥&r conventional irrigation
practices in the region (Chapter 6). The experimeas also used to collect
modelling-specific field data for the purposes alilrating and validating the APSIM
model. The model performed well in simulating alved experimental behaviour
(rice grain yield, water use, water productivityilswater and N dynamics). We
subsequently used the improved model for a long-tecenario analysis (55 years)
that further explored risk-returns associated wilCF and improved our
understanding of the key drivers of system behavid@ur study defined best-practice
guidelines for DCF in rice production, and demasistd water productivity gains of
25% and 17% over traditional aerially-sown and @rional-drill crops, respectively
(Chapter 7).

An overall synthesis of all the investigated adaptaoptions was performed in
Chapter 8, using the case-study farm from Chapteasnd 5. The aim was to assess
the degree to which this PhD study contributesreaggr resilience of Riverina rice-
farmers facing reduced future water supplies. Wmahstrated that without changes
to traditional management practices the case-sfaighy would become non-viable if
future water allocations were to average below 80%ntitlement. Implementation of
agile management (Chapter 4) in tandem with delay@dinuous flooding in rice
production (DCF, Chapters 6 and 7) would keep thenfviable down to 30%
allocation. If future average allocations fall &l 30%, the best choice for farmers
(from the options investigated) would be to sekithentittements and invest the
money (Chapter 5).
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Rijst-gebaseerde gewassystemen in de hele weneddear druk tot adaptatie door
verschillende krachten voor verandering. Deze otamatveranderingen in de
beschikbaarheid en de kwaliteit van water, de toenan temperatuur en in de CO2
concentratie, eisen van de markt en de wereldwnoedzaak om meer voedsel te
produceren voor een groeiende bevolking. In hedtralische rijstteeltgebied Riverina
is gedurende de laatste tien jaren een drastiseimaindering in de beschikbaarheid
van irrigatiewater de belangrijkste motor voor vetaring geweest; dit in tegenstelling
tot een lange geschiedenis van een betrouwbaarylogdig aanbod van water.
Droogte, concurrentie om middelen in een over-begydaiviersysteem en de politieke
veranderingen als gevolg van milieueisen hebberesade huidige situatie gecreéerd.
Voorspellingen van klimaatverandering stellen igetust met uitzicht op doorgaande
beperkingen in water en grote variabiliteit van aabbod ervan. Teeltsystemen in de
regio zijn nooit monoculturen van rijst geweese-zjn van oudsher divers, met rijst
als het belangrijkste gewas in rotatie met andea@eqn, peulvruchten, oliehoudende
zaden en graslanden. In de afgelopen tien jaae ikdbouwproductie in de regio
gedecimeerd en zijn vele boerenfamilies economigeiwongen om het land te
verlaten. In dit onderzoeksproject zijn adaptatiespop het boerenbedrijf onderzocht
als antwoord op verminderde beschikbaarheid vanemwatoor irrigatie. De
overkoepelende doelstelling was om de veerkrachtdeaboeren te verhogen via een
grotere waterproductiviteit met toegenomen rendémwan de boerderi.

Een essentiéle eerste component van het werk wasrdere ontwikkeling van de
benodigde  modellen. Beschikbare rijstmodellen en orgmande rijst-
modelleringsinspanningen waren gericht op simulatian landbouwkundige
vraagstukken binnen enkel de rijstgewassen. Dit jepto vereiste een
teeltsystemenmodel dat voorziet in het simuleranhet gedrag op lange termijn van
vruchtwisselingssystemen die naast rijst andere ags@n /grasland en ook
braakperioden omvatten. Een dergelijk model bestoed Het APSIM teeltsystemen
model, dat al veel van de vereiste kenmerken k@agerdere gewassen, rotaties,
gewasresten/grondbewerking, specificatie van flelxgewasmanagement, enz.), was
niet in staat om de belangrijkste processen te s die specifiek zijn voor
bevioeide bodems die onder een laag water staamo@ndie waterlaag zelf — dit als
gevolg van de ontstaangeschiedenis van APSIM vgaariache toepassingen onder
droge omstandigheden. We hebben APSIM uitgebreitl maschrijvingen van de
dynamiek in de bodem van C en N onder anaérobeaodigheden, en er zijn
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voorzieningen gemaakt voor het simuleren van deetweg overgangen tussen
anaérobe - en aérobe bodemomstandigheden die @ixbHoen bij de op éénvolgende
teelt van bevloeide rijst en andere niet-bevloeggsvassen, graslanden en braak
(hoofdstuk 1). Fotosynthetisch actieve aquatisdoenassa (PAB - algen en andere
flora in waterlagen boven bevloeide gronden, siifkéndende soorten inbegrepen)
werd gezien als een belangrijke bron van organi€chen N in op rijst gebaseerde
gewassystemen, en werd beschouwd als een essemidéetdeel voor het zinvol
kunnen simuleren van het gedrag op lange termijn kat rijstsysteem. Uit de
literatuur blijkt dat de bijdragen van vastgelegdeuit algen in de waterlaag
belangrijk was voor de voeding van het volgend&gggwas (niet het huidige gewas),
daarmee is tevens verklaard waarom eerdere modelteenkel het rijstgewas op zich
deze bijdrage konden verwaarlozen. Op dezelfde end@n de invioed van kleine,
incrementele toevoegingen van organisch C uit algeiten beschouwing gelaten
worden bij simulatie van een enkel rijstgewas, nraat bij het simuleren over lange
termijn van een reeks van gewassen. Vandaar daAP8tM model moest worden
uitgebreid met nieuwe beschrijvingen van de bidolge en chemische processen die
verantwoordelijk zijn voor het verlies en de toemanwan C en N in de waterlaag op
rijst (omvattende de groei, veroudering, dood, erddaropvolgende inwerking in de
bodem van algen-biomassa) (Hoofdstuk 3). Het verdet APSIM model werd
vervolgens getoetst aan een reeks van diverseadldd) experimentele datasets en
aanvaardbare resultaten werden verkregen.

Het verbeterde en gevalideerde APSIM model werdolgens gebruikt om —in
combinatie met participerende boeren (en een vpktaxent) - een bepaalde reeks
adaptatieopties te beoordelen. De kwestie van dgejurrigatie intensiteit en
gewaskeuze onder de verschillende niveaus van sighikbaarheid van water werd
onderzocht met behulp van een case-study op eeddrgalie typisch was voor de
regio. De aanpassingsopties die gevonden werdeneavooptimale afstemming van
irrigatie in de landbouw waren in jaren van hogesdbékbaarheid van water
aanzienlijk verschillend van jaren waarin de waberziening laag was. Onze studie
toonde aan dat de teelt- en irrigatiestrategideaidt tot het grootste rendement van de
boerderij per seizoen verandert, voornamelijk aflefijk van de beschikbaarheid van
water (hoofdstuk 4). We noemen dit later in hegjsohrift behendig management.

Onze samenwerkende boeren waren ook geinteressedret vergelijiken van
mogelijkheden voor alternatief gebruik van hun waterraden op de bedrijven (dat
wil zeggen irrigatie van gewassen en graslanderndernverkoop van de daaruit
voortvloeiend graan / hooi / vlees) met ‘off-faropties (zoals de verkoop van water
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of waterrechten op de open markt). Een rekenkatodern Portfolio Theory’,
MPT), vaak gebruikt in de financiéle sector voorb@®ordeling van de samenstelling
van aandelenportefeuilles, werd aangepast voorogedbrij van de case study en
gebruikt om een reeks van irrigatie-opties voor hedrijf (uit hoofdstuk 4) te
vergelijken met een ‘off-farm’ mogelijkheid om watechten direct aan een externe
koper te verkopen (‘the Australian Government Wder-back Scheme’, i.e. het
waterterugkoop programma van de Australische ow#yhédet rekenkader biedt
mogelijkheden om opties te vergelijken alleen ogidavan hun risico-rendement
kenmerken; wij hebben het MPT-rekenkader gebruikt aan te tonen hoe de
aantrekkelijkheid voor boeren van de regeling vanAdistralische overheid in de
eerste plaats afhankelijk is van de toekomstigelkisaarheid van water (hoofdstuk
5). We hebben laten zien waarom de MPT-methodeewseel toepasbaar is overal
waar er sprake is van een mix van investeringseptiet variabele - en vaste
rendementen; daarmee bieden we een rekenkader oboeden te helpen bij het
conceptualiseren van vergelijkingen tussen hettioaéle gebruik van water op het
bedrijf en nieuwere, op de markt gebaseerde opties.

Het uitstellen van de toepassing van continue le#vig aan jonge rijstgewassen is
veelbelovend gebleken voor het verhogen van derpratguctiviteit van rijst vanwege
afname van het niet-productieve waterverlies vraeghet seizoen (Heenan en
Thompson, 1984; Thompson en Griffin, 2006). Eerdexperimenten hadden het
principe aangetoond, maar schoten tekort in hanhiéeén van richtlijnen voor beste
praktijken, wat suggereert dat een meer gedetailleederzoek zou kunnen resulteren
in een bruikbaar aanpassingsoptie met vermindeatert@evoer voor rijstboeren in
Riverina. Wij hebben een veldexperiment uitgevoenkr twee groeiseizoenen,
2008/9 en 2009/10, waarin we de traditionele itregaethode van volledig bevloeide
rijst vergeleken met een uitgestelde volledige dewhg (‘delayed continuous
flooding’, DCF) met daarbij een scala aan behandeh betreffende de planning van
de irrigatie voorafgaand aan de volledige bevlagiiHet doel was om de uitruil te
vergelijken tussen waterbesparingen (bereikt deoschillende mate van water stress
op te leggen aan het jonge gewas) en de daaruitWwaeiende opbrengstreducties,
zoekend naar de mate van waterstress die een ¢@tvagerproductiviteit (ton korrel
ML-1) bewerkstelligt. Het experiment toonde toenad® waterproductiviteit aan tot
het maximale stressniveau in de initiéle fase vigai@nd aan volledige bevloeiing-
wat neerkomt op een toename tot 17% ten opzichte eanventionele
irrigatiepraktijken in de regio (hoofdstuk 6). Hexperiment werd ook gebruikt om
specifiek ten bate van modellering veldgegeveneieamelen met als doeleinden het
calibreren en valideren van het APSIM model. Hetdeiopresteerde goed in het
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simuleren van het waargenomen experimentele gg@magelopbrengst van rijst, het

gebruik van water, waterproductiviteit, bodemwaggr N-dynamiek). We hebben

vervolgens het verbeterde model gebruikt voor aaegd-termijn scenario-analyse (55
jaar), waarmeehet risico-rendement dat samenhaeggD@F verder werd onderzocht
en waarmee ons begrip verbeterd werd van de bgksigrgedragbepalende factoren
van het systeem. Onze studie definieerde richtlijaeor beste praktijken voor het
DCF in de productie van rijst, en toonde een toenaan in de waterproductiviteit van
25% en 17% ten opzichte van respectievelijk tradéle vanuit de lucht gezaaide en
conventioneel met zaaimachine gezaaide gewassefdgtok 7).

Een algemene synthese van alle onderzochte adauiéis werd uitgevoerd in
hoofdstuk 8, met gebruik van de case-studie bogrdar de hoofdstukken 4 en 5. Het
doel was om de mate te beoordelen waarin dit prerooiderzoek bijdraagt aan een
grotere veerkracht van rijstboeren in Riverina deconfronteerd zijn met lagere
toekomstige watervoorziening. We hebben aangetdahdonder veranderingen in de
traditionele beheersvormen de case-studie boerdeijlevensvatbaar zou worden
indien in de toekomst de toewijzing van water getald zou zakken tot minder dan
50% van het huidige recht. Implementatie van ‘beiggemanagement’ (hoofdstuk 4)
in combinatie met een uitgestelde volledige bewhgeiin de productie van rijst (DCF,
de hoofdstukken 6 en 7) zou de boerderij levenssaatihouden tot 30% van de
watertoewijzing. Als de toekomstige gemiddelde tjmngen dalen tot onder 30%,
zou de beste keuze voor de landbouwers (uit derpodete opties) zijn om hun
rechten te verkopen en het geld (hoofdstuk 5)uesteren.
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- Biosystems Engineering: modelling of water andagiém balance the ponded water and soll
profile of rice fields (2008)

- Journal of Agricultural Science, Cambridge: chadles for weed management in African rice
systems in a changing climate (2010)

- Field Crops Research: evaluation and applicaticBR¥ZA200 for irrigation scheduling of
puddled transplanted rice to optimize yield andewatoductivity (2011)

Competence strengthening / skills courses (1.5 ECTS)
- Journal paper writing course; CSIRO Land and W&anberra, Australia (2008)

- Professional time management; Australian Institditeanagement, Brisbane, Australia (2010)

4.1 PE&RC Annual meetings, seminars and the PE&RC weekend (1.5 ECTS)

Rural Industries Research Forum; New South Walpartiment of Primary Industries, Griffith
(2009)

Sustainable Agriculture Flagship, Developing R&DoHAties for Productivity Growth in
Agriculture; CSIRO, Canberra, Australia (2011)

4.1 Discussion groups / local seminars / other scientific meetings (7.5 ECTS)

CSIRO Ecosystem Sciences Seminar Series, Canbestaalia (2007-2009)
CSIRO Ecosystem Sciences Seminar Series; St LBid&hane, Australia (2010)
International Rice-modelling consortium group megsi (2007, 2008)
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International symposia, workshops and conferences (11.6 ECTS)

Ground-breaking Stuff, Proceedings of the 13th ralisin Society of Agronomy Conference;
Perth, Western Australia (2006)

Global issues — Paddock Action, Proceedings ofiftik Australian Society of Agronomy
Conference; Adelaide Convention Centre, Adelaideitls Australia (2008)

18th World IMACS Congress, MODSIMO09-Internationalr@ress on Modelling and Simulation;
Cairns, Australia (2009)

Farming Systems Design — International Symposiuriviethodologies for Integrated Analysis of
Farm Production Systems; Monterey, California, U3609)

NCCARF 2010 International Climate Change Adapti@mférence Climate Adaption Futures —
Preparing for the unavoidable impacts of climatenge; Gold Coast Convention Centre, Gold
Coast, Queensland, Australia (2010)

Lecturing / supervision of practical’s / tutorials (3 ECTS)

APSIM Training course at Wageningen University;a§ sl (2008)

APSIM Training course at International Rice reskdnstitute; IRRI, Los Bafios, Philippines
(2008)

APSIM Training course at Bangladesh Rice Reseansfituite / Bangladesh Agricultural research
Institute (BRRI/BARI) (2010)



Curriculum Vitae

Donald Gaydon was born in Toowoomba, Queenslandgtralia on 17 Spetember
1967. After finishing secondary school at Toowoam$tate High School, he
commenced a Bachelor of Engineering (Agricultudgpree at the Darling Downs
Institute of Advance Education, Toowoomba, gradwgatvith Credit in 1989. He then
worked for four years as an agricultural engineer the Darling Downs with
Queensland Department of Primary Industries (QDBU)ding solar grain-drying
systems and studying for his Masters degree (inneegng) concurrently. After
graduating with his M.Eng, he moved to Brisbanework on mechanisation of
wholesale plant nurseries. In this endeavour, dkalworated with Wageningen
University (group of Dr Wim Huisman, Landbouwteobkli and hosted 5 consecutive
WUR Masters students at both his work and homerisbBne. In 1997, feeling the
need for a career change, he resigned his job @@FI and spent the next 3 years
playing acoustic guitar and singing in Brisbane &uld Coast pubs and clubs. By
late 1999 he was ready for another career changk,cammenced work with the
Australian Government research organisation, CSliR@risbane as part of a group
working on farming systems science. He remainf wWits employer to this date. In
2007, he relocated to Canberra to commence workthe PhD study through
Wageningen University, moving back to Brisbaneatel2009. Since 1999 he has
worked in farming systems research in numerousrenmients throughout Australia,
and has on-ground professional experience in Rimlgs, Bangladesh, Fiji, New
Zealand, and USA.
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