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Abstract

The Australian cotton industry ispgime example of precision agriculture in action, having achieved
significant efficiency gains in yield (kg lint'hand water use (kg lint M. over the pas60years
Unfortunately, nitrogen fertiliser use efficiency (NFUE) has not experienced the sameygairikis
period, and has instead declinedustralian irrigated cotton production requires highrogen (N)

inputs to maintain its high yieldNapplication rates (kg N Hx have increased over recent decades
due to a range of factors, including low fertiliser costs and grower risk appetites. Average yields have
also increased over this period; however, they hastbeen proportional tahe rise in N applications,
resulting insteadily declimg NFUEWHhile significant research describing N dynamics in Australian
cotton systems already exists, there remain many research gaps to be filled.

This thesis aims taddress four research gapso provide additional management levers fdhe
Australian cotton industry to improve NFUEeTbur topicsexploredhereinare: (1) the uniformity of
aqueous N applicatiorfdrtigation or waterrun); (2) the mechanisms drivingurface runoffN losses

in furrow flood irrigation (3) the reaction rates and residence timesadueousN; and(4)the degree

of plantaccess talifferent soil NmoleculesA series of field, laboratory, and glasshouse experiments
were used to address these questions. Three field experiments measuring fertigation application
efficacies were conducted on private farms in the Riveigav South Wales (NSWQver the 201617
summerseason. Another field experiment was performed at festralian Cotton Research Institute
(ACRI) in NarrabiNSW over the 20118 season, measuring N runefiriations inalternate furrow
irrigation configurations Two laboratory experiments were performed at the Commonwealth
Scientific and Industrial Research Organisation (CSIRO) Black Mountain site in CAnbeatan
Capital Territory, measuring the reaction rates and residence times of dissolved urea iwateil
systems. Finally, a glasshouse experiment was performed at CSIRO Black Mountain in January 2019,
assessing the Nptake capabilities and preferences of three cott@oésypium hirsuturh.) varieties

using ®N-13Gstable isotope analysis. The spexifesearch questions these experiments aimed to
answer are detaileéh the paragraph&elow.

Chapter2 aims to answer the questiontHow effective are current Australian irrigated cotton
fertigation practices at delivering consistent N to crops, and wteatagement levers can be identified

to improve outcomes? Aqueous N application is increasingly popular in Australian irrigated cotton
production systems, despite limited data describing its efficacy. Significant research gaps exist around
application homgeneity, aqueous residence times, and attributable runoff losses. These unknown
factors represent a swathe ohutilisedmanagement levers that growers could use to improve NFUE.
This chapteruses data from three field experiments performed on private farto assess the
application consistency oftommon fertigation techniquesit was found that he dstribution of
aqueous N within fields was uniform when supplied consistently, but that achieving consistent supply
was difficult.Poor urea tank management, inconsistent irrigation channel network mixing, and the
colourless nature of dissoldeéN were all factors contributing to poor fertigation results.

Chapter3 aimsto answer the questiondHow does Nsurfacerunoff vary spatiallyand temporally at
subfield and intrairrigation scales respectivelgndcan thishighresolution be used to identify specific
mechanistic drivers of N runoff?N surface unoff is well quantified spatially at a fieldcale and
temporally at an intesirrigation scaleThis is useful for identifying macro trensisch aghe majority

of runoff losses occur at the beginning of season however analyses at higher spatial and temporal
resolutions are required to identify the mechanisms drivilngselosses. This chapter is built around
a field experiment performed at the ACR1 201718, and includesdata from four additional
unpublishedstudies performed by other researcheawssupportthe observed trendsAll studies were
performedin alternate furrowfloodirrigationsystemswhereby irrigation water is supplied via syphon
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to every second furrowlt wasshown thatin these systemas irrigation water passes through the hill
from the irrigatedfurrow to the norn-irrigated-furrow (alternatefurrow), it leaches significant soluble
material from the soil Alternatefurrows discharged the majority of fielderived N (87.5 + 4.4%
compared to 12.5:-4.4% for irrigateefurrows), which was predominantly composed dfate (NQ;
58.3+7.5%) and dissolved organic nitrogen (DON; 377.%%) Held-derivedN runoffduring the first
irrigation event of the season wasgjuivalent to 6.1 + 0.4% of applied pseason fertiliserwith whole

of season losses equivalent 1@.1 + 0.7%RunoffN losseswould likelybe reduced considerably by
replacing alternatdurrowswith an extrawide bed/hill.

Chapter4 aimsto answer the questiondWhat is the residence time of dissolved N in irrigation water,
and how does it vanacross the farm environmer#? Urea is the most commonly wateun
nitrogenous fertiliser in Australian cotton systems. Solid (prilled) urea is a chemically stable
compound,but once dissolved ifrrigation waterit quickly mineralisevia the enzyme ureas and

can be lost to the environmernt not immobilised Despite the widespread uptake of watemning

urea, there is limited information available to growers describing N residence times in irrigation
waters. This chapter reportthe findings of two laboratory experimentsdesigned to generate a
gueryable dataset for predicting urea mineralisation rates in irrigation watekéter 24hours,
32.5+3.0% an®41.0+0.8%o0f the urea had mineralised the 15°C and 3°C treatments respectively,
increasing t087.7 + 0.6% and94.3 + 0.2% aftersevendays. Urea mineralisatiorwas positively
correlated withboth soil exposure and temperature. For growers, this meansrttiaeralisation will

be most rapid when uretaden waer is travelling down furrows, as high soil interaction and water
temperatures produce high urease exposure and activity.

Chapter5 aims to answer the questiondWhichsoil N speciegan commercial cotton (Girsutum)
directly take up, and whapreferences does it exhibit when given a chaid@@k plant uptake of
applied fertiliser N (fertiliser recovery) is well characteriged\ustralia and internationalliyWhile
current researchdemonstrates that cotton obtains the majority of its N from thoil, it does not
identify the chemical speciation of the N taken up. This repnésea research gap and potential
opportunity to improve fertiliser recovery in Australian cotton systerii$is chapteruses a
5N-B*CGstableisotope glasshouse experiment &ssess the N uptake capabilities and preferences of
commercial cottonThree varieties o6. hirsutumwere grown from seed to a-2 leaf stage in clean
sand rhizotubes to allow full control over their nutritioSicot 746B3F, a genetically modified (GM)
current commercial cultivar; Sicala V2, an obsolete -G commercial cultivar; and Tx Ill, a
Guatemalan landrace accession that represents the native origins of the comn@rhietutum
varieties. Labelled fertiliser compound®N-NGs', *N-ammonium (NH'), N-2*Gurea (CHN.O) and
5N-BGalanine (GH/NQ,) were supplied tdhe seedlingsoncurrently,with all four N speciesapidly
taken up After 180 minutes, the percentage of added JYON, NH*T N, urea N and alaning N
taken up was 21 +1.9%,16.6+ 19%,22.2+ 1.% andl4.3+ 19%respectively Consistent uptake
ratios of alanine *C andt **N indicate that ugo 33% of the absorbed alanineN was taken up in
the form of whole alanine moleculeBirect plant access of solulbdeganic N suggests that increasing
soil organic matter (SOM) would not necessarily reduce panilable N.

Improving NFUEepresents a triple bottom linepportunity for the Australian cotton industry.
Economically, itwill save growers the cost of wastefertiliser, and reduce yields from over

application. Environmentally, it will reduce®greenhouse gas emissions, increase soil carbon stocks,
andreduceNRSSLJI RNI Ayl 3Sd ' yR a20Alffteéx AG OFy KSf LI i
most resaurce-efficientin the world and build its public profile and brand recognitidrnis thesiaims

to improve precision agricultural practices and environmental performdocte Australian cotton

industryby providng new information and management toals increase NFUE.

Vi
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Chapter 1 8 Introduction

1.1 6 Foundations

¢CKS 1 dzaldNIfAlLY O20G2y AyRdzaGNE QA YV ddoiN®fa Sighy F S NI A f
years(Macdonald et al., 2018; Welsh et al., 201Bhis iscontrary toother production metricssuch

as yieldper hectareg(kg ha') and water use efficiendyWUE ML kg?) that have steadily increased over

the same periodConstable, 2004; Roth, 2014Bpor NFUE can lead to adverse economic, social and
environmental outcomes foindividualgrowers and the wider industrVhile aqueous nitrogen (N)

application is increasingly common in the Australian cotton indusitigre is limited dataavailable

describing its efficacyThis represents a key knowledge dhat if filled could significantly improve

0 KS A ypRatiictipiNgfiiencyThe Australian cotton industry can improit@ NFUE by applying

a similar precision agriculture approach to N management as has hélpetiieve so many other

RO yOSYSyia Ay LINBRdAzOGAZ2Y SFFTFAOASYOEd ¢KAA g2 d
economic, environmental and social benefits to all growétss thesis wiluse field and laboratory
experiments to explore thepplication, distribution and transformation of aqueous N in irrigated

cotton systemsThrough these generated dataprovedmanagement levers will be identified that

growers can use to improwagplication efficiency and by extensiomsduction efficency.

1.2 0 Precision Agriculture and the Australian Cotton Industry

¢ KS iprBcisivhaghiculturethas typicallybeenusedto refer to agricultural management practices
that respond towithin-field spatialor temporalvariability (Stafford, 2000; Zhang et al., 200®Jhile
many suggest this is ralatively new phenomenon, ta practice of responding to 4field variability
has been appreciatefbr millennia(Stafford, 2@0), rendering the term somewhat superfluous.this
thesis, | use the termrecision agriculture more in line witBebbers and Adamchuk (201@) refer
broadly to the targeted applicatiorof technology and managementith the aim of maximisng
resource use efficiency in agricultural production systeiy definition implicitly includes the
assumption that spatial and temporal variability must be controlled if resource use efficiencies are to
be maximised.The primary mtivation for pursuing increasein production efficiencycan vary
depending on the stakeholders driving changed can be in nature:

1. Economic Reducindertiliser waste(Chen et al., 2008water usagéChen et al., 2020; Roth
et al., 2013; Zahoor et al.029), orlabour requiremens (Vandeplas et al., 2010)

2. BEwironmental Reducinggreenhouse gafGHGemissiors (Reay et al., 2012proundwater
contamination(Zhang et al., 19960r nutrient runoffinto waterwaysg(Carpenter et al., 1998)

3. Social: Feeding more peopléKummu et al., 2012)mproving community relationand social
licences to operatéMoffat et al., 2016)or securing stratdg national security interesi{&ukal
and Irmak, 2020; Lambert and Hashim, 2017)

Whilethere is often just oneited reasorfor managemenpracticechange advances imesource use
efficiency willaffect all three categories. This is because our spagebnomies and environmengge
intrinsically linked and sustainable management of farming systems must engage with all Triree.
WiKNBS LAt NSacodnfon draimiwiork Xoy describinghtiiie nf@rconnectiviigtween

the environmental, economic and social aspectewf world (Fig. 1.3, Barbier (1987); Purvis et al.
(2018. The symbolismof pillars is useful for encouraging thought about the broader effects of
management decisions; however, the imagery implies that aspects are independent, when in
reality theyare subsets of one anotheA more accuratenalogywould bethat of nestedconcentric
circlesto communicate that there is no economy without society, and no society witrayut
environment(Fig. 1.B).
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Figure 1.1. Competing visua
representations of the connectio
between the economy, society ar
Societ environment(A) Originaldepiction
of the three pillars of sustainabilit
first described byBarbier (1987)
(B)More recent depictionof the
three pillars of sustainability
illustrating that the thee aspects
are not independent equally
importantconcepts.

Enuironmer\{-

Regardless of the specific imagery employed, if agricultural enterprises wiphosper then all
stakeholdersneed to consider carefullythe social, environmental and economic ramificaticofs
management decisiondn the more businesgentric vernacular introduced bilkington (1998)
improving resource use efficiency will raise the triple bottom line ofaggnisationleading to better
environmental, economic and social outcomes.

Resource use efficiendy agriculture¢ whether relating to the use of water, energy utrients ¢ is
typically definedn termsof final crop yieldBai et al., 2020; Cassman et al., 1998; Hsiao et al., 2007,
Meul et al., 2007)Hficiency gainareachievableghrough increasingields for the same resource use,

or by decreasinghe resources used to achievethe same yieldEqg. 1.1).

Equation 1.1 General equation for calculatin

YQi ¢ 6Yi BDQAOQeE—Ge— .
resource use efficiency

The suite of technologies availalfler improving agricultural resource use efficientgs increaed
significantly since the firsfgricultural Revolution (circa10,000 BCEYor the majority of agrarian
human history, yield gains have been achieved inemtally throughselective breeding, manure
application, and the adoption of irrigationThis changed during the Industrial Revolution with
widespread mechanisation andhe adoption of synthetic fertilisersthat significantly increasd
agriculturalyieldsand signaled the beginning of modern industrial agricultuf&ng et al., 2010)The
next rapid increase in agricultural production was achietredugh advancesn crop genomics and
the introduction of high yielding varietieduring the Green Revolutiorof the 195G and 1960s
(Lynch, 2007)whicheventually developd into directgenetic modificatiorof cropsin the 1980s and
1990s(Raman, 2017)The advent of the Information Age has introduced new tools for improving
agricultural resource use efficiency while sitaneously transforming previous advances in precision
agriculture. With widely available on and offfarm computing, mechanisation has become
automation, genomics hebecome bioinformaticsand aerial field surveythat were once achieved
by looking out he window of a light aircrafire nowremotely captured using multiple spectra with
analytics performed before the drone has even lan@eairrell et al., 2018)

In order to achieve production gains from advances in precision agriculture, many aspects of the
farming system need to be optimised simultaneouélyatt et al., 2006) This concept is most
succinctly illustrated by th8prengeliebig Law of the Minimur(Ploeg et al., 1999pften visualised

as a wateffilled barrel with staves of varying heighiSig. 1.2). fie princige statesthat growth ¢
represented by theheight of water within the barrel¢ is determined not by the total resources
available but by the scarcest resouroarlowest staveA good example of thistlse British Agricultural
Revolution of the 1% and 18" centuries,when crop yields were rapidly increased bgncurrently
addressing a range of metaphorical staviesluding the introduction of leguminous crop rotations

2
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to increaseplant-availableN, improvements to transportation infrastructure artie removal of
domestic customs barriett® increasedistribution capabilities, continued selective crop breediog
increase varietal yield limitand ploughdesign improvements teeduce labour requirements for soil
cultivation (Overton, 1996) More recently in the 20 century, the introduction of synthetic
nitrogenous fertilisers has usurped plaanailable N as the limiting factor to growth in many countries
with other constraints like potassium availability and soil compadttisman et al., 2008)
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FAEN B Q § v (also known as the Liebig Law of tl
. Minimum). Just as the capacity of
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plant's growth limited by the nutrient ir
shortest supply Staves are nol
necessarily independent of one anoth
in this analogy, with cdimitations

occurring between someproducion

aspectslike soil nutrientdKirkby et al.,
2011)

The Australian cottorindustry is an archetypal example pffecision agriculturén action Average
Australiancotton yields are the highest in the world, at 2360 kg lint lf&otton Australia, 2019; FAO,
2019) which hasbeen achieved throughbonsistent research anadptimisationof many components
of the farming systensoncurrently including:

! Genomics and Bioinformatice More than 99%2 ¥ | dzA i NI f Al Q&4 O2 YYSNDA I
(Gossypium hirsuturi) is genetically modified (GMwhich has radted in a 95% decrease in
insecticide use sindhe introductionof the first GM varietiegn 1993(Cotton Australia, 2020;
OGTR, 2018; Roth, 2014&ew varieties ofG. hirsutum specifically adapted to Austratia
environmental conditionsare continuously beingdeveloped in partnership with the
Commonwealth Scientific and Industrial Research Organis@@iSiRQ)singgenesprovided
by Bayer (previously Monsantd.iu et al., 2013; Trapero et al., 201Becent CSIRO research
has produced prototype cultivars with yellewed and purplecoloured lintthat have the
potential to reduce dye requiremens, which are frequently associated with significant
environmental and social har(he World Bank, 201ioinformatics and genomics are also
used to describe and optimiseismicrobial communitieshat heavily impact soil properties
like cohesion, plaravailable water, and nutrient speciatigghaw, 2005)

1 Pest and Disease Managemermt Pests and diseases represent a core threatcadton
production, and significant research and development investment has been made to improve
resilience The genetic modifications in Australian cotton offer significant pest resistance, but
only if strict management practices are adhered to. To that end, growerseapgred to
implement Bollgard resistance management plans, and strongly encouraged to adopt
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integrated pestand diseasenanagement plangCRDC, 2019c, 2020l9)ngoing research
efforts are directed atmanagingmany tens of diseas@sectand weed species,all of which
are regionspecific to some degre@RDC, 2019d)s such, imsecurity is taken very seriously
in the Australian cotton industryith growers stricly adhelingto quarantineproceduredike
G/ 29086SI yI (8dtondb & aly2020; CRDC, 2018, 2019c; Trapero et al.,.2016)

1 Field Engineeringand Managementg Irrigated cotton fields are typically laserlevelled to
control water flow speedsand distributon uniformity, with 0.04# (1:1500) and
0.00@€ (1:10000) slopes common for different surface irrigation configurat{@®DC, 2020b;
Roth et al., 2018)Bed configuration is precise, with consistent seed spacingsadields
producing consistent plant growth and yisldMost farms practice antrolled trafficregimes
within fields to limitsoil compactiorfrom tractors and pickerCRDC, 202083 0il properties
like compactionmineralogy andsodicityimpact yield, and areesearched and monitoretdy
the industry(McGee and Loke, 2007; Shaw, 2005)

1 Automation and Mechanisatior Irrigation automation isncreasingly used to reduce labour
requirements with options developed forall four major irrigation techniques used in
Australia: syphon, bankleshanne] overhead and dripfCRDC, 2020b; Roth et al., 2018; Smith
et al., D15a) Australian cottoris predominantly harvested witkophisticatedspindle pickers
(like the John Deere CP690) that include significamtputerisation capable ofdackng and
mappingharvestproperties in real time for poseand syrharvest analytics

1 RealTimeCrop Monitoringg The use of han¢held, fixed, tactor-mounted, andunmanned
aerial vehiclesensords widespreadn the Australia cotton industry(CRDC, 2020d; Volkova
et al., 2018) Common measurements includ@iksmoisture, canopy temperaturepetiole
testing crop emergence, soil temperaturand photosynthetic activity Tresedata can be
collected in real time anthform management desions such as when to water,-sew, add
fertiliser, harvest, orspray for pestand diseases.

1 Water Application¢ WUEIn the Australian cotton industry has steadily incredsver the
past 50 yeargRoth, 2012a}o the point where it is now the most water efficierdotton
industry in the world (CRDC, 2010However, the most common irrigation technique for
Australian cotton growers is still furrefiood irrigation (Nachimuthu et al., 2018hich isa
subseé of flood irrigation,the least water efficient largscale wateringéchnique available
(CRDC, 2020M)espite leading the world on Wdiad decreasing water use (ML Hay 48%
sine 1992(Cotton Australia, 2020WUEimprovementscouldstill be madein the Australian
cotton industrywith further adoption of dgp and overheadtrigation techniqueg¢Smith et al.,
2015a; Thorp et al., 2020)

1 Nutrient Application¢ The application and management of nutrient§ whichN constitues
the largest componenisthe least precise aspect obtton production inAustralia Nitrogen
applicationtypicallyexceedindustry recommended rates, é@mmonlyapplied many months
prior to sowing resulting in large preseasonN losses andis often applied without taking
existing soil N stores into accou(@RDC, 2019a; Mclintyre et al., 2001; Roth, 201Pih¢
Australian cotton industry has identified use efficency as lagging behind other aspects of
its precision agricultural operations, and has in recent years invested in improving nutrient
efficiency outcome¢CRDC, 2020e; Macdonald et al., 2018)

1.3 d Cotton in Australia

The Australian cotton industry is young by global standards. It was founded in the 1960s in the Namoi
region ofNew South WaledNSW, and rapidly expaaed through significant immigration from North
America(Chamala and Spies, 1999; Sha@i,2) Throughout its growththe industnyQ & 3 Nivé@ S N&
remained well connectedhanks to the presence of the Cotton Research and Development

4
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Corporation (CRD@2y S 2F (KS 1 dzAaGNItAlYy D2@SNYYSyidQa
Corporations¢ and Cotton AustraliagO2 (i G2 y Qa f S3 A a {ORDG RO13A 0R60aa (i NEB
industry is highly profitale, which has funded significant reselrand development through a
mandatory CRDC grower leyRoth, 2014a)The relative homogeneity of the Australiamotton
industry has meant that research findings are widely applicable and create excellent returns on
investment(CRDC, 2017, 2020Esearch commissioned by the CRDC is efficiently disseminated to
growers through programs like CottonInfGottoninfo, 202Q)and is typically well adopted by farm
manages due to the high level of trust CRDC enjoys with gro¢@RDC, 2017, 2018, 2019a)

From its origins in the Namoi catchment, cotton production expandedhnand south along a
semtarid climate band from Emerald in Queensland (QLD) to the Riverina in NSW3{Fithis region

has a stable climate with relatively consistent soils and high incident sunlight. Cotton represents a
highly profitable use of irgation water allocations; typically the most significant constraint on
agricultural production in Australi€Conaty, 2010% and as such its expansion has displaced many
other farming operations, eggially rice, sheep and beef production.
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Australian cotton is predominantly grown on Vertos@ldulugalle and Scott, 2008ayhich are
characterised by expansive clay mialsrthat conferhigh shrinkswelland selfmulchingproperties,

as seen in thdéaaplicmedium Greywertosok of the Australian Cotton Research Institut®GRlIsbell,

2016) alternatively classified as fine, thermic, smectitic, Typic Haplust8ds Surveystaff, 2010)
Increasingly, cotton production is expanding imédativelylower clay content soils like Chromosols,
Dermosols and Sodosol$lulugalle and Scott, 2008a; McKenzie et al., 2008 geographic
restriction of the industry has simplified extensive optimisation of regpecific agricultural variables

like pests and diseases, soil amelioration, and transport chain management, and has contributed to
I dzZA G N £ A Q& KAASGSKE RaydrR 902NGaeh aAlyS yilK S Ay Rdza G NBE Qa KA &
the Ord River Irrigation Scheme in the Northern Territory, but was abandoned in early 1970s due to
unmanageable pests and dised§thamala and Spies, 199Byoduction has recently restarted in the
region, with future success more achievable due to increased knowledge, tools and management
levers available to growers.

More than 99.5% of Australian cotton plantings are cormgatief GMG. hirsutum (also known as

Upland Cotton or Mexican cotton). The gene splices for these GM varieties are creategieby B
(previously Monsanto) and incorporated into AustrahaptimisedG. hirsutumcultivars by CSIRO in
partnership with CRDC. Gédtton was introduced to Australia in 1993, with new varieties containing
additional traitsintroduced periodicalllp / 2 YYSNOAI f 1 dZAGNY ALYy O2G02Yy
Bollgard®3 gene sequence that contaisgrobacterium sppgenes (CP4 EPSP) forpplysate

resistance, andBacillus thuringiensi¢Bt) genes for the control oHelicoverpa sppand other

bollworms. Since the adoption of GM cotton, insecticide use has decrdas88% in Australian

cotton production(Cotton Australia, 2020; OGTR, 2018)

The majority of Australian cotton igrown in irrigation schemes that reduce the impacts of
environmental fluctuations on crop yields, sometimes defined as Irrigation Induced Reduction in Crop

Yield Variabilitf{Kukal and Irmak, 2020frlood irrigation is the most common irrigation technique in
PdzZAGNF € ALYy O20G02y LINBPRdzOG A 2 ythe twoAmod( colraodsLie® y Q | Y R
(Nachimuthu et al., 20185o0me rain fed (also known as dryland) cotton is also grown, but its planting

extent is heavily dependent on rainfall predictions (Eig). Cotton is typically grown in rotation with

at least one other crop, with winter wheat the most popular for atsighe past20 yeargMcintyre

et al., 2001) The industry recommendthe inclusion of rotation crops, with legumes especially
encouraged to increase soil N without adding fertili@RDC2020c; Hulugalle and Scott, 2008b)
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Australia has a major international cotton presence in both market share and research contributions.
Australia is the third largest exporter of cotton after thinited States of AmericdGA and India,
predominantly servicing markets in China, Indonebfi@tnam and BangladethCSA, 2019nnd
generating AU$1.9 billion in annual export revefGRDC, 2020a)

The majority d global cotton research has historicallyeen produced inthe USAwith Chinese

research publication outputs increasing to comparable levels over the past decade. Australian cotton
research standings have improved consistently over the past 50 yearyldug to the presence of

the ACR¢t formerly the National Cotton Research Cenfrand consistent research and development
investment through the CSIR®e NSW Department of Primary Industries (N&W®1),Cotton Seed

Distributors CSI), and the CRDC. TAERI is owned by the NSYPI and jointly operated with CSIRO,

FYR 3ISYySNIXiGSa GKS YIFI22NRGe 2F 1 dzaGNIfAFQa O2G02y
range of aspects of the cotton system, which in additothe areas outlined in Sectidh2 include

guality assurancdNSW DPI, 2020prains and companion crop agrang (Farrell et al., 2008a;

Hulugalle et al., 2002and climate change adaptatigBroughton, 2015; Broughton et al., 2020; Luo

etal., 2016; Luo et al., 2019he ACRI researdinas identified thalNFRUEisone of the Australian cotton
AYRdAzZAGNR QA f26SaiG YSUOlI LIK2NAOFf LINE Rdzispredsipn a i @S 3
agricultural outcomes are to be improvésllacdonald et al., 2018)

1.4 8 Nitrogen in Agricultural Systems

Agricultural pant growth is constrained by the availability of chemically reactive N more often than
any other elementPrior to the20" century, agricultural yields were largely constrained by the natural

N fixation rate of soilsassistedanthropogenicallyby the cultivation of leguminous crops arttie
application of manures and other organic nitrogenous fertilig&teffen et al., 2005 his paradigm
changed at the beginning of the 2@entury with the development ofhe HaberBosch process,
allowing for the manufacture and application of ndanitless reactive NLeigh, 1995Smil, 2000)

Few innovations have so fundamentally changed our society as the introduction of synthetic fertilisers
which since their adoption have been integral to the ~360% increase in human population from
1.7 billionto 7.8 billionindividuals(Steffen et al., 2005; UNFPA, 2020; United Nations, 1999, 2015)

While synthetic fertilises have increased global agricultural production significantly, theye also
alteredglobal N budgetgreatly(Johan et al., 2009; Nash et al., 20172010 approximatelyl20 TgN

of reactive N was generated via the HabeBosch processoughly twice as much as the 68y N
generated from natural terrestrial sourcésowler et al., 2013More than half of the N ppliedto
croplands is lost to the environmefitassaletta et al., 2014; Shahzad and Ahmad, 2@1@) while

not all HabemBoschderived N is used for fertiliser production, this still represents an enormous
perturbation to the N cyde and potentially the greatest planetary boundary exceedance to date
(Fig. 15; Johan et al., 2009; Nash et al., 2017; Steffen et al., 20T5k) consequences of excessive
anthropogenicreactive N emissions to the environment includaitrophication of surface waters
(Alexander et al., 2000; Carpenter et al., 1998; Glibert et al., 2006; Steffen et al., ,20il/zd¢-
loading of groundwate(Ju et al., 2006; Skaggs et al., 1994ndiil et al., 2001; Ward et al., 2018;
Zhang et al., 1996)0il nutrient losss and acidification(Miao et al., 2010; Vitousek et al., 1997)
reductions in soil microbial biodiversifiekberg et al., 2021; Oehl et al., 2004; Vitousek et al., 1997)
and GHGemissions(Dalal et al., 2003b; Millar et al., 2010; Reay et al.,, 20E2¢h of these
environmental impactéias accompanyindinancialand social costsThe brunt of theenvironmental,
financial and sociaosts are frequentlporne bythe broader communityather than the emitterand
cancontribute to intergenerational inequityby eroding environmental capitdChebai, 2017; FAO,
2011, Steffen et al., 201%b
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within them. Excessive inefficient use of HalBgrschderived reactiveN has caused significant perturbation of
the global biogeochemicl cycle. Agriculture is the largest source of reachivemissions; with the majority

of HaberBoschderivedN used for fertiliser productioq and as such will be required to undergo significant
management change if further planetary alterations are to be avoiBi@giremodifiedfrom Nash et al. (2017)

When N is added to iigated cropping systems, the fertiliser is supplied to an area of land (reported
as kg N hd) rather than to individual plants. While much of this N is taken up by the target crop, a
large proportion will transition into other parts of the environmeiitis thesisdefines five N sinks

that functionally describe the possible destinations into which applied fertiliser N can transition
(Fig.1.6). These are:
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Figure 16. Nitrogen entering a field (either as fertiliser ior situ fixation) fluxesinto one of five sinks: the

only temporarily, and can flux into ati®r sink at any time.

plant, the soil, the atmosphere, deep drainage, or surface ruRefictiveN within a given sink is immobilise
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1. The Pant ¢ This is the most desirable sinkpdathe reason for N additiorin agricultural
contexts. The majority of N taken up by the plant is removed from the system when the crop
is harvestedPostharvest, tte incorporation ofplant stubbles and residues can reduce the
amount ofN removed from farming systenifssoil ratiosof carbon (C), N, phosphorus (P) and
sulfur (Syre appropriately balance(Kirkby et al., 2011)

2. The il ¢ Mostofthe Lt | y 1 Q& b Atle sdt €ERDCDEOb; MatRowald et al.,
2017a) The majority of értiliser Nconvertedto soil Nremains plardavailable, anccan be
taken up later in the seasoequestration of N into the soil can increase soil C stocks, which
can reduce atmospheric GHnissiongBondLamberty et al., 2020; Janzen, 2006; Minasny
et al.,, 2017) Heterogeneous soil N can also promote diverse atable soil microbial
communitiesi K § Ay ONBI a8 disease2ahd ddagheIS2016:f Pol&n/eOdh, i 2
2020b)

3. Deep Drainage; When Nis transportedoelow the root zonet can no longer be accessed by
plants and becomes functionallgeparateto the soil Nsink Nutrients can accumulate at
depth to create long term toxicity and salinity problems, especially when they interact with
groundwater systemgMcLay et al., 2001; Nielsen and Lee, 198¥) particular concern is
nitrate (NGQ) leaching into aquifer systems, which can create significant health and
eutrophicationissuegDe Roos et al., 2003; Wu and SR@15)

4. The Atmosphere Nitrogenfluxes to the atmosphere are cadgred losses from agricultural
systems. The majority of atmospheric agricultural N emissions are in the form of unreactive
dinitrogen (N), produced through denitrification(Macdonald et al.,, 2017a)While
N; emissions do not cause further environmental hazards and typicallyesept only
economic inefficiencies, reactive N losses of ammonia)(Ntitrous oxide (BD), and nitric
oxides (NG) can lead to significant environmental issues including toxicity, pollution, and
climate changéDalal et al., 2003a; Kurvits and Marta, 1998; Tian et al., 2020)

5. Surface Runof Surface runoff derived from irrigation or rainfall can transporff\the field
(PéezGutiérrez et al., 2020)f Nrich runoff waters are captured and recirculated back on to
fields then the consequences of these fluxes are lawa rule, the Australian cotton industry
captures and recirculates surface runoff wa@achimuthu and Webb, 2016However,
many agricultural settings do not, allowiagrface runofto freely flow into watercourses and
bodies where it can create significant environmental, social and economic dafBageat
and James, 1999; Mitsch et al., 2001; Thorburn et al., 2011; Tian et al., 2007; Zhao et al., 2012)

1.5 0 Nitrogen Use in the Australian Cotton Industry

Australian irrigated cotton production requires high N inputs to mamits high yield§Macdonald

et al., 2018; Rochester and Bange, 2018E recommened fertiliser application rate (N rate) for
irrigated cotton production varies depending on the target yield, which is determined by other
constraints like sodicity and compaction, as per the Sprehigdlig Law of the Minimum (Fig. 1.2).
NFUES an appropriate metric for calculating target&es (Eql.2), andgrowers should be aiming

to fall within the industry benchmark NFUE window of183kg lintper kg fertiliser N applied (Fid.7,
CRDC, 2020pustainable cotton yields can be achieved within this NFUE window up to a theoretical
maximum yield of 5000 kg lint Rarequiring a N rate of 32820 kg N ha(Constable and Bange, 2015;
Rochester and Bange, 2016) order to achieve the industry average yield of 2360 kg lirtviaile
remainingwithin the optimal NFUE window, 13182 kg N ha of addedfertiliser is theoretically
required

0 '0YO 4

Equationl.2. Nitrogen Fertiliser Use EfficiendyHUE calculation.
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Nitrogen application (kg hd) has increased over recent decades due to a range of factors including
low fertiliser costs andbw grower risk appetitedor underfertilising (CRDC, 2019a; Mcintyre et al.,
2001; O'Keeffe, 2020; Roth, 2012bhe average 20189 season N rate for irrigated cotton production
was 325.1 kg N ha split 182.8kgN ha' pre-season and 142.3 kg N -hin-season,achievingan
average NFUE of 8(8RDC, 2019d)itrogenrates vary by region, with the lowest and highest mean
application rates for different areas 205.8 kg N'leand 443.5 kg N harespectively(CRDC, 2019a)
TheseN application rates far exceed those requiréat the achieval yields Across the industry,
fertiliser Nis not beinguniformly converted to lint at rates above 2@230kgN ha?, whichsuggests

GKFG T O02N&

2HKSNI Ky

b

g At oAfAGE | NB
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(Macdonald et al., 2018¥%rowers should be adding fertiliser at rates suitable for achieving realistic
yield targets. Anecdotally, nmny growersare aiming for yields in excess of 3000 kg lint-hdespite
other production constraints limiting maximum potential yield well beldhat figure. This
misalignment of expectations results in significant fertiliser N -@pglication and wastagand poor
NFUE.Growers are also encouraged to test feason soil N and incorporate it into seasonal N
budgets before adding any fertilise(€RDC, 2020bHowever, while 70% of irrigated growers
performed0-30 cm soil tess and 62%performedtests below 30 cm only 34% of growers said they
used soil testing to vary their N application rat(€RkDC, 2019d)hisindicatesthat manygrowersare

not applying their collected datawhich may be occurring for a range ofisens.Soil tesing should
reduce grower uncertainty and facilitetdecision makingand if quantitativetests are not achieving

this outcomell K Sy

jdz €t AGF GA @GS

University of New Englarghould be considered.

GdSada

fA1S G(KS wWhehrt

Dryland cotton production systems produce substantiallylower yields than their irrigated
counterparts, but also requiregificantly reducednputs. In the 201819 growing season, the mean
dryland N rate wa®2.5kgN ha?, with 31% ofthe planting extent(by area)receiving no added N

fertiliser (CRDC, 2019apptimal NFUE rates have not yet been calculated for dryland cotton

production systemsbut the framework of calculating nutrient use efiiency is still usefulMany
dryland systems can achieve NFUE values in excess of 18 ey kgt fertiliser N applied (Fid..8;
Roth, 2014hb)This suggests that not enough fertiliser N is being applied to achieve the generated
yields, and that the soil is being mined dfrogen. It should be noted thattte majority of Australian
cotton research has been performed at the ACRI on Vertosols in irrigated sysieings suclthe
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generated optimal NFUE windois not necessarilyapplicablefor soils and climates outside that
region. While this is generallgcknowedged andreflected in thecommonly used agronomical tool
NutriLOGICas cotton production expands inttandscapedurther from Narrabri (i.e. the Northern
Territory), and climate changaffects rainfall and temperature patterr(®ey et al., 2020theseNFUE
relationships maylescribe theon-farm reality less and less
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Figurel.8. Average NFUE for Australian irrigated and dryland cotton production systems by growing
in the 201213 summer seasonDashed line represents optimal NFUE window Aastralian cotton
production. Irrigated systems typically have low NFUE that generates losses to the environment, whi
dryland operations have very high NFUE that indiesatd nutrient mining. Imagé&om Roth (2014h)

Growers should also carefully consider N application timing, ideally splitting fertilisation between
pre-season and iseason eventsgnificant N losses can occur through denitrificatiamen all of the

fertiliser application occurs preeason,especially when applied months prior to sowing. Similarly,
applying fertiliser too late in the season can create significant lossetertilier N is not efficiently
converted to yield. In addition to wasting purchased fertiliser, exgesand poorly timed N

FLILX AOFGA2yA OFy NBRdZOS &AS8ftRa o6& SyO2daN} IAyT
production, hampering defoliation, encouragi insects and disease, and delaying plant maturity
(Rochester, 2001)

Rapidly mcreasig NFUE in the Australian cotton industwill likely provechallenginggiven current
economic incentivedn Australig urea fertiliser is readily available and inexpensive, with the toost
growers of fertiliser overapplication and wastage far exceeded/ lthe potential costs of
under-application.This can lead growers with low risk appetites to overapply N fertilisers, especially
given the lack of legislativegulation. Globally, governments are increasingly introducing legislation
to regulate the use ahemission of C, which is changing management practice and improving C use
efficiency(Eskander and Fankhauser, 2028 efforts to improve resource use efficiency and reduce

11
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environmental pollution continugN regulation is likely to follow.dinpounds likeNH and urea
contain significant embedded chemical and production enetggat make their wastage both
economically and environmentally deleterioliegislation governing the use of N would likely provide
cotton producers with incentives and frameworks to improve NFUE witbignificantly affecting the
individual enterprisa udgets(Welsh et al., 2015)

The industry recommendgrowers includeother crops in rotation with cottonto improve soil
conditions andsymbiotic microbial diversity diversify income streams, manage weeds, pests and
disease, reduce fertiliseequirements, and increase cotton yields in subsequent sea@@8A, 2019;
Hulugalle and Scott, 2008b; Shaw, 2005; Tanveer et al., 2019; Van Deynze et al., 2018; Wasaya et al.,
2019) However, otton production is a highly profitable use of water allocatignghich aretypically

the main constraint foirrigatedagricultural production in eastern Auatia(Conaty, 20103 and each

time a summer cotton crop is replaced with a rotation crop, gro®rsNBS @ S y dzSIn thei201885 R dzO S R
19 season, Z&of cotton plantings immediately followed a previous cotton crop, suggesting that this

is an issue for grower®CRDC, 2019aprowers are also encouraged to replace fallow periods with
cover crops to reduce soil erosion and nutrient volatilisatiomprove soil biadgical parametersand

soak up excess fertiliser KBell et al.,, 2006; CRDC, 2020c; Rochester and lé%0p005)
Unfortunately, this practicds not widely adopted,with 66% of 201819 plantings immediately
following a period of falloffCRDC, 2019d)ltimately, growers are operating a business with financial
motivations, and improved NFUE outcomes often do not align with financial incerffloegell and

Scott, 2012)This is an issue that the industry needs to address if it wishes to improve NFUE.

However, naking N management decisions using purely financial metrics can exteraatisgnore
accompanyingenvironmental and social consequences. In the context of Alimtraotton, this
management approactan negatively affect long term triple bottom line outcomes for both individual
grower enterprises and the broader industry, because the environmental, social and economic
outcomes are intrinsically linked (Fig. 1.\Jhile the environmental costs of N mismanagement are
severe and outlined in Sectidn4, poor NFUE can also have social consequetitasrepresenta

LR OGSYGdAFE NR&a{1 G2 ! dza i NI f Xhe grod@gon df 2oyfad @ AdsiBalibA | £ A (
alreadya polarising topic domestically, wittrigated cotton productiona significant usepf waterin

the overallocated Murray Darling Basfrafton et al., 2020; Gupta and Hughes, 2018; Williams and
Grafton, 2019) The extensive adoption of GM technology can also make cotton producers the target
of harassment and negative public discoumsih tensions exacerbated by association with historical
international tragedies(Elliott, 1860; Micklin, 2007)Globally, agricultural N pollution attracts
significant and warranted public ddism, with environments like the Gulf of Mexico and North
American Great Lakes experiencing significant degradation due to agricultural fehaffowati and
Ahamad, 2019; Du et al., 2020; Howarth and Paerl, 2008; Munawar and Fitzpatrick, 2019; Schindler et
al., 2016; Wilson et al., 201&nterprises and industries responsible for environmental pollution are
increasingly being held accountable for their actions, both legally and through consumettbofoe
Australian cotton industry has a lot to loBem negative shifts in public perceptiohut it also has a

lot to gain if it can further demonstrate its environmental credentials. The Australian cotton industry

is already a global leader in effinteagricultural production, with demonstrated advances like a 95%
drop in pesticide use and 48% drop in water use (Mt) lsince the early 1990&Cotton Australia,

2020; OGTR, 2018mproving NFUE outcomes represents another component of the continually
improving precision agriculture arehvironmental performance narrative that supports the cotton
AYRAzZZGNRB Q& LI FOS Ay (KS !'dZAGNITALY fFyRaoOl LIS

Improving NFUES a strategic opportunity for the Australian cotton industry to raise the height of one
of its shortest metaphorical staves. In doisg, the industry would improve its triple bottom line by
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reputation and social licence to operate in Australia.

1.6 0 Aqueous Nitrogen Application

Nitrogencan be added to cropi a range of formats and delivery mechanismshydrous ammonia
(NH:) has historically been a popular fertiliser in the Australian cotton industry due to its high N
content (82% N by mass) and cheap cbistvever, it is also toxic, regres specialised equipment to
use, and is easily lost to the atmosphere if soil injection is not followed by thorough water application.
In response to these factors, prilled (solid) urea has become incréapimgular despite its lower N
content (46% Nby mass), as it is neioxic, chemically stable as a solid, and can be applied in a variety
of ways(CRDC, 2020byhis popularity echoes global sentiments toward uestliser (Glibert et al.,
2006)

In Australian irrigated cottoproduction the majority of urea fertiliser is applied as a soldit
aqueous applications (alseferred to asfertigation or waterrun urea) are increasingly common,
especially for irseason applicatiofCRDC, 2019a; Roth, 2012Ahecdotally, reasonsriving this
increase irurea fertigationpopularity include:

1 Labour saving; Allowing the irrigation water to distribute N axss a field saves on time spent
systematically traversing that field manually applying solid or gaseous N.

1 Reducedn-field traffic ¢ Solid and gaseous N fertiliser applicasaneperformed using heavy
machinery that can compact sqilshich can decreasyields.

1 Reduceditrogen losses; Applying N in multiple smaller applicatiotisoughout the season
results in fewer gaseous losses thrapplying itall upfront, as the plant is supplied with N at a
rate more comparable to its uptake needs.

1 Changing climtes¢ High December rainfall has historically discouraged growers from relying
on irrigations during this period to apply N; however, as the December wet period decreases
as a result of climate change, growers can plan for fertigation events earliez setson.

The industrysupportsaqueous N applicatigrhowever, despite the numerougerceived benefits
associated with agueous N application, there is litiddton-specificresearch to support these claims
(Buresh and Datta, 1990A key difficulty in managing aqueous Nits colourlessnature once
dissolved, meaning that growers cannasually checkvhere it has been appliednstead, theymust

trust that the dissolved N has been transported consistently along with the irrigation water to the
target destination.This isdifferent to applyingNH; or prilled urea,when growers can clearly track
where they have and have not applied the N.

Keyguestionsdescribing aqueous N applicatitiat remain unanswered include:

9 Arecurrent management practicapplyingaqueous Nhomogenously and consistenfly
What management techniques contribute to effective aqueous N application?
Doesin-field aqueous Nlistribution matchirrigation waterdistribution?

How long does aqueous N remain in the water column?

Does significarfiertigation N run off the field in tail water?

9 Does fertigabbn improve NFUE?

=A =4 =4 =4

These unknown factors represent a swathe of managemesetethat growers could use to improve
NFUHor themselves and the broader industrand will be explored in thikesis.
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1.7 ¢ Identifying Further Gaps in the Research Landscape

Significant N research is alrgaavailable to the Australian cotton industoyusein determiningwhich

staves in the metaphorical production barrel are well understood and which aréMextdonald et
al., 2018) Using the N sinklamework identified in Section 4, herefollows a brief account of the
available management levers angsearch gaps describing N that has been applied to the field.

dzf 1 LX Fyd dzLJiF 1S 2F I LILX ASR TSN lsédAndABdNAlians 2 NJ
irrigated cotton systems. Approximately 30% of applied fertiliser N is taken up by the plant during the
season(Macdonald et al., 2018)This figure is consistent withprevious Austraéin stud/ showing

32% recoveryConstable and Rochester, 1988nd is slightly lower than published international
figuresof 30-35%from ChingYang et al., 2013and 3638%and 4249% from the US&critschi et al.,

2004; NavarreAinza, 2007)While these works demonstrate total N plant uptake rates, they do not
identify the chemical speciation of the N taken up. This represents a research gap and potential
opportunity to improve fertiliser recovery in Australian cotton systems by identifying the uptake
preferences and capabilities of cotto. hirsutum) for differentN species.

Cotton acquiresthe majority of its N from the soil, rather than directly from added fertikser
(Macdonald et al., 2017aJor growers, this information should refrantlee purpose offertiliser
additionin terms of supplying the soil rath¢énan the plant However, agpreviouslystated, beyond
bulk N uptake quantitieso information exists describing which soil N molecules cotton can and does
take up. The inorganic N forms of ammoniyiMH*) and nitrate (N&) are well known to be
plant-available, but these constitute only a small fraction of the total s¢PtdndergasMiller et al.,
2015) Organic N compses the largest N pool in most sdilehmann and Kleber, 2015yith low
molecular weight (LMWlissolved organic NDON molecules like amino acids already shown to be
plant-available in other crop@arrell et al., 2014; Nasholm et al., 2000bp- MW DON was shown to
be nutritionally relevant to cotton production, this would further reinforce the narrative that growers
should fertiliseto manayetheir soils rather than their crops.

Deep drainage losses are difficult and expensivacturatelymeasure and assuchhaveonly been

well quantified inVertosols(smectitic Typic Haplustertdlelpfully, his isthe soil typeon which most
Australian irrigated cotton is growfiHulugalle and Scott, 2008#) these soils, deep drainage occurs
through a combination of matrix and bypass flows, with the former transporting more N despite the
latter conveying higher volunsaf water(Ringrose/oase and Nadelko, 201B)eep drainage N losses
typicallyaccount for3-5% of applied fertiliser Njomprisedmostlyof NO; (59%) and DON (40%), with
minor NH* (1% Macdonald et al., 2017bPeep drainage rates are a function of irrigation timing, and
can be controlledy reducing water oveapplication.Currently, deep drainage does not contribute a
largepercentage to total N losses in Australian irrigated cotton systems, and so the costs of identifying
new management levers likely outweighs the benefits.

Atmospheric N losses have been wellntified in Australian irrigated cotton syster(Welsh et al.,
2015) with grower management levers clearly identified. Approximately 30% of applied fertiliser N is
lost to the atmosphere, predominantly as unreactive denitrified (Macdonald et al., 2017a)

N>O emissions; a potent GHG with a global warming potential288 timesthat of carbon dioxide

(CQ; IPCC, 2014) occur exponentiallyproportional to theapplied N rate, and typically constitute
1-3.5% ofapplied fertiliser NCRDC, 2020b; Grace et al., 20Hjissions are largely generated in
field, with irrigation networks contributing 2-4% of total farm MO emissiongMacdonald et al.,
2016) Growers are well informed that fertiliser ovapplication and waterlogging are factatfsat
increase gaseous N lossgRDC, 2020blmproving NFURvill likely be more effectively achieved
throughoptimising other aspects of productighanwith further research in this space.
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Runoff N losses are well quantified spatially at a fsldle and temporally at an intérigation scale
(McHugh et al., 2008; Nachimuthu et al., 2018)is is useful for identifyingacro trendssuch aghe
majority of runoff losses occur at the beginning of the seg#téacdonald et al., 2017a; Macdonald et
al., 2017b) However,andyses athigher spatial and temporal resolutisrarerequired to identify the
mechanisms driving losand these experiments are missing from the research landsddestifying
these mechanisms would provide growers with management levers theypwamo reduce runoff
losses and improve NFUEdditionally,detailingthe chemical speciation of aqueoushidth on and
off the field hasrelevarce for environmental N lossespoil organic matterQOM) stability, and plant
nutrition. Exploring the plant ailability of dissolved urea, nitratand DON¢ the most common
aqueous N molecules in irrigated cotton systepséiould provide further information on the potential
yield effects of artificially skewing these N pools.

1.8 & Project Scope and Aims
Based on th&nowledgegaps identifiedn Section 16 and 1.7 this thesis aims to answer the followg
researchquestions:

1. How effective are current Australian irrigated cotton fertigation practices at delivering
predictable N to the field and what management levers can be identified to improve
outcomes?

2. How does N runoff vary spatially and temporally at-field and intrairrigation scales
respectively? Additionally, can this increased resolution be used totifigespecific
mechanistic drivers of N runoff?

3. What is the residence time of dissolved N in irrigation water, and how does it vary across the
farm environment?

4. Which chemical N species can commercial cot@nHirsutun directly take up, and what
prefererces does it exhibit when given a choice? Furthermoreelganetic engineering and
selective breedingpracticesaltered these characteristichom a baseline of the native
G.hirsutumlandrace accessién

1.9 6 ThesisNarrative and Structure

This thesis wiladdressthe research questions outlined in Sectior8.1Building on the contextual
literature grounding of Chapter 1, four experimental chapters iksent and discuss new
experimental dataalonga narrative that follows aqueous N thraug generalised irrigated cotton
system (Fig. 1.9). A concluding chapter will teeimmariseand providemanagement and future
research recommendations.
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Figure 19. Graphicarepresentation of thesistructure

Chapter 2 ¢ AqueousNitrogen Application and Distributiort This chapterexaminescurrent
aqueous N applicationniformity in flood irrigatedcotton systems using data collected from
two field studies.Through this data collection, the thremanagementleversrequired for
uniform fertigation are identified.

Chapter3 ¢ Surface Runoff and Soil Leachinghis chaptemexplores surface runoff N losses at
higher spatial and temporal resolutions than is typical of analogous experinizamts from five
alternate furrow flood irrigatin field studies are drawn upon in this chapter: one designed and
conducted bylames Latimerand four previously conducted by other researchers. The text of
this chapter idifted from a first author journal articleurrently under reviewwith Soil and
Tilage Researgit ! £ G SNy S FdzZNNRg FE22R ANNARIALFGAZ2Y NBY
0KNRdzZAK f I (JamEsonceives ithid manyseript, performed all of the analyses, and
wrote more than 95%of the text.

Chapter4 ¢ Aqueous Nitrogen Transformatioqd his chaptereports onthe transformation rates
of aqueous N in agricultural settings usseyerallaboratory ncubation studies. The results of
these experiments can be used to predict urea mineralisation rates and residence times in
agriculturalsoil and watesystemsat different temperatures and locations in the farm system.
Thesedata did not previouslyexist,and will provide farmers in many agricultural disciplines
with management levers faninimising environmental N losses améximising NFUE.

Chapter5 ¢ OrganicNitrogenand the Ubtake Preferences of G. hirsutumThis chapter explores
the N uptake capabiles and preferences ofG.hirsutum globally the most common
commercial cotton speciedJptake timeseries of'°N- and *Glabelled NOy, NH,*, urea and
alanineover a three hour intervah cotton seedlingshow thatG. hirsutumcan rapidly access
a range of N specie3.o provide comment on the effects of selective breeding and genetic
engineering practices, threearieties ofG. hirsutunmwere examined a current GM commercial
cultivar, an obsolete no&M commercial cultivar, and landrace accession representing the
uncultivated origins of the species. Special focus is placed on the role of DON in crop nutrition,
and how this relates to plardavailable N paradigms.
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Chapter6 ¢ Conclusions This chapterdiscusses the implicationsf this thesis for improving
precision agriculture and environmental performance outcomes for the Australian cotton
industry. Management ecommendationsare made for the industry to consider that aim to
improve NFUEabove current practices. Finally, futar research recommendations are
presentedthat provide the industry with investment options going forward.

This project included four field experiments, conducted in the Riverina and Namoi regions oftNSW
also includedhree lab-basedand one glasshoudeased experimentall performed at CSIRO Black
Mountain in Canberra, UstralianCapital Territory (ACT:Table 1.1).

Table 1.1List ofexperimentconducted during this PhD project.

Experiment Name Type Location Date Associated
Chapter

U_nlf(_nrm!ty 9f fertigation N appll_ce_ttlor_l Field Private Farm #1, Riverina, NSW | 01/2017 Chapter2

distribution: Bankless channel irrigatio

Uniformity of fertigation N application | ;. Private Farm #2, Riverina, NSW | 01/2017 | Chapter2

distribution: Syphon irrigation

Soil N leaching .bY adyancmg Irmgation Field Private Farm #2, Riverina, NSW | 01/2017 Chapter2

front in syphon irrigation

Surface runoff N losses under alternat| _. . 10/2017-

furrow irrigation Field ACRINarrabri, NSW 01/2018 Chapter3

Urea mineralisation incubation: P&t | Laboratory E?TRO Black Mountain, Canberrg 06/2016 Chapter 4

Urea mineralisation incubation: P&att | Laboratory E?TRO Black Mountain, Canberrg 09/2016 Chapter 4

Urea mineralisation incubation: P&t | Laboratory Egl_Ro Black Mountain, Canberrg 11/2019 Chapter 4
i i 15N]-13C-i i <

Gossypium hirsuturh. 15N-13Gisotope Glasshouse CSIRO Black Mountain, Canberrg 02/2019 Chapter 5

uptake glasshouse study ACT

During theproject, these experiments generated four published data sets and one academic paper
(Table 1.2)James Latimealso contributed to another academic paper reviewing the current status
of NFUE research in the Australian cotton indugiyacdonald et al., 2018and produced several
articles for the industry magazir@potlight

Table 12. List ofproductsproduced during thi®hDprojectadditional to this thesis

Product Type Product Name Publication Reference Associated
Chapter
Journal Article Alternate furrow flood irrigation removes | Soil Tillage ang Latimer et al. Chapter3
(2stauthor) significant nitrogen from the field through | Research (2020)
lateral leaching [Under Review]
Journal Article The current status of nitrogen fertiliser usg Cotton Macdonald et al. | Chapterl
(2nd author) efficiency and future research directions fq Research (2018)
the Australian cotton industry
DataSet High resolution nitrogen runoff chemical | CSIRM@ata Latimer (2020b) | Chapter3
data from alternate furrow flood irrigated | Access Portal
cotton field (DAB
DataSet Chemical data: leaching of soil nitrogen by CSIRO DAP Latimer (2020a) | Chapter3
progressing irrigation front
DataSet Chemical isotope data: nitrogen uptake CSIRO DAP Latimer and Chapters
preferences and capabilities of 15N 13C Farrell (2020)
labelled nitrate, ammonium, urea and
alanine by three varieties @ossypium
hirsutumL.
DataSet Chemical data: urea mineralisation rates § CSIRO DAP Latimer and Chapterd
three temperatures in a closed soil and Macdonald
water system (2020)
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Magazine Article | Is your urea tank supplying the nitrogen yq Spotlight Spotlight Chapter2
think it is? Summer 201718

Magazine Article | How quickly does uremineralise when Spotlight Spotlight Chapterd
water-running urea? Winter 2018

Magazine Article | When it comes to choosing nitrogen, cottg Spotlight Spotlight Chapters
goes organic. Spring 2020

Magazine Article | Urea mineralisation in water argbil. Spotlight Spotlight Chapter4

Summer 20221

Grower Pitfalls in wateirunning urea. Nitrogen Cottonlinfo Chapter2

Information Information (2016)

Article Tour Booklet
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Chapter 2 d Aqueous Nitrogen Application and Distribution

2.1 8 Introduction

Irrigated cotton comprises the largest share of Australian cotton production by both yield and area
planted (Fig. 1.4). Surface(or flood) irrigation is the most common irrigation technigwsed in
Australian irrigated cotton systems, witinly minor adoption of overhead andrip infrastructure.
Syphonfed (syphon) is the most common subset of surface irrigatiemploying the titularplastic
syphons to passivetyansportwater from raisedrrigation channelsunning perpendicular to the field
into slopedfurrows of gradients ©.04 (1:150Q Fig2.1). Syphon configurations are witjeadopted
because they have relatively low capital cost requirements, are robust andlil@ty and are
gravty-fed; however, syphon systems aaisolabour intensive, which has led to increased adoption
of bankless channel (bankless) configuratioBankless systems athe second most popular
irrigation technique used in Australian cotton productig@RDC, 2020b)supplying water to
consecutiveterraced beds in series (Fig2). Bankless irrigation systems ayevity-fed similarly to
syphon configurations, but require significantly less operational labbthte cost of increased initial
capital expenditureField slopes within bankless bays are commonly <0.06000Q CRDC, 2020b)

S:fhons
(A) /jv o e
(AT Ao /4\7:;_
=g \rrigated - Furrow /, /ity
(/ /., Plkernake-Furrow ./ /\/\_-L
% i T
/ / 777777 /J‘f:,_
;/K’ e N

VLl L0 /":L 3
Rotabuck : o) :
Figure2.1. Syphorfed surface irrigation is the most common irrigation technique used in Australian irrig
cotton production.(A) Aerial schematicof syphons supplying multiple furrows in parallel from rais
perpendicular irrigation supply chann@,)Photo of syphonsupplying multiple furrows in parallel from raise
perpendicular irrigation supply channel at the ACRI
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11?11%%

| Bayh [ oy & | BayC | Boyd |3aye

l*agr:a ®E B ® v GrneI

B € BTl

lrrigadion Clraunnel

wwaq el

Figure 2.2. Bankless channel surface irrigation is the second most common irrigation technique u
Australian irrigated cotton productiorfA) Aerial schematic of a bankless system supplying terraced ba
series from an irrigation supply chanrRlue arrows denote water flow directior{8)Photo of water transfer
between terraced bays in bankless configuratiora private farm.
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The industry recaimends splitting N applications between ggeason and kseason events to reduce
environmental losses and maximise crop yigl@®DC, 2020byhere are many ways to add N to a
crop: as different compounds like NH, urea (COM,), ammonium nitrate (NENGs), or organic
compounddike manureg; and via dfferent application mechanismslike broadcastingolidpellets,
cutting compounds into the hillgaseous injectionpr dissolved in the irrigation wateAqueous
fertiliser application is an effective way of addiimgseason N that reduces labour requirements and
minimises iAfield trafficcompared to other tebniques Fertiliser application uniformity is crucial for
achieving consistent higfielding crops,egardless of how the N is applia/hen applying\ as asolid

or gasgrowerscan be assured of uniformityy monitoring vehicle movements as they systeitaity
traverse the fieldsHowever, vith water-run N the dissolved fertiliser igvisible sogrowers can only
assumewhere it hasbeen applied.lt is assumedthat the dissolved Ns transported uniformly to
wherever the irrigation watetravels but there is little data to supporthis.

Fertigation systems typically operate by steadily mixing small volumes of concentrated N solution into
large volumes of passing irrigation water throughout the irrigation event. In Australian irrigated co
systems, aqueous N is most frequently supplied as high concentration urea solution (ust2&®si5

by mass), slowly released into the irrigation supply chaasehe irrigation water flows past. While
commercial premixed solutions exis(SLTEC, 2016nost Australian irrigated cotton growers mix
their own concentratesFor surface irrigation configurations, this commonly involves dissolving
several tonnes of prilled urea in a large water tank that slowly discharges the high concentration N
solution into the main supply channel (Fig. 2Byth syphon and bankless irrigan configurations

use networks of irrigation channels to move water around the f@ivlacdonald et al., 2016Pue to
on-farm logistics, the concentrated N source (urea tank) typically comprises a single application point
along the irrigation network that may be anywhere from 1 m to >3 km from the point of field
application.In someinstanceghere existsa single pathway for the uredaden water totravelto the

field, while in other instancesthere is a branching irrigation networknith competing flows
complicatng the mixing profile When growers employ these fertigation techniquebkey are
assuming a consistent amount of urea is added to each ML of passing water, and that this is resulting
in an effective fertiliser application; however, in practice the colourless nature of dissolved urea makes
this easy to mismanage n@e the Nladen waterof known concentration is delivered to each section

of the field, the crop should be receiving a predictable amount.ofhi assertion is predicated on

the assumption that the dissolved N is transportbdoughout the fieldconsistently along with the
irrigation water and isnot hindered by environmental processes such as adsorption to soil particles
higher up the fieldWhile this is likely true, there is limited available data to support this assumption.

Figure 23. Common aqueous urea delive
sety usingalarge water tank to dispense hig
concentrationurear N solution intothe main
irrigation supply channel. Image fro®LTEC
(2016)

Thischapterdraws on data from threéield experiments to examinlFUEN irrigated cottonsystems
from the context ofcurrentapplication and delivery practiceBhe primary goal of these experiments
was to identify the management levers that growers must address to achieve uniform aqueous N
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applications. The assumption that effective N application is occurring using current fertigation
practices can be challenged from three aspects: source consistency, irrigation network mixing, and
in-field distribution homogeneity (Fi@.4). Growers neetb manage all three aspects if theyshto
achieve consistently uniform aqueous N applicatiorf-or testing the first hypothesis washat
seltmanagedon-site urea tank mixingwould result in variable Nielivery over time. The gcond
hypothesis was that Nconcentration delivered to different field sections wouldary due to
inconsistentirrigation networkmixing. The final hypothesis waisat aqueous N would distribute
homogenouslyn-field from the poins of application The results and discussion sectioill address

each of these hypotheses in turn

Irrigation In-Field .
Cosnzzjsrti: enc + Network + Distribution = Urll\llf(;\rm IAqltJ.eous
y Mixing Homogeneity pplication

Figure2.4. The three aspects of fertigation management required for uniform aqueous N application. Al
aspects must be controlled to achieve effective fertigatihile each aspect contains its own managem:
levers, there are common themes throughout.

2.2 8 Materials and Methods

Thethree field experimentsirawn on in this chaptewere performedacrosswo private farms in the
Riverina region of NSuring January 201(Bummer) Both sitesverelocated in a semarid climate,
with mean annual rainfall and Januadaytime temperatures ofapproximately410 mm and33°C
respectively(BOM, 2020)The first experimentvas performed on a bankless channel configliield
situated on Redrown Chromosolglsbell, 2019) This sitewas used to assess application supply
consistency, intebay distribution uniformity, and intrday distribution uniformity over a 40 hour
irrigation (Fig.2.5). The second and third experiments were performedassyphon configured farm
situated on a Grey Vertosolhis site was used to assess the mixing consistency of the irrigation
channel network, the dowafurrow water chemistry variations, and the variations in N runoff totals
and speciatior{Fig. 2.6)
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Figure 25. Aerial schematic of bankless channel irrigated cotton field whiese field experimentsampling
was conductedRed crossedenote sampling locations! NS+ Gy {1 alk YLI Ay3a 2.C
Intra-bay distribution assessmesampled at points A1, A2, A3, A4 and Werbay distribution assessmer
utilised all other sampling locationsrigation water flowed from Inlet, past the urea tank (Urea), into Ba
through Supply and then flooéd each subsequent bay in serighen the intervening gates were manual
opened
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Figure 2.6 Aerial schematic of
syphon configuration irrigatec
cotton farm where the seconc
and third field experimeni
sampling was conducted. Re
crosses denote irrigation
network sampling locations.
Red box denotes dowfrrow
sampling experiment.

Water samples werecollected from the irrigation supplychannelsmanually or via autosamplers
comparable to the ISCO 6712C Compact Portable Sa(igledyne, Lincoln NE, USAhen sampling
the propagating irrigation front within furrowsyater samples were collected manually witlsimnm of
the undisturbedirrigation front. Intra-bay water sampling in the first experiment was performed
manually.All collectedwater samples wergreater than 50 ml in volumeCollected samplewere
filtered through 0.45um nylonfilters andfixed with phenylmercuric acetate (PMAGEmgL?) and/or
frozen on siteto inhibit microbial activity and prevent N transformatiauntil laboratory analysis.
Differences in preservation method were due to variable access to electidiigtrical conductivity
(ECuS cm'), pH and temperature measurements were takam situ using a TPS Aq@P/A
multi-probe (TPSSpringwood QLD, AlCollected water samples were analysedriplicate at the
CSIRO Black Mountain laboratories using an Alpkem Segmented Flow A(Rdystrp Analytical
Co., Wilsonville, OR 97070 UYSFae concentrations dlQ; andNGs” were determined accordinthe
United States Environmental Protection AgentfSEPAmethod 353.2(USEPA, 1993NH" was
determined according to USEPA meth88l0.1 (USEPA, 1983)rea was determined through the
USEPA -Himethylaminobenzaldehydé®DABMmethod (USEPA, 1979nd total N was determined
according to USEPA method 358.55EPA, 1993)

The discharge characteristics of a urea tank was measured over the course of a 35 hour irrigation in

the first experiment In this experiment, a0 kLrainwater tankwas filled with approximately

4.6tonnes of prilled urea (2130 kg urgd), with the remaining volume made up with irrigation water.

The tank was mixed using a diesel pump to circulate the contents from the outlet at the bottom of the

tank back into the opening at the top of the tanknce the tank was mixegifor an amount of time
RSGSNX¥AYSR o0& GKS 7Fdz5t cihe trk wapsssivekdSchargeayintiDiie 3 Sy S N.
main irrigation supply channeRNA @Sy &2t St & aedsurél K uréa cgrice@ationK S R
(gureaNL?) and flow rate (L mi#) were recorded irregularly at the tank outlet during the 32 hours

over which it was discharging (F&j7). Urea load (kg urgaN h?) was calculated from concentration

and flow.
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2.3 0 Results and Discussion

2.3.1 0 Source Consistency

The observed urea tank discharge varied significantly over time, and was unlikely to achieve a uniform
aqueous N application. The tank was not properly mixed prior to discharge, with considerable
undissolved urea still present at the bottom of the tankisTiesulted in suspended solid urea being
discharged along with the dissolved ureld during the first five hours of the irrigation, and a
decreasingly concentrated solutidmeing discharged after that (Fig. 200 @ ¢ KS kel Qa 3N
outflow rate wasalso inconsistent over time (Fig7B). As the water level in the tank droppesbo too

did the driving head pressure, decreasing the outflow rate from the tank. At two points tewsed

end of the irrigationthe flow rate spiked as a result of the dlotv valve being manually opened wider.
¢KS {1 y1 Qat Nzbrddntratoh &hd alzfidvirate were both skewed in the same direction,
compounding their effectandleading tothe acceptance of the first hypothegisig. 27C). Due to the
colourless nature of dissolved urea and the opaque sides of the rainwater tank, the grower was unable
to see that the N supply consistency was poor. This left the grower with little chaaceahplishing

a uniform aqueous N application, regardless of how successfully they achieved other aspects of
fertigation management.
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200 © discharging concentrated ureaN solution into the
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Figure 28. Aqueous urea N
concentration in the irrigation
supply channel networkon a
private farmover the first 20 hou
of an irrigation evenin the secon
experiment Purple saturatio
denotes ureat N concentratior
Information is herepresented a
still frames at onéhour intervals
Sampling locations shown
Figure 2.6Figure is excerpt of fi
data set, showing only ureal
concentration over the first
hours. Fulldataset includes TD
ureacN, NQ¢N and NH¢N ove
a 4Ghour timeseries.
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2.3.2 0 Irrigation Network Mixing

The second aspect of uniform aqueous N application is achieving consistent irrigation network mixing.
The concentrations of total dissolved NN, ureagN, NQ 1 N and NH'¢N were measuretiourlyin

an irrigation sipply network over the course of4D-hour irrigation event. Competing flows between

a recirculation pump, the main supply inlet, and branchimggation channelsall contributed to
heterogeneous mixing within the irrigation network (Fig)2Thefirst 3-4 hoursof this irrigationsaw

little agueous N supplied to thimitial block of syphons (servicing approximately ¥f@frows, each
1200 m long). Consistent applications occurred from theldtour mark, once the entire network
contained a similar concgration of aqueous N and the urea tank discharge rate had equilibrated with
the incoming supply water flomBecause the delivery of aqueous N varied between group of syphons,
the second hypothesis was accepted; however, cumulative deposition of N inefdewfas not
measured, raising the question of to what extent this variable delivery matters to crop nutrition. While
this should be explored in future experiments, it is plausible that there will be an effect on plant N
supply asyphon systems argensitive to variations in irrigation supply channel N concentration, with
large swatles of field easily oveor undersupplied with fertiliser (Fig.9).

MC\W\ \r 3 High ] Medivm [N] Low N]
b e ~ BN . T i

7/ %7,

=7
ﬁ Q‘,

Figure 29. Generalisedaerial schematic illustrating how inconsistent irrigation supply charmgding in
syphon irrigation configurations can create significant heterogeneity in aqueous N application. Blue
denote water flow direction and purptiensityrepresents urea concentration.

2.3.3 0 In-Field Distribution Homogeneity

The third aspect ofiniform aqueous N application is achievingfield distribution homogeneityk-or
Australian cotton, which is dominated by flood irrigation, homogenou$ield N distribution
translates tointra-bay and intetbay distribution in bankkes configurations, and dowfarrow
distribution in syphon configurationdntra-bay samplingindicated that supplied fertigation N
distributes well within flooded bays (Fig10). Of the five intrafield sampling locationsfour
maintained similar Nconcentrations throughout the flooding phase of the irrigati@erp to nine
hourg), with all five converging once the bay began draining. Heterogeneous N supply from a poorly
managed urea tank (Fig.7) increased the complexity of the N distition, obscuringexperimental
results. Despite this, the third hypothesis should be accepted in the case obmgraqueous N
distribution.
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Figure 210Irrigation water TDN concentration within the first bay of a bankless channel irrigateahdield

during the first experimenConcentratiormeasured from samples collected manually at five locations wi
bay over foutime intervals.Error bars represent standagdror of samples analysed in triplicatérst three
sampling time®ccurred while bay flooded, with final point occurring during draindge.ncoming supply N
concentrationis also shown for reference. Variable N supply was the result of poor urea tank./@edingle
locations are detailed in Figures2.

Inter-bay N dstribution similarly conforms with supplied N concentration (R2idl). This experiment

was prompted by questions from growers concerned that different bays may be receiving different
amounts of N due to the morphology of the irrigation configuratioompeting theories suggested

that leached soil N may be transported from higher bays dovweld, while others suggested that
dissolved N might adsorb to soils and not fully progress to the lower bays. The experimental results
presented heredo not support @her of these concernsnsteadsuggesingthat each bay receiveN
consistent with the source concentratipand that the third hypothesis shoulidsobe accepted for
inter-bay aqueous N distribution However, onsistent with the intrabay experiment, te
heterogeneous supply of N this experimentomplicated the interpretation of these result:aking

it difficult to drawdefinitive conclusions.
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Figure 2.1.. TDN concentration (mg NLin irrigation supply wateof bankless irrigation configuration ove
40 hour fertigation eventuring the first experimentValue reportecas sample means standard error
Sampling locations are shown in area schematic Figibidnter-bay gates were sampled for several hot
from when first opened.
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Downfurrow N sampling returned noorrelationsbetweendistance down furrow (m) and absolute

N concentrations (m&y L) of TDN, urea, NDor NH*. Similarly, no correlations were observed
betweendistance down furrow angercentage increases in N concentration on initial value (t = 0), or
percentage increases on previous-figld sample(Fig.2.12). These results suggest that negligible
longitudinalN trends exist in these systems, and that the third hypothesis should be accepted for
down-furrow aqueous N distributiorA minor relationship between distance down furrow and pH was
observed; however, the change in pH wasall and possiblythe statisticdly anomalousresult of
analysing two clustered sets of valudhe only firm relationship observed was between distance
down furrow and temperature (p < 0.01), which was merely highlighting the relationship between
ambient temperature and time of day (FB13). An inconsistent N source concentration made
interpreting results difficult and findings inconclusive, similar to the bankless experirfiégt.4).

This is a common problem associated with experiments performed on commercial farms, and
demonstateswhy facilities like the ACRI are extremely valuable to the industry.
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Figure 2.2. Correlationdbetween distance down furrow (m) amldsortedcharacteristics of the irrigation fro
in five separate irrigatedurrows (n = 5)n the third experimentAll samplscollected withir2 m of the advancin
irrigation front. (A) Percentage increase in TDN concentration of sample on previefisrapy sanple vs
distance down furrow. No dowfurrow TDN trends (p < 0.05) were obser{@&).Percentincrease in urea N
concentration of sample on previous-fyprow samplevs. distance down furrow. No statistically signific
downfurrow urear N trends wee observed (p 0.05).(C)Temperaturevs.distance down furrow. Temperatt
correlates with distance because it also correlates with time of day, with ambient temperature inc
throughout sampling perio¢Fig.2.13). (D) pHvs.distance down furrow. Negligible change in irrigation fron
wasobserved over the sample interv@lorrelation likely attributable to the two clustered sets of values.
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The results of these three experiments suggest that aqueous N distributes sieltimalong with the
irrigation water, and that thalelivered N is largely consistent with the source concentration. Thus,
the third hypothesis should be accepted.

2.3.4 d Management Levers: Achieving Uniform Aqueous Nitrogen Application s
In order to achieve uniform aqueous N application, growers needdnagesource consistencgnd
irrigation network mixing(Fig. 2.4) with experimental results suggesting that-field distribution
homogeneityis not a concernThe field experiments repted in this chapter have identified several
management levers that growers can use to improve their fertigation and NFUE outcomes.

2.3.4.1 8 Achieving Source Consistency

Achieving a predictable aqueous N application is impossible if the source consisten&pown. To
operate a urea tank effectively, growers needetasure that the tank is adequatelyixad, and that

the tank outflow rate matches that of the main irrigation supply. Tank outflow can be easily regulated
usinga header tank. This regulator eé® not need to be expensive to be effective, and can be
constructed from a barrel and a toilet float switch (Fig52. Ensuring that the urea tank is well mixed
can be less straightforward to achieve, and will vary depending on water temperature nmaixatind
degree of agitation. If growers are unwilling to purchase-piged commercial aqueous urea
products, they should attempt to improve their urea tank management processes iterativiely
process could involveonsistently recording parameters likeass of added urea, water volume, water
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temperature, mixingechnigue and mixing timeand then collecting water samples for TDN analysis
and comparison against procedures.

Figure 215. Photo of growemmade
header tank for regulating the
discharge ratefrom their urea tank.
Header tank constructed from half
44 gallon drum and a valve regulate
with an old toilet cistern float switch

2.3.4.2 8 Achieving Consistent Network  Mixing and N itrogen Delivery

In relatively simple irrigation networks liklbhe exampleshown in Figure 2.6 and 2.8 achieving
homogenous mixing can be challenging tsuteasible however, inarge complex irrigation networks

like at the ACRFig. 216), achieving consistent channel mixing becoraegemely difficult The best

way to minimise the effects of poor channel mixing is to add the concentrated N solution as close to
the field as possible, advice consistent with industry recommendati@RDC, 2020b)n syphon
systems, applying N immediately prior to the syphons will lead to the most uniform and predictable
results. This can be achieved through mobile delivery resdwr by using multiple N sources
(Fig.2.17). Unfortunately, thesemethods are likely to prove more expensive to operate than the
commonly adopted single urea source configurations, and asthedhattractivenesswill likely vary
between growers.If growers are operating small supply network, they could increase consistency
by performing some degree of channel prixing before irrigation begins. For the example shown in
Figure 28, the grower could have run their recirculation pump for an hour prior to irrigating, which
would have provided the first block of syphons with more uniform N supgfdya backup, varying
application practiceghroughout the seasorcan be a way of minimisg the effects of uneven
fertigation. For example, by varying the order in which sections of crop are irrigated, the consequences
of heterogeneous applications if systemic mixing issues are occuvilinge less likely to compound

over the whole seasan

E

4’_
oo e

6) Figure 216. Map of the ACRI irrigatior
®

network. The interconnectivity of the
supply channelsreates competing flow
directionsand makes achievingonsistent
aqueous N concentrationis the network
ostensibly unachievable. Aqueous N s

" 5 i instead supplied from mobile unit

@ [S=ES=a= immediately adjacent tothe application

T site.Image modified fronMacdonald et al.
Namoi River (2016)
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Figure 217 Example ofa
syphon irrigation systen
using multiple concentratec
N sources to supply targete
fertigation N immediately
prior to the field. The closi
proximity of the fertigation
N will help achieve a uniforr
application. In this example
anhydrous ammonia is tht
nitrogenous fertiliser used
which necessitates the us
of personal protective
equipment Photo taken at
the ACRI.

2.3.4.3 & Calculating Nitrogen Budgets

Once aqueous N is being supplied predictably to fields, growbkoald record thepredicted
concentration and length of time that M being applied to each section of crop, and use this
information to refine their seasonal N budge®ater is the most valable input in Australian irrigated
cotton production, so growers carefully monitor water volumes and where they are appliednW
irrigation water contains dissolved Narying the length birrigations also varies the amount of
supplied N.Supplying coristent Ncan be difficult when sections of field require different irrigation
lengths, as is the case with bankless configurations where bays of uniform size can require different
amounts of time to fully flood due to variations in elevation and-prigjation soil moisture. Revisiting
the urea tank example shown in Figur&,2the applicationuniformity problemsalready discussed
were further exacerbated by variable supply times to each bayZHig). Due tothe compounding of
high N concentration anlbnger irrigation timingBay A received 49% of the N supplied to all five bays,
or approximately 250% of the target(dn equal share of the total applied.NBays C and E receiV
only 9% and 6% respectivelxperiencing shorter irrigation lengths amavier N concentrations

Bay A Bay B Bay C Bay D Bay E

200 i i i i Delivered N Loads
'g 175 B :: ..................... : ] B k N 0/
I e A S— [ ! M °
g = s : : : A | 1020| 49%
Sz A N ‘. B | 381 | 18%
9 o ’/ 1 1 D 358 18%
g X 50 Pma e e T 1 E 130 6%
8 //%// ALL | 2130 | 100%
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Time (hours)
Figure 2.8. Nitrogen load (kg N H) delivered to each of five bairsseriesin a bankless channétigation
configurationin the first experimentintervals between vertical dashed lines indicate time over which «
bay was floodedlInconsistent N delivery compounded with variable bay irrigation times to delive
extremely heterogeneous fertigati@vent.Bay A received approximately 50% of the total N, while Bays (
Ereceived 9% and 6% respectively.
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Both over- and underapplicationof N canreduce yields and create suboptimal NFUE outcomes
(Rochester, 2001 Accurately monitoring and improving aqueous N use will require extra resources
that growers may be unable or unwilling toramit. While professional services exist to manage this
process, many growers see these services as unjustifiably costly, and instead just add a few extra
tonnes of urea to the tank, hoping it will cover any deficits. Given the current low price of udea an
lack of legislative incentive to do otherwise, this has proved a valid strategy for many Australian cotton
growers. However, the industry context will inevitably change when fertiliser prices eventually
increase and legislation governing N use is intaedl\When this happens, improving NFUE will be a
ONRGAOLFE O02YLRYySyld 2F 3INRPSSNEQ TFAYIYOAlFf ol YR
immediately, poor N application uniformity can diminish crop yi€Rlischester, 20013nd hurt soil

health (Singh, 2018)which are very reakurrent incentives to improve practice&owers should

work to improve the accuracy of their seasonal N budgets now while fertilisers are relatively
inexpensive andeadily accessible, anghile theyare not subject to any national or global nutrient
regulations. When these conditions inevitably change, operators with robust and efficient N
management strategies in place will be more likely to thrive.

2.3.5 d Nitroge n Runoff from Fertigation

Runoff N totals and speciation were also measutedngthe two syphon irrigation field experiments
(Fig.2.19; 220). Tailwater was collected at hourly intervals for the same field in the third and fourth
irrigations of the sason.Both irrigations were fertigation events, with runoff dominated by urds.
Significant DON was also present in the first syphon experiment (which took place on the third
irrigation of the season), especially in the first half of the irrigationleLIXON was observed in the
tailwater of the second syphon experiment, which occurred on the fourth irrigation of the season. Th
highand decliningDON concentration runoff watersuggests that sail N is being leached by the
irrigation water and transpdaed into the tail drain. Addressing this loss of soil nutrition may represent

a significant potential improvement to NFUE for the Australian cotton industry, and is the subject of
Chapter 3.

Furrow irrigation, the most common irrigation techniqeenployed by Australian irrigated cotton
growers, typically generates significant runoff. When fertigating, this runoff will contain dissolved
urear N in the order of 2840 mg N . Australian irrigated cotton farms typically capture and
recirculate runoffon to other fields, which greatly improve8UE However, it remains unclear how

this practice affects NFUE when the water contains significant dissolved N. This answer to this question
has significant implications for the Australian cotton industry, and is explored in Chapter 4.
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Figure 220. Nitrogen concentrationmg N ) in runoff tailwater from the third irrigation of ayphon
configuration irrigated cotton fieldh the second experimentrrigation was a fertigation event andupply
water contained dissolved ure&ield is same site as reported in EitO. (A) TDN ureat N, NQT N and
NHs'T N concentration (m@lL?). Value reported:standard error.Input fertigation N (dissolved uree
contributed the majority of runoff N(B)Calculated DON concentration in runoff tailwater. DON val
calculated bysubtracting measured uraaN, NQ1 N and NHT N concentrations from measured TDN.

2.4 8 Conclusions

Aqueous N application (fertigation or watasn N) is easy to mismanage due to the colourless nature
of dissolved N. In order to achieve uniform aqueous N application, growers need to nsmage
consistency, irrigation network mixing, andiald distribution homogeneity (Fi@.4). Achieving
saurce consistency with a sathianaged urea tank requires adequate mixing and a predictable outflow
rate (Fig.2.7). This was not observeith the singlarrigation event during which this was measured
The first hypothesis wathus accepted however this experiment should be viewad an example of
what can happen, rather than the ruleGrowers should consider includingdder tanksin their
configurations, whicltan be cost effective ways to regulate urea tank outflévhere syphons draw
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water from multiple points along an irrigation channebap irrigation network mixing can create
significant heterogeneity in N applicatiorier (Fig.2.9). Achieving adequate mixing in complex
irrigation networks can be difficult, and concentrated N should always be added asslpsacticable

to the site of applicatioio maximise NFUE onsistent mixing and N delivery were not observed, and
the second kipothesis was acceptedExperimental results suggest that aqueous N distributes
homogenously iffield along with the irrigation water, provided that the sujgal Nconcentration is
consistent (Fig2.10; 2.11), with the third hypothesibeingaccepted Growers should monitor the N
supplied to different fields and create budgets in the same manner as they would for water
application. Useful metrics to recorthclude flow rate (L mi#), exposure time (hours), and
concentration (mg N1, with the ultimae goal of calculating load (kg Mnecdtally, many growers
consider watefrun urea as a way to providextra WA y & dzNJand @r§ fot tbo concerned with
application accuracywhile this isaviable strategy in the currerdconomicclimate, it leads topoor
NFUE and reduced yield outcom&sowers should aim to develop improvldmanagemenpractices

now, partly so as to be prepared for inevitable paradigm shifi®hile several management
recommendations have be suggested from the findings presentéusrchapter, it should be noted
that their efficacies have not been tested here, and that these experiments do not capture cumulative
effects.

The next chapter explores surface runoff N losses at witbld spatial scales and withirrigation
temporal scales. This represents a higher research resolution than most current studies, and allows
for more targeted identification of specific loss pathways and potential management options. Data
from five alternate furrow flood irrigation field studies are drawpon in this chapter: one designed

and conducted bylames Latimeiand four previously unpublishegkperimentsconducted by other
researchers.
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Chapter 3 0 Surface Runoff and Soil Leaching

The text of this chapters adaptedfrom the followingacademic paper:

Alternate Furrow Flood Irrigation Removes Significant Nitrogen from the Field
through Lateral Leaching

Latimer, J.3.%": Macdonald, B.T.€ . Schwenke, ®.3; NachimuthyG?# Baird, I?

1The Fenner School of Environment and Society Atstralian National University, Canberra ACT

2Commonwealth Scientific and Industrial Research Organisation, Agriculture and Food, Black Mountain, Canberra ACT
SNSW Department of Primary Industries, Tamworth Agricultural Institute, Tamworth NSW

‘NSWDepartment of Primary Industries, Australian Cotton Research Institute, Narrabri NSW

*Corresponding authaat: The Australian National University, Fenner School of Environment and Society, 141 Linnaeus Way,
Acton ACT 2601, Australia. Email Addréames.atimer@anu.edu.afLatimer, J.0.)

3.0 0 Abstract

Alternate furrow irrigation isa type offurrow-flood irrigation, andone ofthe most common water
delivery method used in the production of Australian irrigated cotton. In order to maintain high lint
yields these systems require significant N inputs that, if not carefully neatéd crop demand, can
cause significant environmental impact. Added fertilisend¥l assimilated by the plargan exit the

field via several routes, including in irrigatinmoff. This paperusesdata from five field experiments
comprising 12 different N rate treatments across three irrigated cotton production regions in NSW
Australia. The primary datet is an intrarrigation time-course study of N runoff flux, while the other
data sets demonstrate inteirrigation trends. Lateral leaching of the hill by irrigation water passing
from the irrigated to the norirrigated-furrow (alternatefurrow) drives the generation of N surface
runoff, with the majority of runoff occurring at thetart of the irrigation season and from the
alternate-furrow. During theinitial three irrigationsof the seasonalternate and irrigatedfurrows
discharged water withraverage TDN concentration®f 83.3+14.0mgTDN £ and 27.4 +6.2 mg
TDNL!respectively, equating to average TDN discharge loads af0’3tkg TDN hband 5.6+ 1.2 kg

TDN ha per irrigation. From the fourth irrigation onwards, the average TDN discharge concentrations
of alternate and irrigatedfurrows converged to 9.81.6mgTDNL* and 7.3+0.9 mg TDN L
respectively, yielding average TDN runoff loads off@@&. kg TDN hand 0.8+ 0.1 kg TDN haper
irrigation event.Fertigation contributed significantly to total N runoff. Dissolved N in supply water
accounted forthe majority 63.4+9.5%) of seasonalTDN runoff(kg TDN hd) in treatments that
included a deliberate fertigation event, disproportionately increasing the N discharged from
irrigated-furrows. Of the discharge N sourced from the field, alterAateows were responsible for
87.5 + 4.4%, with irrigateflrrows discharging the remaining 12t%.4%. Fieldlerived TDN runoff
during the first irrigation of the season was equivalent to 604% of applied prseason fertiliser,

with 12.1 + 0.7% dischargedver the whole season. For a pseason fertiliser application of
270kgN ha?, this equated to 32.6 + 1.8 kg N-hibst from the field as surface runoff during the
season.TDN wunoff was dominated byNOs and DON, which respectively comprised 58235% and
31.9+7.6% of the TDN discharged during the first irrigation of the season, withretmaining
proportion composed ofNH:" and urea(CONH,). Efforts to reduce surface runoff N losses during
irrigation should focus on the lateral leaching mechanism, with consideration given to the elimination
of alternatefurrows via the adoption of extravide beds.
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3.1 & Introduction

The production of tghyielding irrigated cottonin Australia requiresN at rates of>200kgN ha?
(Rochester, 2011¥»ourced from SOMineralisationand fertiliser applicationThe majority of applied
N is in the form of LMW synthetic fertilisemrmainly urea or Nklat rates between 10@nd400 kg N
ha'! (CRDC, 2019&)luch of this applied fertiliser N is not translated imemmercialyield gotton lint
and seed) with significant N lossekom the soilplant systemin surface runoff,deep drainagepr
atmospherc emissiongMacdonald et al., 2017aPpfifarm N movement from agriculture can cause
environmental impad such as eutrophication in surfageaters(Alexander et al., 2000; Carpenter et
al., 1998; Steffen et al., 2015ajtrate-loading of groundwate{Skaggs et al., 1994; Tilman et al., 2001;
Ward et al., 2018; Zhang et al., 19960il nutrient loss and acidificatiqiviao et al., 2010; Vitousek
et al., 1997) reductions in soil microbial biodiversi(@ehl et al., 2004; Vitousek et al., 199@&hd
greenhouse gas emissiorfPalal et al., 2003b; Mdl et al., 2010; Reay et al., 201 owever,
Australianirrigated cotton farms aretypically designed witltlosed irrigation network, where tail
water isreturnedto on-farm dams or diverted to other fields within tharin (Nachimuthu and Webb,
2016) Theseclosed irrigation networkminimise off-farm nutrienttransportvia runoff, significantly
reducing the environmental damage potential of irrigated cotton systems whileimlsmvingtheir
WUE

Consistent development of plantegomics(Liu et al., 2013)genetic modification(Trapero et al.,

2016) precision landscape engineering, aerial telemégWglkova et al., 2018)mproved agronomy

and fieldmanagement YR | dzi2 YIF GA2Y Kl & &SSy liniWel (kflintAad) NI € A |y
andWUE(kg lintML?) steadily increase over the past 50 ye@snstable, 2004; Liu et al., 2013; NSW

DPI, 2019; Roth et al., 2018)owever,NFUE has not experienced the same consistent improvement

over this period, which has prompted the industry to review catrpractices(Macdonald et al.,

2018)

Furrow irrigation is the most common water delivery system used in Australian irrigated cotton
production and is used by 82% of growd@RDC, 2018Most growers use raalternate furrow
irrigation systenmas it is more water efficient than irrigating every furr¢@olzardi et al., 2017; Kang

et al., 2000) In alternatefurrow irrigation systemawater is directed down every secondrifow (the
irrigated-furrow), where itpercolates laterally through the hill out into the namigatedfurrows
(alternate-furrows), eventually exiting the field from all furrows.Due to their respective flow
pathways, irrigategurrows typically dischargsignificantly more than alternat&urrows; however,

this split can vary significantly, with alternafi@rows capable of discharging more than
irrigated-furrows where large cracks and breis occur through the hill.

This studyexaminessurface runoff Ndsses iralternate furrow irrigated cottorsystems using data
from five experiments athree locations in NSW, Australiaittdgen loss studies typically aggregate
runoff spatially at a fieléscale and temporally at an irrigati@vent or dayscale(McHugh et al., 2008;
Tian et al., 2007; Zhao et al., 201@}hile this is helpful for gauging total N losses and seasonal trends,
it is insufficientfor identifyingspecific loss mechanismgededto improve management practice and
NFUE outcomes. We hypothesised that #fiernate-furrows would contribute more to surface runoff

N losses than the irrigatefdirrows. Our reasoning was thatigation water lateralljfeachingthrough

the hill shouldeachnutrients from the soil more efficiently than water travelling longitudipalbwn

a single furrow. Our second hypothesis was that N losses would be most severe in the first irrigation
and much lesso in subsequent irrigationsHere our reasoningvas that there would be greater
amount of mobile N initially availab#g the start of the growing seaspandthat in combination with

the higher N uptake by the plant later in the seasprogressive irrigations would remove this mobile
N.

35



J. O. Latimer Aqueous Nitrogen Dynamics

3.2 0 Materials and Methods

3.2.1 0 Data Sources

This paper draws on dafaom five unpublished field experimentomprisng 12 N rate treatmens
(Table3.1). Three irrigated cotton production regions imorthwestNSW Australiaare represented in
these datathe ACRI in Narrabri and private farms in E®and Gunnedah

Table3.1. List of experiments useéfive experiments were conducted at three locatiomoithwestNSW, with
12 different N rate treatments. N26 is a comercial agueous urea solution containing 26% N made by
Yara Australia Pty. Ltd. folt Street, McMahons Point, NSW 2060 Australia).

Total Applied N PreSeason N Application InSeason N Application
N Rate N Rate Tvpe & Placement N Rate Type & Timing
Exp. Date  Location (kg N ha) (kg N ha) yp (kg N hd) Placement (Irri. no.)
0 0 n/a 0 n/a n/a
78 78 U_rea, banded bOth 0 n/a n/a
Summer Narrabri sides of plant line
ACRL 501617 NSW 182 182~ Urea bandedboth n/a n/a
sides of plant line
252 252  Urea bandedboth n/a n/a
sides of plant line
Summer Narrabri, Urea, banded both
ACRD 201718 NSW 35 35 sides of plant line 0 na na
240 140 Urea, banded qn 100 Urea, watefrun 2
alternate-furrow side
Summer Moree, Urea, banded on
Moree 201415 NSW 310 210 alternate-furrow side 100 Urea, watefrun 2
370 270 Urea, banded qn 100 Urea, watefrun 2
alternate-furrow side
Summer Gunnedah NH, drilled on
Gunnl 201415 NSW 230 200 alternate-furrow side 30 N26, watesrun s
130 100 Nk, drilled on 30  N26,waterrun 3
alternate-furrow side
Summer Gunnedah NHs, drilled on
Gunn2 201516 NSW 230 200 alternate-furrow side 30 N26, waterrun s
330 300 Nk, drilled on 30  N26,waterun 3

alternate-furrow side

9 E LIS NR Y SyEli  FoRENiNmhry data set in thisaper(Latimer, 2020h)its highintra-irrigation
temporal resolution enables more targeted identification of specific loss pathways than other studies
from comparable systems. The other four data sets are of a lower resolution more typical of
contemporary irrigation studiesnd are used here tsupportlarge scale trends identifieid ACRR.

3.2.2 8 Site Descriptions

ExperimentsACRIL and ACR2 were conducted atACRI i Narrabri, NSW, Australia @0H Q{
140 p Q90 ¢KAA aAiAidsS AswelRmaphd seinidlchify medum iGreydeitosas K NA v |
(Isbell, 2016)alternatively classified as fine, thermic, smectitic, Typic Haplust8ds Survey Staff,
2010) The Moree Q¥ T Q{°p m@ %0 | Y R Ti50.§E Kteskare bavhwprivate farms on
similarVertosok. The climatat all three locations is serairid with mild winters, hot summers, and
average annual rainfalls of 576 mm, 619 mm and 659 mm for Moree, Gunnedah and Narrabri
respectively(BOM, 2019) All sites used alternate furrow irrigation with tilled hills approximately
20cm highat 1 m spacingPreseason N fertiliser walsanded directdrilled urea in allexperiments
exceptthose performed at Gunnedals(nnl and Gunr?), which used direetlrilled NH; (Table3.1).

All inseason N fertigation events usedme form olurea dissolved in thirigation supply waterData
setsMoree, Gunnl and Guni weregenerated fromN fertiliser rateresponse experiments, while

36



J. O. Latimer Aqueous Nitrogen Dynamics

the irrigation Nloss data we present from the other experiments are from single selected treatments
within larger N fertiliser management experiments.

3.2.3 8 Water Sampling and Analyses

Water samples were collected from the end of each furedfeast 3;5m before the tail of the furrow
to avoid contamination from tail drairwater backingup into the furrows Collectedsamples were
filtered through 0.45.um filters, fixed with phenylmercuric acetate (PM2c5 mg t2) andor frozento
inhibit microbial activity and prevenN transformation until laboratory analysi®ifferences in
preservation method were due to variable access to electriditalyses were performeat the CSIRO
Black Mountairdaboratoriesor NSW DPTamworth Agricultural Instituteising an Alpkem Segmented
Flow Analyser, Alpkem Corporation, Perstorp Analytical Co., Wilsonville, OR 97070rHdSA.
concentrations of nitrite (N&) and nitrate (N®) were determined according th&dSEPA method
353.2(USEPA, 1993\H"was determined according to USEPA method 3803EPA, 1983)rea

N was determined through the USEPBABmMethod (USEPA, 1979and total N was determined
according to USEPA meth883.2(USEPA, 1993)ab samples were analysed in triplicdE&uS cnt),
pH and temperature®C) measurements were takémsituusing a TPS Aqu@P/Amulti-probe.

3.2.4 8 Discharge and Load Calculations

Discharge volumes (L fhanin?) were used to convert discharde concentrations (mg N into
discharge loads (kg N fhamint). At ACR2, dischargefrom alternate and irrigatedfurrows was
measured separatelysingportable longthroated ReplogleBosClemmens (RBC) flum@Slemmens
etal,1984)ina Gt f SR p Y FTNRBY (KS FdZNNR Q& SyR LINRAR2NJI {:
Baro Divers) continuously logged water depth (mm) in the flumes, from which dischargéntinih

was calculated. ACRIused sempermanent flumes that aggregatedils from four furrows (two
irrigated and twoalternate) and measured discharge using pressure transducers in a similar manner
to ACRR. Discharge volumes at Moree, Guhand Gunr were calculated using measured tail drain
flows and input irrigation volmeswith industry standardrrigation efficiencies of 8% (20% of applied
irrigation water runs off the field as tail watdRoth et al., 2013)

Where discharge was not measured separatelyttiertwo furrow types, we have assumed the total
discharge to be split between irrigatednd alternatefurrows 70% to 30% respectivelyo our
knowledge this split has not previously been published, likely a product of its highly variable nature.
Anecdotal and unpublished data suggest that 70:30 is a credible seasonal average split for alternate
furrow irrigation systems on higtlay soils like Versbls(Foley et &, 2020; Nadelko, 2009Where

large cracks and breaks through the hill occur, the dominant hydrological flow in the
alternatefurrow can shift from matrixlow to bypasdlow. This is particularly prevalent in the
cracking clay Vertosols on whichost Australian irrigated cotton is growfRingrosévoase and
Nadelko, 2013)andmaysignificantly increase the total nutrient discharge from the field.

2 KSNBE RBWNAASR bQ @I fdzSa || NE NBLRZ NI SRI haskéen 02y OS)y
subtracted fromthat in the discharge water before multiplying by the discharge flow:
MO QI Qb QQO 0 J0da € 0

Equation3.1. FieldderivedN runoff calculation.

We assumed that all remaining discharge N was sourced from the field, either froseasen
fertiliser, soitmineralised N, o60M Final N discharge values for each furrow type are reported on a
per hectare basis (kg N Hafor comparison between systestof different dimensions. This has been
calculated from the discharged N (kg N) measured in each furrow, and the furrow dimensions:
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0 OQIEH "JQA I@) 061 1 EOQED "R S

Equation3.2. RunoffN discharge load calculatidior each furrow type

Where total N discharge from the field is reported, individual N discharge values for alteamate
irrigated-furrows have been summed.

3.3 0 Results and Discussion

3.3.1 8 Seasonal Nitrogen Losses

Across all treatmentand siteswith sufficient temporalspread toinfer seasonal trendghe majority

of N runoffwasproduced at the beginning of the seasavith only minor losses occurring after the
third irrigation (Fig.3.1). This is consistentith our second hypothesis and with other comparable
studies(Macdonald et al., 2017a; Macdonald et al., 201Nt all N in runoff water is sourced from
the field, with N in supply waters contributing significantly to total N runoff &). When these
inputs are removed, fieldierived N losses shothat soil nutrient leachingvas greatest in the first
irrigation, then lower in each successive irrigation event

18

: 16 @ TDN Runoff: Irigated-Furrow
_ccu 3 M TDN Runoff: Alternate-Furrow

14 mQ 4 ; " i
% - Q Field-Derived N Runoff: Irrigated-Furrow
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~— |
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Figure3.1. Nitrogenrunoff (kg TDN h3) for alltreatmentsby irrigation eventNegative fieldderived N values
occur where more N enters the field in irrigation water than runs off. n equals number of treati
represented in each irrigation.

3.3.2 d Nitrogen Loss through Lateral Leaching

For the first three irrigations across all treatments, alternhterows discharged water with
significantly highefield-derivedTDN concentration than did irrigatefdrrows, with average discharge
concentrations of 83 + 14.0 mg TDN!land 27.4 + 6.2 g TDN L respectively. From the fourth
irrigation onwards, discharged N concentration was more even between the two furrow types, with
averageTDN concentration discharges of 9.8 + 1.6 WigN 2 and 7.3+ 0.9 mg TDN i for
alternate and irrigatedfurrows respectively. These spatial and temporal variations in discharge water
N concentration indicate the mechanism of losi alternate furrow irrigation systems, the
distinguishing mechanistic difference between water discharged from the two furrow tgpeat
alternate-furrow discharges have first passed through the Hilis reasonable to assuntbat this
lateral percolation of water through the hill is leaching significant soluble N, and acting as the main
pathwayfor Nrunoff loss in thesaystems.
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The removal of soluble soil components from the field over time can be observed on a

whole-of-season scale (Fig.1), as well as within single irrigation events (Bi@). Inexperiment
ACRR, the EC, pH and TDN concentration ofdhernate- and irrigatedfurrow discharges converde
over time as the hiwasRSLJX SGSR 2F &az2fdzoftS 02YLRySyiaod
soluble contentvasremoved, resulting in thalternate-furrow water chemistry closely matching that
of the irigatedfurrow, which in turn closely resembled that of the supply water
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Figure3.2. EC(uScnt®), pH, TDN concentration (mg N)Land TDN load (g N fianin™) in discharge wate!
from alternate- and irrigatedfurrows during irrigation events 1, 2 and of experiment ACRI

Heavierweighted lines with error bars represent averages of three replicates with standard ancr
lighter-weighted lines represent the individual replicate sites. Day number refers to days after ple
Experiment ACR apgied preseason fertiliser as banded urea at a rate of 35 kg Nwigh no inseason
N application.
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While alternatefurrows consistently discharged higher N concentrations (mg N than
irrigatedfurrows, the final amount of N discharged (g N'hain?) was highly influenced by the
relative flow volumes (min?) exiting the two furrow types. Where total discharge vgasirced70:30

from irrigated- and alternatefurrows respectively (as has been assumed for experiments-ACRI
Moree, Gunnal and Gun-2), total N discharged from the field was supressed by the higher
N concentration of the alternatdurrows being multiplied by the lower flow volume. However, in
reality the relative discharge split between the two furrow types is highly variable atependent

on a range of soil characteristics. When large cracks and {msa&ccur through the hill, the
alternate ¥ dzNINER gc@rincréased rélative to that of the irrigatefdirrow, which increases the flow
multiplier on the higher N concentrationstiharge source. While the increased alternitgow flow
could theoretically dilute rather than multiply the high N concentration leachate with bypass water,
and thus only slightly increase the total N discharged, this was not observed in experime/2iACRI
which alternatefurrow discharge was consistently higher than that of irrigafi@adows (Table3.2).

This suggests that when the flow through the hill increasesoo does the amount of leached soil
material discharged from the field, despite thefsin dominant hydrological flow from matriftow

to bypassflow.

Assuming a 70:30 split in discharge flow between the two furrow types, altefoatews discharged
more N than irrigatedurrows across the 12 treatment®n averageproducing 65.9+6.9% and
34.1+6.9% of the TDNlischargerespectively (Table3.2). Of the N runoff discharged from
irrigated-furrows, however, the majority was derived from input supply water N, and not from the
soil. When comparing fielderived N runoff, alternatéurrowswere responsible for the majorityand
discharged 87.% 4.4% of the total fieldlerived Ndischarged (Tabl&.3). While most fielederived N

was discharged from the alternaferrow, both furrow types exhibited the same sequentially
decreasing N loss trein(Fig.3.3), which suggests that some leaching is occurring as a result of water
travelling longitudinally along the irrigatefdrrow, but that it is a weaker leaching mechanism than
the lateral percolation through the hill.

Table3.2. Irrigated and alternatefurrow N runoff for all treatments by irrigation even¥alues are reported as
mean kg TDNha' + standard error.Values reported with * were wateun N fertigation events. Additional
information can be found in Appendix A.

Experiment. ACRil ACRIl1 ACRI1 ACRI1 ACRi2 Moree Moree Moree Gunnl Gunn2 Gunn2  Gunn2
N Rate(kg N ha): 0 78 182 252 35 240 310 370 250 150 250 350
Irri-Furrow:  0.2+0.0 0.3£0.0 0.3£0.0 1.8+0.7 04+0.2 6.4+03 46+05 6.8+x1.0 0.8+0.1 - -

#1 Alt-Furrow: 2.1+1.2 4.6+0.2 10.2+1.2 11.9+1.2 12.3+1.6 4.9+05 4.3+0.6 8.0+1.8 13.9+0.7
# Irri-Furrow: - 0.2+ 0.1 6.2+ 0.4* 6.5+0.3* 6.5+0.4* 2.7+0.1
Alt-Furrow: - - - - 5.2+0.8 7.5+0.1* 6.0£0.4* 8.1+0.0* 8.2+0.5
#3 Irri-Furrow: - - - - - - 14.0+£0.8* 14.7+0.8* 13.5+ 0.5 15.4+ 0.3*
Alt-Furrow: - - - - - 05+00 0.5+0.0 - 12.3+0.711.5+£ 0.8 7.4+ 0.2 8.5+ 0.6
#a Irri-Furrow: - - - - 0.0£0.0 - - - 1.7+0.0 1.9+0.0 18+00 1.6+0.0
Alt-Furrow: - - - - 0.2+ 0.0 - - - 35+05 1.0+0.1 21+0.0 0.9%+0.2
45 Irri-Furrow: - - - - - - - - 0.4+0.0 0.3+0.0 05+0.1 0.3+x0.1
Alt-Furrow: - - - - - - - - 0.1+0.0 0.2+0.0 0.2+0.0 0.2+0.1
#6 Irri-Furrow: - - - - - 1.4+0.1 09+0.1 14+03 0.5+0.1 05+01 05+0.1 0.5+0.1
Alt-Furrow: - - - - - 1.1+0.4 09+0.0 05+0.1 0.2+0.0 0.2+0.0 0.2+0.0 0.2+0.0
#7 Irri-Furrow: - - - - - - - 0.2+£0.0 0.3x0.0 0.3+0.1 0.4+0.1
Alt-Furrow: - - - - - 0.5+0.0 - - 0.1+0.0 0.1+0.0 0.1+0.0 0.2+0.0
48 Irri-Furrow: - - - - - 09+0.1 1.0+0.0 1.1+0.0 - - -
Alt-Furrow: - - - - - 0.6+£0.2 0.6+x0.0 0.4+0.0
#9 Irri-Furrow: - - - - - 1.1+0.1 1.0+£0.1 1.0+0.1
Alt-Furrow: - - - - - - - 0.4+0.1

40



J. O. Latimer Aqueous Nitrogen Dynamics

Table3.3. Irrigated- and alternatefurrow field-derived Nrunoff for all treatments by irrigation event/alues are
reported asmeankg TDNha? + standard error. Fieldlerived N runoff is calculated by subtracting input supply
water N. Negative values occur where more N enters the field in irrigation water than ruxgla#s reported
with * were waterrun N fertigation eventsAdditional information can be found in Appendix

Experiment ACR{1 ACRI1 ACRI1 ACRI1 ACR{2 Moree Moree Moree Gunnl Gunn2 Gunn2  Gunn2
N Rate(kg N ha): 0 78 182 252 35 240 310 370 250 150 250 350
Irri-Furrow:  0.2+£0.0 0.3+0.0 0.3+0.0 1.8+0.7 0.0+0.0 56+05 44+06 6.2+13 0.4%0.1 - -

#1 Alt-Furrow: 2.1+12 46+0.2 102+1.211.9+1.2 9.7+14 46+0.6 42+06 7.7+19 13.7+0.7
" Irri-Furrow: - - - 0.1+0.0 0.9+0.4* 1.6+£0.3* 1.5+04* 1.2+0.1
Alt-Furrow: - - - - 3.5+£0.1 53+0.1* 3.9+04* 6.0+0.0* 7.6x05 - -
43 Irri-Furrow: - - - - - - - - -2.3+0.8*-0.7+ 0.8* -1.9+ 0.5* 0.0+ 0.4*
Alt-Furrow: - - - - - 0.5+0.0 0.5%+0.0 - 5.3+ 0.7 4.9+ 0.8* 0.8+0.2* 1.9+ 0.6*
#4 Irri-Furrow: - - - - 0.0£0.0 - - - 0.2£0.0 0400 04+0.1 0.1%x0.1
Alt-Furrow: - - - - 0.1+ 0.0 - - - 29+05 03+0.1 15+00 0.3%0.2
45 Irri-Furrow: - - - - - - - - 0.0£0.0 0.0x0.0 0.1+0.0 0.0x0.1
Alt-Furrow: - - - - - - - - 0.0£0.0 0.0+0.0 0.0+0.0 0.0x0.1
#6 Irri-Furrow: - - - - - 0.3+0.1 -0.8+0.1 09+03 0.1+0.1 0.1+0.1 0.1+0.1 0.1+x0.1
Alt-Furrow: - - - - - 0.6+0.4 0.2+0.0 0.3+0.1 0.0+0.0 0.1+0.0 0.0+0.0 0.0+0.0
47 Irri-Furrow: - - - - - - - - -0.1+0.0 0.0+£0.1 0.0£0.1 0.2+0.2
Alt-Furrow: - - - - - 0.5+ 0.0 - 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0
#8 Irri-Furrow: - - - - - -0.1+0.1 0.1+0.0 0.1+x0.0 - - -
Alt-Furrow: - - - - - 0.1+ 0.2 0.2+0.0 0.0+0.0
49 Irri-Furrow: - - - - - 0.1£0.1 0.2+x0.1 0.1+x0.1
Alt-Furrow: - - - - - - - 0.0+ 0.1
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Figure3.3. Fieldderived N runoff losses (kg TDNnhy irrigation event for all 12 treatments. Figure is intended
to convey general trends and not absolute values or rafigsAlternatefurrow N discharge with cubic spline
trends;(B) Irrigated-furrow N discharge with cubic spline trends.

While not exylicitly measured in this study, heavy rainfall will also affect the movement of solutes in
furrow-irrigated cropping systems. Rainfalduced leaching should affect the two furrow types
equally, generating a net hydraulic gradient through the hill teatgrtical rather than lateral. Rainfall

can transport nutrient enriched soil from the hill into both irrigatexhd alternatefurrows, where
subsequent irrigations can remove solutes in ruridfdchimuthu et al., 2018Pespie the potential

for rainfall to transport solutes deeper into the soil profikhis is unlikely to reduce longerm
irrigation-induced leaching, as capillary rise processes should bring the solutes back to the surface
over time(Prathapar et al., 1992)
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3.3.3 & Nitrogen Speciation

The highTDN runoff losses observed in the early irrigations were dominated by &i@ DON
(<0.45um; Table3.4). Negatively charged compounds liked\N#dd deprotonated_MWorganic acids
are highly mobile in predominantlyegatively charged clay soils suchvastosok. NQ losses are of
particular environmental concern as some may be rapidly convedddO, a potentGHGthat has
298 times the global warming potential of €IPCC, 2014vacdonald et al., 2016)However,
negativelycharged DON also represents a significant mass loss and is frequentlykedrio nutrient
accounting practices.

Table3.4. DissolvedN speciation of discharge water in the first irrigationeafht treatments + standard error.
n=number of replicates included in calculation. =do speciation data measured.

Data Set TDNRunoff (kg N hd) % Ammonium % Nitrate % Urea % Organic N

(Measured) (Measured) (Measured) (Measured) (Calculated)
ACR{1 (0 N) 23+x12(n=9) 146+£1.6% 44.4+2.9% 0.1 +0.0% 41.0 + 3.8%
ACRI1 (78 N) 49+0.2(n=21) 147+1.0% 48.1+2.3% 0.2+0.1% 37.0+1.6%
ACRI1 (182 N) 105+1.3(n=3) 239+7.0% 48.6+10.2% 0.2+0.0% 27.4+7.1%
ACRI1 (252 N) 13.7+£1.9 (n=6) 125+£28% 73.2+11.6% 0.1+0.1% 14.2 £10.2%
ACRI2 (35 N) 12.6 £1.7 (n = 28) 0.6 +0.2% 729+9.1% 3.0 £0.0% 23.3+13.7%
Moree (240 N) 19.0+1.5(n=12) n.d. 70.5+9.0% 1.3+0.6% 28.2 +8.6%
Moree (310 N) 158+ 2.1 (n=12) n.d. 37.4+6.1% 52+ 2.4% 57.4 £ 6.3%
Moree (370 N) 21.5+23(n=14) n.d. 71.3+8.8% 2.3+0.8% 26.4+9.1%
Mean 125+1.5(n=13) 13.2+25% 58.3+7.5% 1.5+ 0.5% 319 +7.6%

Leaching from the hill is further characterised by the temporal variations in discharge water N
speciation. In experiment ACRI DON makes the largest contribution T@N discharge during the
first irrigation, of which mostameout of the alternate-furrow (Fig.3.4). DON losses were low after
the AYAGAlIf FfdaAKAY3IZ adzaA3ASAGAy 3 { KwasremovedSin anid 2 2 NR { ¢
aroundthe first irrigation.The majority of Australian cotton farmers practice crop rotation with wheat
where thestubbles are incorporated into the soil, enhancing decomposition of organic ni&eaerell

et al., 2008b) This partly decomposed organic matter is likely a major contributor to the observed
DON in the first irrigation, with all study sites having a history of wheat rotation followed by stubble
incorporation. DONrunoff also draws attention to the concurrent loss of orga@itrom the field
(Nachimuthu et al., 2018)inking N losses to the decline of gofitocksobserved in many agricultural
systemgLuo et al., 2010; Rabbi et al., 201M{: losses were very high in the first two irrigations of
ACRR, constituting thedominant form of dissolved Mss for both furrow types. ConverseNH,*
losses were low in all three irrigations, which is to beezxed as the positivelgharged molecule has

low mobility in clay soil&/ith high cation exchange capacity

Urea losses in experiment A€Rlvere consistently low for both furrow types, and remained largely
unchanged across the four irrigations. Whileshdow urea losses are encouraging for broader NFUE,
direct fertiliser N losses are influenced by a range of factors, such as N placement location, soil
moisture, and timing relative to irrigatior(®lacdonald et al., 2017a).ow urea concentrations may

also be evidence of rapid em hydrolysis occurring in the systeecause of thisand ACRk Q a
atypically low N rate, broader industwyide generalisatioafrom these dateabout direct leaching of
fertilisers early in the season should be avoided
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Figure3.4. Averageconcentration of four N species in runoff water for each R0Rigation disaggregated by
furrow type.ExperimentACRR does not include any fertigation events.

3.3.4 8 Pre-Season Fertilisation Application Rates
Across the 2 treatments, TDN runoff lossef$rom an irrigation eventended to increase witlhe rate

of fertiliser N addition This positive relationship was most clearly observed when comparing N runoff

during the first irrigation event of the season (RBd). ACRR was the only treatment not to closely
conform with the collective N runoff median of 6:D.4% of applied prgeason fertiliser N in the first
irrigation, which was likely a result of the high alterndierow discharge flows creating greater
N runoff; however,as flow datasplit by furrow type was only measured for AQRIt is not possible
to be sure.

__20

o 18

Z 16

=

2 14 A ; }

21 % ® ACRI-1
£ 10 LS

o } O ACRI-2
S s

'i 6 A Moree
o [ ]

® 4] A Gunn-1
= 2?

Z O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

0 50 100 150 200 250 300
Pre-Season Applied N (kg N ha1)

Figure3.5. TotalN runoff (kg TDN h§ from the first irrigation event of experimentall values * standard error.
Experiment Guni2 does not have any first irrigation data.

LT Gz2drt aSlazylf Nz 2FF b Aa &dsumig tha ¥ leatHhg
follows a sequentially decreasing N loss trend simildfigure3.3, then total seasonal runoff losses
would equate b approximately12.1 +0.7% of applied fertiliser N For a preseason fertiliser
application of 270 kg N Hathis equatesto 32.6 + 1.8 kg N hdost from the field as surface runoff
during the seasonThese Isses arehigher than those reported bivicHugh et al. (2008)ut are
consistent with work done bylacdonald et al. (2017ayvho demonstrated with°N-labelled fertilisers
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that in comparable cotton production systerapproximatelyl0% ofapplied pre-seasonfertiliser N
is lost through surface runo#cross the growing season

3.3.5 & Fertigation

Fertigation events are major contributor to total N runoff Nitrogenrunoff during a fertigation event
can easily exceed ¥gNha'. For 1000 hectaeof cotton and a urea price of $400 per tonne, this
equates to $13,000 worth of fertiliser per irrigation event flowing into the tail drain.

Of the seven treatments that includetkliberatefertigation, 63.4+9.5% of thetotal seasonal N runoff
was denved from input supply water N (Fig6).
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Figure 3.6. Percentage contribution to totall runoff from fieldderived N and fertigatiomerived N for each
treatment. Moree, Guril and Guni2 treatments contained one fertigation event eablote that experiment
ACRR was not deliberately fertigated, and the input aqueous N eesto recirculatd Nrich irrigation water.

The Australian cottoproduction guidenow recommends splittindN fertiliser applicationbetween
pre-season and iseason applications to increase lint yield and reduce N losses, especially through
denitrification(CRDC, 2019bfertigation is an effective way to supply N to the crop-ssason that
limits infield traffic and maximises labour efficiency. Howeveagliarnatefurrow irrigation schemes
where a significant proportion of applied waterexits the field, fertigation may be a wasteful
application method. In Australian irrigatedttmn production, tail water is captured and recirculated
for use on other paddocks, so runoff N is lost from the paddock of application but idinectly
discharged into the environment. The final calculation of N lost to the environment will therefore
depend on factorgncluding whether Nrich tail water is recycled back onto the field; how quickly this
water is recycled; soil permeability; soil microbial activity; and water temperature. In Australian
irrigated cotton, totakeactiveN emissions fromiirgation networlshave not been fully quantified but

are estimated to be loyMacdonald et al., 2016)

3.3.6 8 Modifying Management Practice

Efforts to mitigate N losses through surface runoffliernatefurrow irrigation systems should target
the lateralleaching mechanisnModifying row configuration to remove ttedternate-furrow entirely
would likely prove tk most effective strategyor reducing N runoffBy filling in(or not tilling)the
alternatefurrow and creating an extravide hill (bed) any irrigation water leaching soluble soll
components would be prevented from freely flowing from the field (8ig). Extrawide beds would
also reduce the probability of large cracks, bréak and tunnels occurring through the hill that can
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increase total N discharge loads, while retaining the higkelEof alternate furrow irrigation relative
to irrigating every faow (Kang et al., 2000Further research should test the mficy of extrawide
beds for mitigatinglternate-furrow N runoff, as this thesis does not explore this topic.

(A) Traditional Bed Configuration
SH 5P s¥ 5]
i Gt e o i o et i R
< < e -
NS r NS ~ e vl
S Ve ~
Bed / Hill Bed / Hill Bed /Hill Bed / Hill
(B) Extra-Wide Bed Configuration
e L\ 8Joe 8l e
%ﬁ %}j} Irrigated-Furrow q}%‘2/@4§3 {%@‘}4?
;;\\i_ Extra-Wide Bed / Hill 7/\\'\; ;;\\‘i_ Extra-Wide Bed / Hill 7/1\;

Figure 3.7. Elevation oosssection of alternate furrow irrigation and extravide bed irrigation setups.
(A) Traditionalbed configuration for alternat@urrow irrigation. Highsolute irrigation water is able to freely flow
out from the alternatefurrow; (B) Proposed etra-wide bed configuration.

Other potential mitigation strategies inclednitigatinglarge cracks and bredks through thehill, and
eliminatingthe alternatefurrow by directing irrigation water down every furrow simultaneouatyd
symmetrising the hydraulic gradient within the hill. While thiaymeduce N leaching, the practice of
irrigating every furrowis commonlyless water efficien{Golzardi et al., 2017; Kang et al., 20G0)d
isnot recommended by the Australian cotton industBmbracing even greater management change,
flood irrigation systems could be replaced with overhead or wrigation, which have been shown to
reduce Nrunoff and increas@VUE(Antille, 2018; Smith et al., 2015b)

If modifying furrow configuration ignfeasible, then reducing preeason fertiliser application should
reduce N runoff losses. However, if this is accompanied by an increase in fertigation use, then total N
runoff may well increase. Placing N deeper in thié mofile below the laterally percolating irrigation
water may reducelateral N leaching but capillary rise processes might negate any perceived
advantagesand this should be explored further with modelling or field trigsathapar et al., 1992;

Siyal et al., 2012Unfortunately, neither of these strategies address the loss oinsiiéralised N or

other valuable soil components that would continue to be leached under the cuaterhatefurrow
irrigation conditionsSynthetic N fertilisers are readily accessible for Australian cotton growers, which
makes replacing lost soil N an economically viable option. However, this is not guaranteed to remain
the case going forward, with price increases or govemimnegulation capable of constraining reactive

N application.Another problem is the loss of otlreelementslike potassium P and Sover longer
timescalesNatural replenishment of these elements in the soil column caexisesmely slow and
replacement fertilisers are less renewable, affordable and available than Heisehderived N.
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3.4 8 Conclusion

Significant surface runoff N is being generated in alternate furrow irrigated cotton systems. Discharge
of N and other saites (EC)decreased over time both within and between irrigations, with most N
runoff generated at the beginning of the season, and few losses occurring after the third irrigation.
The key mechanism driving these losses is lateral leaching through the inilgation water passing
from the irrigated to the alternate-furrow, with leached nutrients then predominantly discharged
from the alternatefurrow. In this study, average alternatand irrigatedfurrow TDN discharge
concentrations were 83.8314.0 ng TDN tand 27.4 + 6.2 mg TDN tespectively over the first three
irrigations, decreasing to 9.8 + 1.6 mg TDMuhd 7.3 + 0.9 mg TDIN respectively averaged over all

the subsequent irrigations. Assuming total discharge volume from the field wasesbdrom
irrigated- and alternatefurrows at a ratio of 70:30, these N concentrations equated to average TDN
runoff loads during the first three irrigations of 7.4 + 0.9 kg TDNoea.irrigation for alternatefurrows

and 5.6+ 1.2kg TDN ha per irrigaion for irrigatedfurrows, decreasing to 060.1 kg TDN haper
irrigation and 0.8 + 0.1 kg TDNhpger irrigation respectively from the fourth irrigation onwards.
However, much of the TDN discharged from irrigafi@dows wasderived from input suppl water N

and not from the field. While TDN runoff from the field was on average discharged &% from
alternatefurrows and 34.1+ 6.9% from irrigatedurrows, fieldderived N runoff was sourced
87.5+4.4% and 12.5 + 4.4% from the two furrow typespectivelyN discharged from irrigateé@nd
alternate-furrows was highly dependent on their relative flow volumes. Where alternfiterow
discharge flow is increased, as is the case when large cracks oritsethkough the hill occur, TDN
concentration is multiplied by a higher flow rate which increases the totasthdrged from the field.
Fertigation was a major contributor to N runoff, accounting for 63.4 + 9.5% of TDN runoff in
treatments that included a deliberate fertigation event. TDN runoff was dominated@wand DON,

with average contributions to runoff durg the first irrigation of 58.37.5% and 31.27.6%
respectively. Efforts to mitigate N losses through surface runoff in alternate furrow irrigation systems
should target the lateral leaching mechanism, with a possible solution in the adoption ofvegia
beds.

The next chapter reports on the transformation rates of agueouis Noilwater systems for the
purposes of predictingrea mineralisation rates and residence times at different temperatures and
locationswithin the farm system. These dat&dot previouslyexist, and will provide farmers in many
agricultural disciplines with management levers for maximising NFUE.
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Chapter 4 6 Aqueous Nitrogen Transformations

4.1 0 Introduction

Nitrogen can be applied to crops sdids liquidsand gases, but does not become plavailable until

it is in an aqueous forMaathuis, 2009) Aqueously applying Mil§o referred to adertigation or
water-run N) is increasingly popular within the Australian cotton indu$8RRDC, 2019a; Roth, 2012b)
Applying fertiliser N aqueously can yield many positives, including minimising labour -fialdl in
traffic, reducing environmental losses through smaller and morailsggapplications, and being
immediately plantavailable(CRDC, 2020Hdpespite the widespread uptake of watain urea, there

is limited information available to growers describing N residence times in irrigation waters. Not
knowing whether dissolved N remains in the water column for hours, days or weeks can make efficient
N management difficultN-rich irrigation water can spend considerable time not on the desired site
of application;fertiliserscan be dissolved in irrigation channels many kilometres upstream of the
target field,and N-rich runoff water can takenany hours or day® be recirculated back oto fields.

Urea is the mostommonly watesrun nitrogenous fertiliser in Australian cotton systems. Solid urea
(prilled urea) contains 46% N by mass and is a stable product at room temperature; however, once
dissolved inrrigation water, urea N enters a dynamisystem and can be rapidiyansformed and

lostas a range of different moleculéSig. 4.1)To simplify management, these molecules are typically
aggregated into different chemical N pools based on corspecific functionality. In this thesis, the
spedrum of agriculturallyrelevant water and so#tborne nitrogenous molecules are categorised into
four pools that commonly dominate these highhodified agricultural systems:

f Inorganic Nitrogen¢c { 2 YSGAYSa OIFfftSR WYAYSNIf hagadE GKAa&
moleculesNGy, NO; and NH*. Nitrogenin this pool is typically shotived and can be rapidly
taken up by plants or microbes, or volaglandbe lost to the atmosphere. NOespecially is
easily lost from the system through leaching due to its negative charge.

1 Dissolved Organic Nitrogeq The DONpool is comprised of soluble LMW organic molecules
like amino acids, humic acids, and short peptide chains. These molecules amoiym
negatively charged, making them easily leached from fields under excessive irrigation.

9 Synthetic Nitrogeng This pool is composed of fertiliser N, and is not a commonly defined N
pool. In agricultural settings like Australian irrigated cotton systefiemsiliser can dominate
the soil and waterN profiles. This creates unique chemical gradients that warrant defining
fertiliser N in its own pool. This pool can be comprised of different compounds like ammonium
nitrate or NH depending on the context, lun this thesis thesynthetic N pool will be
composed solely of urea.

1 Insoluble Organic Nitroge This pool consists of high molecular weight organic compounds
like proteins, chitin and decaying microb&4ost of this pool inot directly plant-available
and represents lorgy term soil N storage and the source of future plavailable mineralised
N. Despite its longer residence times, N in this pool is not permanently immobilised and will
eventually flux outhrough micrdoial decomposition

In order toimprove fertigation knowledge and NFUE in the Australian cotton industry, a greater
understanding of the fluxes between these N pools is requiReghction kineticsan be usedhereto
providecomment on the rates at which different steps in theytle progressand in turn to identify
bottlenecks or points of interest within the cycle that can be modified to enhance NFuE.
ammonification (mineralisation) of urea to NHis an important stage in the environmental
dissemination of urea N, and therate at whichthis occursis an important determinant in the
subsequentquantities of nitrification and denitrification. Accurately describing this bottleneck
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reaction under different agricultural conditions will help the Australéatton industry improve its
NFUE through more precise fertigation management.

AmXB  Anammox Bacteria (e.g. Phylum Planctomycetes)

AOB  Ammonia Oxidising Bacteria (e.g. Nitrosomonas, Nitrococcus) =4 *3 m’ +
AOA  Ammonia Oxidising Bacteria (e.g. Nitrosomonas, Nitrococcus) 2= 4K NZO‘Q, NZ"‘" H0
o LR : : EEe % HAO
NOB  Nitrite QX|d|S|ng Bacteria (e.g. Nitrospira, Nitrococcus, Nitrobacter) %02_'_ NOH,NOH, » NZO\Q +2H,0
AMO  Ammonium Monooxygenase
HAO Hydroxylamme Oxidoreductase 2¢”+| NH,0H| + [ NOH HAO » NOH,NOH,
NaR  Nitrate Reductase
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+ +
NOR  Nitric Oxide Reductase 4 H2HH,0H P| 2NOH] *2Hay
N,OR  Nitrous Oxide Reductase 4"+ 4H +|2NO NOR » N.O [+2H,0
2% 2
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Figure 4.1 A nonexhaustive representation of the complex reaction pathways available to aqueous Nre
All reactions are biologically mediated to some degree. The pathway thatt INetakesin a given
environmentis dependent on factors like oxygen availability, concentration of N and other elen
temperature, and microbial speciatioAll N species ar@queous unless otherwise indicated.

This chapter draws on data frothree laboratory experimentdo estimate the residence time of
dissolved N in irrigation watekJrea mineralisation is biologically mediated by the enzyme urease,
suggesting that factors affecting enzyme activity will increase mineralisation and decrease N residence
times.Based on this assertiorha four hypotheses of these experiments were:

1. Ureamineralisationrate (mg urea N min?)isunaffected by urea concentratig@and presents
as a zero order reaction.

2. Living soil microbesrethe major driver of urea mineralisatidn irrigation systems.

3. Temperaturepositively correlats with urea mineralisatiomate.

These experiments also incorporated an additional aim of creating a queryable dataset from which to
create predictive models for N residence times in irrigation water. The management proesced

by these models have the potential to m®nsiderable agids for growers adopting fertigation
practices.

4.2 8 Materials and Methods

The firsttwo experimens were performed in mid-2016 at CSIRO Black Mountain laboratories in
Canberra, ACTIn the first,three concentrations ofirea (0.1, 1.0, 10.0 g N*). were dissolved in
Murrumbidgee River water and incubated at two different temperatuf®3, 20C)for 0-24 hoursin
triplicate (n = 3; Table 4.1¥or the second incubation, urea (26@urear N L) was dissolved in five
types of water of varying microbial camt, combined in three soil treatments (no soil, soil, sterilised
soil), and incubated at 2& for 2120 hours (Table 4.2). The soil usedhis incubationwas a high
shrinkswell, haplic, selinulching medium Grey Vertosg@sbell, 2016¢ollected fron the ACRI.
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The first and second incubation experiments both followed #Hane experimental procedure.
Samples were mixed in 50 ml centrifuge tubes, vortex agitated for 10 seconds to ensure mixing, and
then incubated. Each tube was destructively sampled after the designated time intelpah
removal from the incubation chambg amples were centrifugedt 2500 rpm for5 minutes with

the aqueous layer decanted and filtered through a O filters. Urea N, NHT N and N@t N

and TDNwvere measured using an Alpkem Segmented Flow Analyser, Alpkem Corporation, Perstorp
AnalyticalCo., Wilsonville, OR 97070 U3Ae concentrations oNG; and NOs” were determined
according the USEPA method 35J5EPA, 1993\H" was determined accordmto USEPA method
350.1(USEPA, 1983)rea was determined through the USEPA PDAB metEPA, 1979 nd total

N was determined according to USEPA method 3&3SEPA, 1993)

Table 4.1.Experimental treatmentfor the firstincubationexperiment Incubation was performedh triplicate
(n=3), generating 54 samples.

Treatment Variable Number of Treatments Treatment Values

Urear N Conentration 3 100, 1000, 10000 mg N [
Temperature 2 10, 20C

Time 3 0, 3, 24 hours

Table 42. Experimental treatmentfor the secondncubationexperiment Incubation was not replicated (n = 1),
generating 75 samples.

Treatment No. Treatments Values Descriptions

MilliQ Deionised Water Contained no appreciable biological material.

Contained very little biological material, consistent with
ACT water qualitguidelines.

Bore wder collected from the ACRhdicative of

Water 5 ACRI Irrigation Water irrigation water commonly used icotton production in
the Namoi catchment, northern NSW.

Canberra Tap Water

Murrumbidgee River Indicative of irrigation water commonly useddotton
Water production in the Riverina catchment, southern NSW.
Lake Burley Griffin Wate Contained significant algae and other aquatic organisir
No Sall Treatment contaied only urea and water.
Soil Treatment mixed ACRI Vertosol with wateratmentsin
Soil 3 al:2 ratio.
ACRI Vertosol wagerilised using aautoclave prior to
Sterilised Soil incubation to kill all microbedt wasthen combined with
water treatmentsin 1:2 ratio.
Time 5 1,50, 70, 100, 120 hour

The third incubation experiment was performed in lat2019 also at CSIRO Black Mountain
laboratories.This experimentontained only a singlerea concentration,soil and water treatment,
instead expanding the temperature treatments, temporal resolution, and rafatio (n = 5;Table 4.3)
Ureawas dissolved iMilliQ deionised water(chosen as the single water treatment to maximise
compatibility with future supplementary experimenta a single concentration @& mg urea N L.

The lower urea N concentration was chosen basedfaeid observations (Fig. &). This urea solution
wasthen combined with fresh samples of Grey Vertosollected from the same site assed in
experiment 2 The soil contained 22% water by mass, and was combined with the urea solution in a
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ratio of 1:2 by wet mass. Eight incubation intervals of 0, 1, 2, #8872 and 168 hours (nominally)
were chosen to best describe the N transformations within and between irrigations. Three
temperature treatments of &, 25 and $°C were selected based on observations made during
previous field experiments (Fig.2). Samfes were lightly orbitally agitated throughout the
incubations to simulatein situ hydrological flows.Similarly to the two previous experiments,
incubations were performed in sealed 50 ml centrifuge tubes to prevent-@msamination between
samples.

Table 43. Experimental treatmentdfor the third incubation experiment. Incubatiowas performed in
quintuplicate (n = 5), generating 120 samples.

Treatment Variable Number of Treatments Treatment Values
Urear N Concentration 1 25 mg urea N Lt
Water 1 Deionised MilliQ
Soil 1 Narrabri Grey Vertosol
Temperature 3 15, 25, 3°C
Time 8 0,1,2,4,8,18, 72, 168 hour:
50 24/10/17 - 01
24/10/17 - 02
45 ——24/10/17 - 03
— ——24/10/17 - 04
% 40 ——24/10/17 - 05
5 14/12/17 - 01
§ 35 14/12/17 - 02
8 14/12/17 - 03
E, 30 ———14/12/17 - 04
= ——14/12/17 - 05
% 25 ——14/12/17 - 06
= 12/01/18 - 01
12/01/18 - 02
20 12/01/18 - 03
12/01/18 - 04
15 ———12/01/18 - 05
06:00 09:00 12:00 15:00 18:00 21:00 00:00

) ——12/01/18 - 06
Time
Figure 42. In-furrow water temperature timeseries measured during irrigation events at the ACRI ovel
2017-18 summegrowing seasolffrom the same experiments as reporteddnapter 3) Average summer da
and night water temperatures are ~35 and ~225°C respectively. Temperature spikes at 11:00 and 1
are largely the result of slow flows allowing pooled water tathep in the sun. Water temperatures |
irrigation channel networks and storage dams will be significantly lower than thédseraw temperatures.

Incubation vessels were destructively sampled after the elapsedbation times. Samples were
centrifuged at 2500 rpm for 10 minutes at°G to arrest the incubations, after which tladiquots of

the agueous component were filtered through 0.48 filters and transferred to microplate wells. The
soil and surplus aqueous components revefrozen for later extraction and analysis. Analyses
conducted on the primary aliqguots used a microplate reader in accordance with the following
methods: urea N analysis as peGreenan et al. (2008NH;"t N and N@tT N aralyses as per
Herndndez 6pez and Vargaslbores (2003)and soil urease activity as p8msabaugh et al. (2000)
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After the initial incubation experiment, the frozen soil samples were extracted usingd 5! K:SQ

solution, after which the extracts werefrozen. These frozen extracts were sent to CSIRO Adglaide
South Australiaalong with the frozen surplus aqueous components for further N speciation analysis.

All data vere combined and published in the CSIRO Q&fmer and Macdonald, 2020)

4.3 0 Results and Discussion
4.3.1 0 Reaction Kinetics

Within treatments the rate of urea mineralisation was independent of urdd concentration
indicating zeroorder reaction kineticgFig.4.3). This is consistent with expectations and the first
hypothesis, as many enzymes exhibit zero order kinetics once satusdtiedubstrate(Laidler and

Hoare, 1949Moyo et al., 1989)
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Figure 4.3 Natural log of urea N concentration (g ureaN L) plotted against time for the first and thir
incubation studies. High linear correlation$Xr0.97) within treatments indicate zero order reaction kinet
(A) First incubation experiment. Treatments varied by initial urdaconcentration. Natural log of sampl
values plotted (n = 18 per concentration treatmerpta combines 1T and 20C treatments. (B) Third
incubation experiment. Treatments varied by temperature. Natural log of treatment means (n = 5) plot

4.3.2 0 Microbial Effects

Urea mineralisationwas affected by both water type and soil interaction (Big). The second
incubation experiment demonstrated the importance of biologically active soil on urea mineralisation.
The wateronly treatments experience little mineralisatiprsuggesting that e majority of
ureasecontaining microbes reside in the soil rather than the water column. The sterilised soil
treatment exhibited some mineralisation in the initial stages of the incubation. The-Bhedt nature

of the mineralisation may be attributabléo extracellular urease enzymes exuded from lysing
microbes, explaining why the mineralisation was not sustgiheavever, these mechanisms were not
explored in tlese experimentsThese findings indicate that living soil microbes are a major driver of
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urea mineralisation in agricultural systems, and that the second hypothesis should be accepted. In
contrast to the results oéxperiment 2, rapid urea mineralisation was observed in experimoerf

which contained no soil (Fig.3A). While the inherent varidlity of biological samples makes direct
comparisons between incubations tenuouse thcongruityin theresults is noteworthy and should be
explored further in future studiegOf the five water treatments included in treecond incubation

those with higher microbial contents showed greater urea mineralisation; however, the effect was
small and overshadowed by the importance of soil interaction.
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Figure4.4. Timeseries ohqueousN concentration(mg N ) in the secondncubation experiment. Mineral !
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4.3.3 0 Temperature Effects

Contrary tostandardtemperatureenzyme activity relationshipdrajewska, 2016; Sahrawat, 1983)
the first incubation experiment observed a negative correlation between temperature and urea
mineralisation, with 1.8 0.5% more urea mineralised after 24 hourghe 1®Ctreatment thanthe
20°C treatment (Figd 5). The observe@ffect was smathnd unlikely tdbereplicated in larger studies
Indeed, the third incubation experimetttat included more replicatioexhibited the predicted strong
positive correlation betweerurea mineralisation and temperaturé~ig.4.6), suggestinghat the
negative correlation observed in the firskperimentshouldbe dismissed as anomalous and that the
third hypothesis can be acceptedrea concentration decreased by 323.0% and 41.& 0.8% after
24 hours in thel5°Cand 35°Ctreatments respectively, with 87 % 0.6% and 94.3 £ 0.2% mineralised
after 7 days (Table 4.4Qpf the inorganic products of mineralisatidd(;” concentrationin the water
columnwasmore affectedby temperaturethan NH;*.
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Figure 45. Urea concentration as a percentage of initial concentration in first incubation experiment. \
reported as treatment means standard error (n = 3)Thesmall negative correlation between temperatu
and urea mineralisatiois contrary to general enzye activity relationships and is likely anomalous.
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Figure 46. Concentration ofN species invater column othird incubation studyby temperature treatmentTwc
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Table 4.4.Nitrogen in soil and water column remaining after 24 hours and seven days (per cent ottinitial
standard error). Values disaggregated by temperature treatment.

15°C 25°C 35°C
Remaining urea after 24 hours 67.5+3.0% 63.4+£4.9% 59.0+0.8%
Remaining watetbornet N after 24 hours: 61.9+6.6% 58.4+6.6% 72.5+£4.1%
Remaining sofland waterbornet N after 24 hours: 66.2+6.3% 64.5+6.6% 76.4+4.1%
Remaining urea after 7 days 12.3+0.6% 6.6+ 0.3% 5.7£0.2%
Remaining watesbornet N after 7 days: 19.2+3.2% 19.8+2.6% 39.4+5.4%
Remaining soiland waterbornet N after 7days: 41.8+4.0% 40.0+4.0% 58.1+5.6%

4.3.4 9§ Soil Nitrogen Dynamics

Significant sail N fluxed into the water column upon mixing at the beginninghef third incubation
(Fig.4.7).Prior to mixing with the soithe water componentontained only urea N at 25 mg N-L

The influx was dominated BYO; and DONFig.4.8). SoiNH:" was the only N species to increase in
concentration over the incubation, constituting 3G:@.6%t0 410 + 1.9% of the remaining N in the

soil and water aftesevendays (Table 4.5). This accumulatioNef," may signal the development of

anoxic conditionsa theory further supportedby the increased DON mineralisation observed with
increasingemperature(Fig. 4.8B; 4.8Haynes et al., 198650iIDON also technically increased over

GKS AyOdzol GA2YyT K26SOSNE -dérikes, adgdivhérSbdth DONfpdals ir@a 5 h b
combined DON declined significantly.

I Water and soil mixed

100%

80%

60%

40%

Nitrogen Content
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Figure 47. Depiction of soil N flux into the water column during the third incubation experiment. The e
is analogous to irrigation water passing over the field and transporting $bihto the tail drain. This effec
is particularly severe when irrigation wateavels through soil rather than over it, as is the case in altern
furrow irrigation configurationssge/ K LJGSNJ o0 @ W[ 2ald bQ Oy angtékerd
up by microbes.
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Table 45. Speciation of remaining soluble sadind waterborner N after sevendays. Values reported as
GLISNI OSyid 27F 0O2 Yo i stahdard arebid Valuds Wisaggiegaied Ndtemgerature treatment.
Remaining N is dominated by B the water column and NHin the soil.

15°C 25°C 35°C

Water NH*T N: 6.7£0.2% 7.0+£0.3% 5.9+0.2%
Water NQT N:  17.0£4.9% 20.3+4.5% 48.6+7.3%
Water Urea N: 11.0+0.6% 6.2+ 0.3% 3.7£0.2%
Water DON:  4.8+0.9% 9.0+ 0.5% 0.0+0.3%
Soil NHT N: 41.0+£1.5% 42.4+1.3% 30.6+0.6%
Soil NQT N: 6.0+0.2% 6.7+0.2% 3.2+0.1%
Soil DON: 13.5+1.2% 8.5+2.7% 8.0+£1.1%

Because the incubations took place in sealed vessels, both thed@hd atmospheric N had the
opportunity to reincorporate into the water column. In a farm environment, fluxes to the soil column
would only remain agriculturally relevant if they occurred within the field bounds; N fluxes into the
soil column that occur in irrigation networks and other-fifld locations will likely be lost to the
atmosphere before they can become plaantailable mce more. Similarly, gaseous N emissions from

a real farm would be permanently lost to the atmosphere, and not build up in an enclosed
environment. It is possible that the sealed nature of the incubation chambers suppressed the
production of gaseous N (NH\O, N) relative to a farm environment due to limited oxygen supply
YR AYyONBFaAaSR t20Ff LI NLGAFE LINBaadzaNBa Fa LISNI |
predicted to be negligible; however, this remains a major assumption in the transferatfithese

data to farming systems. In the event that gaseous N production rates were suppressed in this
experiment, it would mean that efarm atmospheric lossewould beeven higher than predicted

here.

4.3.5 d Gaseous Nitrogen Inferences

GaseoudN compnents were not directly measured in these experimehi®wvever, due to the sealed
nature of the incubation chambers, credible inferences can be made as to the likely prevalence of
various nitrogenous gases through time. Initial gaseous N productionkehsdiominated by NElas
the volatilisation product of the initial mineralisation reaction (Fi@)4nert N, then likely became
the dominant gaseous N product once sufficientN@d formed through nitrification tsubsequently
denitrify. This progresion of reactions can be observed in the incubation results (Fid).4.
Generation of NH,* through mineralisation begins immediately after mixing, with nitrification
commencing several hours after that. The rate of nitrification appears to exceed msadiii within
four to five hours, after whichNH;" concentration falls. Denitrification exceeds nitrification from
approximatelyeighthours into the incubation, after which significant N losses are observed @)ig. 4.
After sevendays, Nis likely the dominant gaseous N product.

CO(NH,), —>| NHy [ : Mineralisation Figure 49. Simplified reaction series depictir
o . ﬁ possible gaseous loss pathways for uréd
Volatilisation: [ NHg [———> NH, N.O emissions are the most damagil
- N emissions, as the molecule is a pot&HG
Nitrification: | NH, |—>| NO; with a warming potential of 298Q-e.
f Chemically unreactive 2Nepresents the leas
Partial denitrification: | NO5 [—> N,O environmentally damaging emission, and is t

f‘ ultimate fate of all reactive N.
Full denitrification: | NO3 |———> N,
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4.3.6 0 Nitrogen Modellin g

The datageneratedfrom theseincubationexperiments can be used to create quantitative predictive
management tools for irrigators. These additional management levers will facilitate fertigation
optimisation to reduce N losses that can be bfittancially and environmentally costly. These data
could exist as standlone applications for predicting urea mineralisation given a range ofdefared
parameters(e.g. water EC, pH or temperature, or gmrameters such as clay content or microbial
activity), or be incorporated into existing decisiomaking tools like myBMP or the Australian Cotton
Production Manual. An example of a generalised reaction curve depicting urea mineralisation rates at
different temperatures is shown in Figureld. The uea mineralisation reaction curve is well
described byan exponential functionEq 4.1).
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Figure 411. Generalised urea mineralisatidmokupchart for easy grower reference. Chart reports aréa
time series as a percentage of initial urea concentration. Transformation rates are indicativdiedd i
scenarios where ch irrigation water experiences high soil contdaends generated froithird incubation

experiment withinitial urea concentratiomf 25 mg urea N L. Mineralisation rates could differ at differer
initial urea concentrations, sdipes and watersources
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Yi Qd )0 0) Equation 4.1 Generalised urea mamnalisation rate in irrigation water.
Accurately modelling the concentrations of N@&nd NH" in the water column is less straightforward
than for urea, but can still benoderately approximated by a gamma distribution (Eq2). This
distribution yields fair approximations of aqueous ;N&hd NH* concentration in the first 24 hours
after urea dissolution for the three temperature treatmen(Sig. 412). Similar to Figure 41, the
generalised curves shown in Figur&2can be used to create grower reference material to assist in
aqueous N management and NFdtprovement
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Figure 412. Generalised models for N@nd NH* concentration in the water column given an initial tot
N concentration of 25 mg uredl L at three different temperatures. Continuous line represents gan
distribution model(Eq. 4.2)points represent measured valuestandard error(A)NGst N concentration at
15°C over 24 hourgB)NH:'t N concentration at 1% over 12 hour§C)NGs1 N mncentration at 258C over
24 hours(D)NHs*t N concentration at 2% over 12 hour¢E)NQs1 N concentration at 3% over 24 hours
(F)NHs*t N concentration at 3% over 12 hours.
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Equation 42.DF YYI RA&GNROdziAZ2Yy S| b
I Qdem positive real numbers. Equation can be used to approximate
3| concentrations of N©and NH*in the water column during the firs
12-24 hours after urea dissolution.

4.3.7 ¢ Implications for Management Practice

Urea mineralisation is a cruciglateway reactionin the dispersalof urear N to the broader
environment, and is entirely controlled by tlaeailability of the enzyme urea¢€allahan et al., 2005;
Cartes et al., 2009; Tabatabai and Bremner, 1988)ase presents as much more strongly associated
with microbes in thesoil than in the water (Figh.4), makingthe degree of soil exposure a key
determinant of the urea mineralisation rate. Different soils support different microbial communities
that may mineralise urea at different rates. It is likely that the Gresrtdsols on which these
experiments were performed sit at the higher end of microbial activity when compared to other
Australian soilg due togreaterwater availabilityPolain et al., 201&nd the potection clays provide

to organic matterfWang et al., 2003) and so will exhibit higher urea mineralisation ratelswever,
agricultural systems on other continents with moreganicrich soils will likely experience higher
mineralisation rates again tinthose observed heréPolain et al., 2020aYemperature is another key
factor affecting urea mineralisation, thithe rate positively correlated with temperature within the
examined window (Fig. 4.8.11). This is consistent with the general temperatuege interactions
observed in most biologically mediated reactions. The urease enzyme can withstand considerable
heat, with its activity continuing to increase line with temperature until approximately 6C
(Sahrawat, 1983)Based on previously published urease activity increases, it is likelyutbat
mineralisation would occur considerably more rapidly than was ofeskbin this experiment in water
temperatures of 4660°C(Moyo et al., 1989)

For growers, the combined effects of temperature and soil exposure on urea mineralisation rate mean
that dissolvedurea fertiliser will mineralise at different rates at different locations around the farm.
When advancing down furrows, fertigation water can reach high temperatures (Fig. 4.2) and
experience high soil exposure, resulting in high mineralisation rateseCsmly, uredaden water in
storage dams will experience much lower temperatures and soil exposures, significantly diminishing
urea mineralisation rates. Irrigation channel networks will likely exhibit urea mineralisation rates
between those of furrows ahstorage dams, as the water temperature and soil exposure are typically
also between the two. Theoretically, aqueous urea fertiliser in a storage dam or large irrigation supply
channel will be slow to mineralise and salguently denitrify, giving growegsnple time to recirculate

the dissolved N back on to fields. While this may prove true in some circumstaydb®, timeurea
fertigation runoff recirculaes back into the networkit has already undergone significant
mineralisation, with the dissolved ptofile now dominated by N®@ and NH*. This inorganic Man
continue to denitrifyin the deeper and colder watensithout the requirement for significant soil
exposure, and can be lost to the atmosphere before itempplied It is therefore importah that
growers recirculate Mich tailwaters back oro fields as soon as possible, minimising the time N
spendsoff-field. TDN in the soil and water dropped significantly fréour to eight hours after
dissolution, depending on the temperature treatmenthis likely coincides with an increase in
denitrification, and growers should ensure thatidh irrigation water i®n the field after this time to
immobilise the N ananinimise gaseous emissionghis incubation also highlighted the rapid flux of
soift Ninto the water column upon mixing, especially of negatively chaid@dandDON (Fig. Z).

If the soit N scavenging water remains within the field boundary, this N mobilisation is not a problem.
If, however, this Nenhanced water runs off the field orans below the maximum root depth, it will
remove nutrients from the field and create swiptimal environmental and economic outcomes. This
topic is covered in more detail in Chapter
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4.5 d Conclusions

Within treatments, urea mineralisatiodemonstrated zero order kinetics in all experiments (¥ig),
allowing acceptance of the first hypothesis. Urea mineralisation was significantly higher in sail
treatments than nesoil treatments, with sterilised soil treatments showing only minor unsosth
mineralisation (Figd.4). This suggests that living soil microbes are the driving force behind urea
mineralisation in irrigation environments, and that the second hypothesis should be acceyabet.
treatments with higher microbial contentalso appeared positively correlated with urea
mineralisation however this effect was much weaker than the effect of living soil, and is not a major
determining factor in urea mineralisation irrigation environments.The nineralisation rate was
positively corelated with temperature, witl6.6 + 0.8% more urea mineralisad the third experiment

after sevendays in the35°Ctreatment than thel5°Ctreatment. These results were contradicted by
the first incubation experiment that showed a negative correlatiath temperature However, given

the higher replication of the third experiment, and the prevailing relationship between temperature
and enzyme activity in other contexts, the negative cotieta should be rejected and ththird
hypothesis should be accepted.

Urea mineralisation (ammonification) ligologically driven byirease, with greater exposure to the
enzyme and increased temperatuiteduced activity yielding greater mineralisai For growers, this
means urea fertiliser will mineralise at different rates at different locations around the farm. In the
field, urealaden irrigation water will experience elevated temperatures @&€35and high soil
exposure, resulting irlevated mineralisation. Conversely, udeaen water in storage dams will
experience much lower temperatures and degree of soil exposure, significantly diminishing urea
mineralisation rates. Irrigation channel networks will likely exhibit urea mineraiisaates between
those of furrows and storage damddowever, runoff water will likely contain significant
postmineralisation inorganic N that will continue to denitrify and volatilise without the need for
significant soil interactiorGrowers shouldherefore attempt to recirculate Nich runoff as quickly as
possible.In the third incubation, TDN losses from the soil and water columns increased significantly
after four to eighthours, likely the result of increasing denitrification. Growers should enthae
N-rich irrigation water i®n the field after this time tanaximise immobilisation anchinimise gaseous
emissions.

Based on the experimental resulfsresented in this chapterpredictive modelsdescribing the
concentration ofurea, N@ and NH" in the water column have been constructéd help growers
better manage fertigation practicd he concentration of urea oveevendays can be well generalised

with negative exponential equationsvhile the concentrations of NQand NH* can be gengalised

over the first 24 hourswith gamma distributions.Further experiments would increase the
functionality and applicability of these data. Repeating the experiment with different starting
urear N concentrationsand soil types, and expanding the tempdure range would increase the
validity of applying these findings to agricultural settings outside Australian irrigated cotton
production on Vertosols. Regardless, these data should still provide farmers in many agricultural
disciplines with additional anagement levers for maximising NFUE.

The nextchapter explores the N uptake capabilities and preferences of the most common commercial
cotton speciesG. hirsutum Bulk fertiliser N recoveryhas been previously well characterised in
G.hirsutum however, the N speciation of this uptalemains unknownThis research gap is explored
through a glasshouse experimenand representsa potential opportunity to improve fertiliser
recovery in Austrigan cotton systemsSpecial focus is placed on the role of DON in crop nutrition, and
how this relates to planravailable N paradigms.
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Chapter 5 0 Organic Nitrogen and the Uptake Preferences of
Gossypium hirsutum L

5.1 8 Introduction

Chemically reactivé\ exists in the environment in a range of molecular forms waeights The
molecular masses of nitrogenous molecules can range froB21@ mot for LMWinorganic aqueous
and gaseous molecules like N@nd NO, 753000g mol! for DON molecules like humic and amino
acids, and 1810° g mol* for macrobiomolecules like phospholipids and proteifgerminova et al.,
2003) Nitrogen continually fuxes between these different compounds, with no molecule providing
permanent immobilisatiofflLehmann and Kleber, 2019)o simplify N management, these molecules
are typically aggregated intdifferent pools based on contg&specific functionality. As outlined in
Section4.1, this thesiscategorisas the spectrum ofagriculturallyrelevant water- and soiborne
nitrogenous molecules into foyvools inorganicN, DON synthetic N, andinsolubleorganicN. The
size of these pools can vary considerably throughout yher §ig.3.2; Farrell et al. 2011) and
Australian cotton gpwersare strongly encouraged to monitahem, especially prioto planting and
fertiliser applicationCRDC, 2020b)

Soil N and C are intrinsically linkedhrough SOM with the terms soil organic N and saitganicC
referring to the same molecules in most cases (Fig. 5.1). SOM typically constitutes the largest N pool
in healthy soils, and contains more C than the atmosphere and global vegetation confBoredi
Lamberty et al., 2020; Lehmann and Kleber, 20G&)bally, soils have lost approximately half of their
Cstocks since the adoption of soil dulition techniquegPaustian et al., 2000and have contributed

more than 50 x 18 grams of C to the atmosphe(Paustian et al., 1997This is also true in Australia,
where European agricultural practices like soil cultivation and stublnleifig have decreased s@l

stocks significantly over the past centbuo et al., 2010)
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Figure5.1. Examples of organic molecules commonly found in 08/ link<C N, Pand S Increasing SON
stores requireshat all of these elements be presdiftirkby et al., 2011JA) Thedipeptidecystineis a dimer
of two amino acids anthas a chemical formula ofsidi2N-OsS. (B) Phosphatidylserine is an example of
phospholipid, one of the most commbiological moleculesmages sourced frortheir respectivaNikipedia
entries

OM is frequently overlooked when considering crop nutrition, with the focus often exclusively
directed atinorganicN (NO; and NHs*). Snce the mid19" century and the disnsisal of the humus

theory of plant nutrition, the dominant agricultural paradigm has held that plants only take up N from

the soil in the inorganic forms of MHand NQ. This limited view of plant nutrition pervaded to the

end of the 20" century, likely due to the ease with which inorganic N can be measuites factthat

it is definitely plantavailable, andan increased understanding of the role microbes play in soil N
cyclingcombined withan overS E (i NI LJ2 f | G A 2 Y oR themifdf dutyftiori(Schimeband | y O S
Bennett, 2004) In addition, the rise of HabdBoschderived fertilisers at the beginning of the
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20" century shifted the focus away from organic soil amendments and fixation as thargrimeans
of increasing planawvailable N. With productivity gains so easily achidwedynthetic fertilisers, the
research community also shifted its focus toward optimising this new tool.

Research demonstrating the importance of organic N in plant nutrition is not (vamtsis and Bond,
1951; Virtanen and Linkola, 1946; Waksman, 19B@wever, it was notntil the discoveries tat
organic soil N can be the principal N pool for some pléidisiland, 1994)and that LMW organic N
molecules can be taken up intact by plagi¢idsholm et al., 1998; Nasholm et al., 200018t the
mainstream view of terrestrial N dynamics shifted to include direct plant uptals©dffrom the soil.
The uptake of soil organic N $ibeen documentedn many plant species, but has not yet been
observed in commercial cottoiGpssypium hirsutur.).

The most common modern technique for measuring N uptake by plants is stable isotope geochemistry
(Hoefs, 2015; Sharp, 201Aor nitrogenous fertilisers, whether organic or inorganic, this involves
using®®N-labelled compounds. These labeated compounds have artificially skewed isotope ratios
that can be tracked through systems by comparing the isotope fractionations of samples to known
natural abundances using mass spectrom¢lAEA, 1983)in the case of N analyses, atmospheric N

is the most common reference standard, which has an avet#gand®N composition of 99.63%

and 0.366% respectivelfChalk et al., 2014)Intact uptake of organic N molecules is typically
demonstrated with bulk stable isotope analysis (BSIA) using dual laBé&Nednd*C compounds
(Chalk etal., 2014) However, as is frequentlthe case withstudies of this nature, the validity of this
methodology has been the subject of debéiasholm et al., 2009a; Rasmussen and Kuzyakov,.2009)
Dion et al. (2018have since demonstrated intact uptake of both- @Bnd Lalanine isomerdn
cucumbers Cucumis sativgausing a different technique, positiespecific labelling and compound
specific stable isotope analysis. This further supports the uptake finding of BSIA studies, and lends
further weight to the modern model of direct plant tgke of organic N.

This chaptediscusses the findings afglasshousexperimentdesigned toquantify the N uptake
capabilities and preferences of commercial cottdmstralian cotton plantings are almost exclusively
comprised ofG. hirsutum(also known as upland cotton or Mexican cotton), which is derived from
South America and makes up 90% of the global market. No previous experiments have demonstrated
G. hirsutun@ ability to take uporganic N, or its preference for one N species over anotimethis
experiment, four N species (NONH*, urea and alanine) were concurrently added to three
G.hirsutumvarieties. The first experimental hypothesis what G. hirsutim would not exhibit aN

uptake preference between thdifferent N speciesThe second hypothesis was that alarting and
alanina C uptake would correlate, indicating that alanine is taken up whol8.thirsutumThe third
hypothesis was that urgaN and ueat C uptake would correlate, indicating that urea is taken up
whole byG. hirsutum Thefourth experimental hypothesis was that the thré&z hirsutumvarieties

would not exhibit different N uptake behaviours. This experiment was not designed to emulate natural
O2yRAGA2y AT o0dzi NI G§KSNJ (prefdrenceSaa GKS LI IyidiQa OFL

5.2 0 Materials and Methods

5.2.1 d Experimental Design

Three varieties o6. hirsutumwere grown to a tweto four-leaf stage in a randomised block design
with 10 replicates The three varieties used were: Sicot 746B3F, a GM current commercial cultivar
accounting for more than half (84) of the 201718 Austalian summer plantings; Sicala V2, an
obsolete nonGM commercial cultivar released in 1994; and Tx Ill, a Guatemalan landrace accession
that represents the native origins of the commerc@l hirsutumvarieties. Plants were grown in
300mm deep low-density polyethylene (LDPE) pots, consistent with the rhizotube design uddid by
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and Joes (2018) Tubes wereopenbottomed, allowing drainage and preventing waterlogging.
Pasteurised and washed sand of <1 mm particle size wasassé@ growing medium to enable
complete control over plaravailable N pools. Plants were watered using &ient solution mixture

aKIF QG

O2yaiAidzi SR -derimedt nutrienFsuppl§TSble 5L Fhy glat©wede 2jrbvin in

glasshouses at the CSIRO Black Mountain site in Canh&T@5°m ¢ Q{°T 28 ¢ Ay WI y dzZl NB
2018. The high solar radian experienced by Canberra in summer required the use of 70% shade
cloth, as sand temperatures exceeded®@vhen exposed to direct sunlight.

Table 5.1 Nutrient solutionprepared based on the Hoaglands solution and recommendations from Oliver Knox,
University ofNew England Mass and mol per cent are calculated excluding oxygen and hydr8gértion was
pH balanced to #0.05 and EC kept below 10A8 cm' to reduce the chance of acidification or salinisation.

Element Mass Per Cent Mol Per Cent Compound

N 25.17% 44.29% KNQ@, Ca(N@);, FeNaEDTA
P 3.61% 2.88% KHPQ
K 27.38% 17.25% KNQ

Ca 23.38% 14.38% Ca(NQ),
C 2.80% 5.75% FeNaEDTA
S 7.48% 5.75% MgSQ

Mg 5.67% 575%  MgsQ

Na 1.08% 1.16% FeNaEDTA , BdoO42H,0
Cl 0.85% 0.59% MnChi4H,0, ZnC}, CuCli2H,0
B 0.584% 1.330% H:BG

Fe 1.303% 0.575% FeNaEDTA

Mn 0.586% 0.263% MnChi4H0

Zn 0.062% 0.023% ZnCl

Cu 0.022% 0.008% CuCli2H0

Mo 0.012% 0.003% NaMoO4i2H0

All plants were dosed with a N solution containinmixture of N@, NH*, urea and alanine. One of
the four N compounds was isotopicalgbelled in each treatment, with a fifth control treatment
containing ndabelling (Table 2). The four N compounds were suppliedthe same concentration

to every seedling proportionally to the three bioavailable N pools found in intensive agricultural
environments~33%inorganic N (N©@and NH*), ~33%DON (alanine), and33%synthetic N (urea).

Table 52. Nitrogen teatments for each of the thre&. hirsutumvarieties included irthis study. The total N
concentration of all solutions was 2.95 mmol N with approximately 1 mmol N'lapportioned to each of the
three plantavailable N pools outlined in this study: mineral N, synthetic N and DON.

N Treatment Nitrate Ammonium Urea Alanine

PlantAvailable N Pool: Mineral N Mineral N Synthetic N LMWDON
Nitrogen Isotope Purity: 99.8%'5N 99.5%'5N 99%15N 99%15N
Carbon Isotope Purity: - - 98%!13C 99%!13C
Concentration (mmol N£): 0.61 0.35 1.00 1.00
Concentration (mmol C1): - - 0.50 3.00

0 Unlabelled Unlabelled Unlabelled Unlabelled

1 15N-Labelled  Unlabelled Unlabelled Unlabelled

2 Unlabelled 15N-Labelled Unlabelled Unlabelled

3 Unlabelled Unlabelled 15N-13GLabelled Unlabelled

4 Unlabelled Unlabelled Unlabelled 15N-13G-Labelled

5.2.2 8 Plant Dosing and Processing
Once plants reached a twto four-leaf stage, the rhizotube pots were injected with 2 ml of solution
at three points around the root base, with special care taken to avoid injecting into any roots. 2fig.
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Plants were then placed in direct sunlight foeir allocated uptake period (5, 60 and 180 minutes).

After the treatment times had elapsed, plants were carefully extracted from their pots, thoroughly
washed of substrate, bagged, and placed on dry ice; (§Qo halt metabolism. Plants were

transfered to ovens to air dryat 40°C) completely at the end of each day. Dried samples were
weighed and ground to a fine powder usinga®dah f £t ® DNR dzy R &l YL}#GSand 6 SNB |
115N usingisotope ratiomass spectrometrylRMS) at the Research School of Biology at AU
Canberra, ACT In total, 450 seedlings were analysedomprising 10 replicates each of 45 unique
treatments: five N treatments, thre&. hirsutunvarieties, and three isotope exposure times.

uptake glasshousexperlment(A) Injection of rhizotube wit
N solution. Careful attentiowas paid to not inject solutic
directly into the plant(B)Extracted and cleane@.hirsuturr
seedling. Once cleaned, seedlings were bagged and pla
dry ice (Ce¥) to halt metabolism.

5.2.3 0 Data Processing

Understanding and processing isotope data can be challenging, with few clearly written guides
available for or methodological communications pitched &eginners. This may be a product of the
stable isotope research community generally consisting of experienced academics, with mass
spectrometers expensive to own and operate and commonly inaccessible to juniarchees (this
experiment cost more than half tiist K 5Srés@arch budget). In response to thisparentgap in the
publicly available documentatioof stable isotopeprocessingthere follows herea brief workflow

guide explaining how isotope data is processed and interpreted.

2 KSy dzaAy3a Lwa{ RIGFIZ A&a2d(d2L) o+tdSa OFy 68 SEL
NB LJ2 NIl SRA fF @ GHILISNIG & LIS NJ i K2 dz& | ydhube DnitLa MaskFeagtiord y 0 S
(X Chalk et al., 2014pelta values are reported with referemt¢o a standard that could be a natural

reference standard like atmospheric, Mr the Vienna Pee Dee Belemnite (VPDB), or to the
experimental control. Delta values are most appropriate when reporting small deviations in isotopic

ratios, like the natural faictionation processes that happen in C3 plants Gkenirsutum(Chalk et al.,

2015) Absolute Mass Fractions or Atomic Percentages are appropriate when reporting large
deviations in isotopic fractionatiorsuch asvhen using isotope labelled compounds to deliberately

skew ratios.
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In this experiment, datwas received from the IRMS as relativeN andt 1*C per mil values; however,

due to the large shifts in isotopic ratios derived from the artificially labelled fertilisers, absolute units
would be a more appropriate way to report the findingercentage fertiliser uptakevas chosen as

the most informativefinal reporting metric, but these data could be presented in several formats. The
process of transposing relativé®N andt °C values to absolute percentage uptake values is described

in Figue 5.3 and Equations 5.1, 5.2, 5.3 and 5.4. All equations listed below were used for both N and
C calculations, with th®N and*N equation pronumerals substituted withC and’C respectivelyn

the C calculations.

L M p| B3 IXEN)| 9 | %NDFT £ | m(*N)er. | E3 | % Fert!®N Uptake
15N Relative 15N Mass %?*5N Derived Mass!5N Derived Percentage of Added FertiliséPN

Abundarce | 5.1 Fraction 5.2 | from Transfer | 5.3 from Fertiliser 54 Taken up by the Plant

Figure 5.3.Four step calculation of absolute value percentage fertifi@ruptake from IRM®utput of
relativer @I f dzSa @

1.
s 2 . O—p 7t 1P
1 .
p 2 . D—p 7t P
Equation 5.1.Calculationof mass fraction (X) from relatve & 2 G 2 LJA O S y ROy BOL 1178
and R{SN)standard: 0.00367647.

b .1 OT%HBAAOO ps ) 8
b .1 0I%BAAOO PP 8

P. $&4 pmTb

Equation 5.2 Calculation of percentagd derived from transfer (%NDFT) from mass fractions (X) of sar
isotope label, and cultivar variety control *3K(Jabei= %°N Purityabel and XN arietycontrol= 6 H**N@ontrol) = N,
where n = number of replicates (alygl10 in this experiment).

i &ADO b. $&4 01 AT 601 A.O

Equation 5.3.Calculation of the mass of fertilis&iN taken up by the plant using %NDFT, plant dry
(grams), and plant percentadé

" o
b&A® D OAEA— SRR
&ADOBSDO i &ADO , AAAT POOOE®U; g -

Equation 5.4.Calculation of percentage fertiliséPN uptake by plant using molar mass {Mof 1N
(15mg mmot?), percentage purity (%Purity) of isotope labels (32®%), N concentration (mmaoh)l.and
volume (L).

5.2.4 d Data Analysis

The majority of statistical analyses were performed i(RRCore Team, 202Q0%ing code written by
James Latimer and MaHarrell Additional to base R, several packagese usedncludinglmerTest
for constructing linear mixed effect models (Kuznetsova et al., 2017¢mmeansfor calculaing
estimated marginal (leastquare$ means(Lenth, 2@0), lubridatefor date-time format modification
(Grolemund and Wickham, 201 Qgscifor figure creation(Xiao, 2018)andtidyversefor a range of
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additional applications (Wickham et al., 2019)Some analyses weralso performed using the
statistical software packagédMP (Jones and Sall, 2@). Based on the high replication of this
experiment (n = 10), estimated marginal means are reported instead of sample means.

5.3 0 Results

5.3.1 8 Growing Phase

The washed and pasteurised sand used as the growing medium was analysednuBieghantar
VarioMAX CNS elemental analyserensure that total N and total C concentrations were negligible
prior to planting (Table 2).

Table 52. Total C and total Nin washed and pasteurised sand growing mediprior to planting(n = 5).
Negligible soil nutribn ensuedthat the supplied nutrient solutions were the sole source of root nutrition.

Parameter Total Nitrogen Total Carbon
Mean Value: 0.00313 wt. % 0.02992 wt.%
Standard Deviation:  0.00038 0.00265
Standard Error: 0.00017 0.00118

The threeG. hirsutunvarieties did not exhibit uniform germination characteristics (Fig. 5.4). The two
commercial cultivarg, Sicot 746B3F and Sicala ¢ 2howed similar rapid germinatiotiree to five

days after planting, a product of generational selective breedinglandrace accessiofx displagd

much slower germination characteristics, but still reached a comparably high germination rate after
three weeks.Upon conclusion of the experiment, th8icot, Sicala and Twarieties achieved
germination rates of 88%, 97% and 86% respectively.

100%

5 90%

= 80%

.E 70%

£ 60% .

& 50% - Sicot 746B3F
= 40% Sicala V2

L 30%

o

10%
0%

1234567 8 91011121314151617181920212223242526
Days After Planting

Figure 54. Germination percentage for each of the thr@e hirsutumvarieties: Sicot 746B3F, a GM curre¢
commercial cultivar; Sicala V2, an obsoleterGM canmercial cultivar; and Tx Ill, a Guatemalan landr:
accessionn =720seeds

5.3.2 & Nitrogen Uptake

When added concurrently, NQONH*, urea (CEN,O) and alanine @E/NGy) were all rapidlyutilised
by the threeG.hirsutumvarieties (Fig. 5.5). After 180 minutes, the average plant uptakeach N
speciesvasbetween143 +1.% and 25.1+ 1.9%o0f added fertiliser NFig. 5.6 Table 5.3 Neither
total nor speciated N uptake were statistically different betwetre three G. hirsutum varieties
(p=0.20; p=0.47). Differences in totalN uptake from the different N specieseve significant
(p<0.001). After 180 minutes, the uptake of N{dN and alanine N were not statistically different
(p = 0.77). Neither were NH'¢N and ureaN (p = 0.11). The uptake of alanineN and urea N
represented the only uptake difference between the varieties, amde statistically different in the
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landrace acceson Tx Il (p < 05) but not the two commercial cultivars (p0.58). Uptake of NN

and alanine N, and N@¢N and NH'¢N were both statistically different across all varieties (p < 0.01),
while NQ¢N and urea N were not (p = 0.63). All three G. hirstium varieties showed a small
preference for inorganic N (NGand NH*) over organic N (alanine and urea), with respective mean
uptakes of added N 20.2 0.04% and 18.3 0.04% for the two N pools.

Sicala Sicot Tx
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Figure 55. Speciated N uptake after 180 minutes (nomirfal) eachG. hirsutumvariety. Sicot 746B3F
Sicalav2 and TAll. The four N specieBlQs, NH, urea (CEN20) and alanine @EFNQG) were added
concurrently.
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Figure 56. Nitrogen uptake after 180 minutegnomind). (A) Soeciatedaverage N uptake for all varietie:
Speciated N uptakeasnot statistically different between the threg. hirsutumvarieties.(B) Total N uptake
for eachG. hirsutumvariety. Nitrogenuptakewasnot statistically different between the three varieties.
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Table 5.3.G. hirsutumestimated marginaimean uptake oiN species after 180 minutes of exposure. Values
reported asdper cent of addegl+ standard error.

Nitrogen Species Mean Uptake
(per cent of addedl
Alanine 14.3+ 1.9%
Ammonium 16.6+ 1.9%
Nitrate 251+ 1.9%
Urea 222+ 1.9%
Inorganic N (N©+ NH) 20.9+ 3.8%
Organic N (alanine + urea 18.3+ 0.38%

Uptake of all N species presented as linear over the 180 minute experiment window, suggesting
order kineticsover this timeframe Supplied N was taken up at rates of 8.6% of added fertiliser N
per hour, equating to 0.22.11mgN hour? (Table 54).

Table 54. Linear N uptake rate of eadartiliserspecies for average of all thr& hirsutumvarieties(n = 90)

. . Uptake Rate Uptake Rate .
Nitrogen Species (% uptake per hour) (Hours for 100% Uptake Fit ()
Alanine 4.6% 21.7 0.997
Ammonium 5.4% 18.6 0.997
Nitrate 8.1% 12.3 0.994
Urea 7.1% 14.1 0.973

5.3.3 d Carbon Uptake

Alanineg C was taken upnearlyover the 180 minute windowy allG. hirsutumvarieties similarly to
alanina N (Fig. 5.7)There were no statistically significant differences in alanifeor alanine N
uptake between the thre&. hirsutumvarieties (p=0.73). C and N wre taken upin aconsistent ratio
of approximately0.321 (Fig5.8).
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Figure 5.7. Average #anine uptake of all G. hirsutum varieties over the three sampling interval
(A)Alanina N uptake (B)Alanina C uptake
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Figure5.8.Alanina Cuptakeagainst alanine N uptakeplotted as fraction of initial concentratiarEquation
describes the linear regressitrat is plotted in black with %&confidence interval in grey. Data point shap
denoteisotope exposuréimesin minutes.The uptake of alanimeC and alanine N arehighly correlated
(r?=0.92,p <0.002.

Theuptake of urea C is the only measured element rtotexperience consistent linear takeo over
the 180 minute experiment window (Fig. 5.@ver the full 180 minutes,acorrelation was found
between urea C uptake and variety or ureaN uptake (p=0.96; Fg. 5.10. Internal plant urea C
concentration rose over the first 60 minutes, and then fell back to almost zero bgrttieof the

180minutes.

0.60 1
0.551
0.501
0.45 1
0.40 1
0.251
0.201
0.251
0.201
0.151
0.107
0.051

Mitrogen Uptake (fraction of initial)

0.001

(A)

——

==

(B)

L5 [ s T [ s Y Y o I ]

Bt = N S I T O S | B 5 [y )
=]

()]

LoDoooD0D oD D0

=
==
=]

r0.05

r0.00

[

Time (minutes)

B0

180

5 G0

Time (minutes)

180

(|emul jo uoioely) axeldr uogles

Variety
Sicala
& Sicot

& Ty

Figure 5.9 Average urea uptake of aB. hirsutumvarieties over the three sampling interval8) Urear N
uptake.(B)Urear C uptakewhichdoes not increase consistently over time.

The full data set from this experiment is published and accessible on the CSIROLAResand
Farrell (2020)
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Figure5.10. Urear C uptake against uraaN uptakeplotted as fraction of initial concentratiorEquation
describes the linear regressitirat is plotted in black with 9&confidence interval in grey. Data point shap
denote isotope exposure times in minutéreaN and ureaC uptake do not correlatever the whée

180minute experimental window{k 0.001, p= 096).

5.4 0 Discussion

5.4.1 8 Direct Plant Access of Soil Organic Nitrogen

In recent years, studies have shown that a wide variety of plants can take up organic N, including: trees
(Gruffman et al., 2014; Gruffman et al., 2013; Leberecht et al., 2016; Li et al., 2016; Liu et al., 2017; Liu
et al., 2018; Wei et al., 2013; Wei et al., 2Qgtpsses and sedgédiang et al., 2Ib; Moore et al.,

2018; Robinson et al., 2011; Vinall et al., 2012; Xu et al., 20@%ses and lichen®ahlman et al.,

2004; Moore et al., 2018; Song et al., 2Q1klits (Dion et al., 2018; Zhou et al., 201&hd broadacre

crops including wheat, maize, chicory and lupji®ran-Zuloaga et al., 2015; Nasholmadt, 2000a;

Saia et al., 2013The experimenpresented in this chapr expands the list of plants known to take

up organic N to include commercial cottd@. (hirsutun), a highvalue high-input pillar crops.

This experimenshows thatLMW soil organic N can be a source of nutrition émmmercial cotton
(G.hirsutum). Building on these resultsit is not unreasonable to assume that LMW SOM comprises a

YSIYAYy3ITdd LRNIAZY 2F 1 dAGNIEAFY ANNAIFGSR 0262

its N from the soil(Macdonald et al., 2017and that organic N is a major s®l poolin most
agricultural soilgFarrell et al., 2011; Prendergadiller et al., 2015)However,as this experiment was
not designed to emulateeatworld conditions further soitbased glasshouse aimsitu experiments
will be required tocomment further on thisThis experiment also demonstrates th@at hirsutundoes
not exhibitany extreme uptake preferences between the fouspcies added. All four N species were
taken upconcurrently rather than sequentially, suggesting that cottondsvery selective about the
form in which it receives N. All thre@. hirsutumvarieties exhibited a small preference foaorganic

N (NQ and NH*) overorganic N (alanine and urea), withspectivemean uptaks of the two N pools
20.9+0.04% and 18.80.04% of added N.heseresearcHindings areconsistent withthoseobserved

in Australian sugacane Gaccharum officinaruni), which is produced in high-input systems
comparableo Australian irrigated cottonSimilarly to theresultsdiscussed in this chapter, sugarcane
has beershown to readily take up soil amino acidgich can constituta significant source of N for
commercial cropgRobinson et al., 2011; Vinall et al. 120
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TheG. hirsutunplants used in this experiment were grown from seedashed and pasteurised river
sand. While thismay not have completely eliminatednycorrhizal fungi from the growing
environment, it will most likely have significantly diminished their presence and role in plant N uptake.
This experiment did not test fomycorrhizalactivity, but it is acredible assumptionthat the

G. hirsutumseedlings took up the majority of the alanin&l and urea N without the aid of symbiotic
mycorrhizafungi (Adamczyk et al., 2008; Chapin Il et al., 1993; Kielland, .1994)

5.4.2 d Organic Carbon Uptake Mechanism

Similarly to alanine N, daninet C was taken up linearly over the 180 minute window by all
G.hirsutum varieties The consistent internal seedling®CI°N ratio of 0.32:1 suggests that
approximately32% of the alaning N taken up was in the form of whole alanine moleculdsny
other studies have already demonstrated the intact uptake of the LMW DON molecules &ldiline
and Jones, 2018arginine(Gruffman et al., 2014)glycine(GalletBudynek et al., 2009)acetate
(Moran-Zuloaga et al., 201%8)nd trialaning(Farrell et al., 2014 ps well as plant consumption of whole
proteins andmicrobes(Adamczyk et al., 2008; Hill et al., 2013; Paungdfoohienne et al., 2010but
never before inG.hirsutum While t is possible that the alanineC taken up was not in the form of
intact alanine functionally this isindistinct from intact alanine uptake (Fig. 5.1The majority of
alanina N taken upwvasnot associated witlalanina C, suggesting that extracellular deamination is
the dominant alanina Nuptake pathwaylt is also possible that all absorbed alaning was as whole
alanine molecules, and that approximately%8f the alaning C was subsequently expelled post
intracellular deamination. Regardless, these ressitggesthat at leasst some alanine was taken up
whole.

In the early stages of growtimuch N taken up from the soil is typicalilgnsported to the leaves to

create proteins like Ribulosk5-bisphosphate carboxylase/oxygenase (Rubisadler et al., 2008;
Perchlik and Tegeder, 2018jaking up intact amino acids and transporting them whole may provide

a biochemical energy advantage over taking up inorganic N and assembling amino acids from it. This
should be explored further, withrevious studies already confirming that high organic N uptake can
alter plant internal N distributiorfVinall et al., 2012)

Urear C uptake did not follow the samlinear trend observed in the other N and C speciét)
internal plant urea C concentration increasing over the first 60 minutes and subsequently falling to
almost zero by 180ninutes. This was true for all thre&. hirsutumvarieties, with no significst
differences between them (p = 0.349)ne possible mechanistic explanation for this behaviour would
be the intact uptake of some urea, followed by intracellular ammonification and subsequent expulsion
of the urea C as C@® This mechanisrmanbe loosely described by a polynomial model with peak
ureag®*C content occurring approximately 90 minutes after dosing (Fig. 5.12). During the first
60 minutes, urea C and urea N uptakes do correlate (p=0.013), suggesting that the iact uptake
theory has some merihowever,upon further interrogationthe relationship appear®nuousat best
(Fig.5.13). While the dominant urea N uptake pathway appears to involve extracellular
ammonification, there is likely additional complexand this should be explored further in future
experiments.
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+— EXTRACELLULAR + —————— RHIZOSPHERE / EXTRUDATE It INTRACELLULAR——
OPTION A: Partial extracellular deamination, whole alanine and ammonium uptake.
<

+ +*
Alanine L NADH +H Pyruvate

H3C\ //O H3C\ IO
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OPTION B: Full extracellular deamination, no alanine uptake, pyruvate and ammonium uptake.

NAD* NADH + H*

H,C Alanine H.C Pyruvate
N/ 5 2' ) N/
H u--)C—C\ =+ H,0 NH,” + C—C

H,N OH Deamination O//’ \OH
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OPTION C: Decarboxylation to ethylamine, no alanine uptake, ethylamine and ammonium uptake.
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OPTION D: Intact alanine uptake only. Intracellular cleaving, rejection of pyruvate and carbon dioxide.

H,C_Alanine 0 \ HsC_ Ethylamine
Huc— p——— O, + HinC—H
H,N OH] Decarboxylation H2N4
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) /'JH
H,C_Alanine o \ AT H.C PYruvateO
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Figure 5.11Four mtential alaninet N and¢C uptakescenariosExperimental resultsuggest the majority of
alanine Nis taken up as an amine functional grogptentially NH*, which would likely mean extracellul:
deaminaton. Alaning C uptake suggests that up 32% of alanine N was taken upas whole alanine
molecues Actual uptake behaviour may be a combinationnone of these optionsAlaDC is an abbreviatio
of the enzyme alanine decarboxylase.
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G.hirsutumvariety as a percent of added urea C. Sample means plotted with standard error. A poter
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Ureag3C =-2.9210%x?b  p dtx T Datapoints have beehorizontallyoffset in figue to show error bars
more clearly, with actual points existing at concurrent time intervals.
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Figure 5.13Urear C uptake against uraaN uptakeover the first 60 minuteplotted as fraction of initial
concentration. Equation describes the lineggressiorthat is plotted in black with 9&confidence interval ir
grey. Data point shapes denote isotope exposure times in minutest Bread urea Cuptake correlate
during the first 60 minutes athe experimental window (p< 0.0125); however, therelationship appears
tenuous (f=0.185).

5.4.3 6 Management Implications

Increasing SOM in Australian cotton systems would provide many tangible environmental, social and
financial benefitdo the industry(Coutts et al., 207). These includ@mproving soil physical properties

like aggregate stability, bulk density, and water holding capdgityned et al., 2019; Li et al., 2020)
improving soil chemical properties like acid neutralising capacity and cation exchange capacity
(Murphy, 2015) increasing @il microbialfunctionality anddiversity(Guggenberger et al., 1999; Ozlu

et al., 2019) and sequestering atmospheric(Rinasny et &, 2017) Likely flowon effects from the
improvement of these factors include yield increases, improved resilience during drought conditions,
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and improved brand recognition and industry perceptigvhen SOM forms (immobilises), it does so
from inorganc N in the soil. lbnesubscribed to the model of NGnd NH* constituting 100% of plant

N uptake, then this shrinking of the inorganic N pool would suggest a reduction ingMaitdble N

that would be counterproductive to maximising yields. Howevkis experiment and the existing
body of organic N uptake literature suggests that some of this SOM would remairapiifable,
especially the LMW DON fracti¢g@hapin Il et al., 1993; Kielland, 1994; Nasholm et al., 2008y
indicates that growers could potentially achieve all of the benefits associated with increasing SOM
without sufferingthe yield penalty of reducing plasvailable N.

The wider adoption of organic amendments as fertilisers should be considgrée industry(Ma et

al., 2020) The economic efficiency of this policy would be improvedthigingexisting waste streams
either from within the Australian cotton industry like turning gin trash into biochar or fertilisers
(Ghosh et al., 2011; Lee, 202®)r from other industrieslike using livestock or human waste streams
(CRDC, 2019d; Magwaza et al., 2020; McCabe et al., 20203upplementation of synthetic fertilisers
with organic amendments is already commonplace in Australian cotton production systém80%6

of growers using some kind of manurethe 201819 seasofCRDC, 2019alhis suggests that many
growers are already considering the organic complexity and health of their soils, and would be
receptive to more targeted industry engagenten this area.

Outside Australian cotton, maragricultural enterprises are moving away from the industrial farming
model ofmonocultures withheavy synthetic fertiliser reliance, as demonstrated by the steady rise of
organic farming(Oehl et al., 2004; Reganold and Wachter, 2016; Tuomisto et al., 201R)
conservation agricultur¢dBhan and Behera, 2014; Busari et al., 2015; Hobbs, 2007; Kertész and
Madarasz, 2014)nterest in these new farming paradigms is not typically a response to new oNgjanic
plant uptake research, but rather to factors like land degradation and declining flieid®t al., 2010)

or social and economic pressures from changing consumer demograptugsreerences(Lea and
Worsley, ®05; Lea and Worsley, 2008; Lockie et al., 2004; Malek et al.,.2R&8ardless of the
motivations, these alternative farming practicemmmonlyresult in improvedsoil healthoutcomes
(Mahajan et al., 2019; Ozlu et al., 2019; Sarker et al., 20h®) Australian cotton indury is likely
incompatible with many aspects of theakernativesystemsput much could be leamd and adopted
from their SOM management practicelf. the Australian cotton industry is tappreciably and
sustainably increase SOMwill alsoneed to adopt more deliberate P and S management strategies
to complementits N and C policiegirkby et al., 2011)

5.5 d Conclusions

This experimenhas shown thaG. hirsutuncan rapidly and concurrently accebg® DON inorganic

N and synthetic N soil chemigadols. While all N species were taken up, total N uptake from each N
species was different (p <@@1), thus rejectingthe first hypothesisG. hirsutumexhibited a smal
preference for inorganic N (NGand NH") over organic N (alanine and urea), with respective mean
uptake of 20.9t 0.04% and 18.3 0.04%of added Nfor the two pools. Urea N and N@t N were
taken up more than alanimeN and NHT N. The consistent uptakeatio of alaning C to
alaning N of 0.32:1 indicates that some alanine is likely taken up intact by the plan0.(91,
r2=0.923). The second hypothesis can thereforabeeptedUrear C uptake did not follow the same
linear trend as was exhibited bghe other measured chemical species. Over 180 minutes, no
correlation was found between ureaC uptake and ureaN uptake (p=0.92), indicating that urea
undergoes extracellular ammonificatipand necessitatinghe rejection of the third hypothesis.
Ureat C and urea N uptake didcorrelate over the first 60 minutes §0.013), following a potential
polynomial trend but this relationship is tenuous, and requires more data before it should be given
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too much weight.Total and spciated N uptake were not statistically different between the three
G.hirsutumvarieties (p=0.53), leadingthe fourth hypothesigo be accepted

Increasing SOM in Australian cotton systems represents a triple bottom line opportunity for the
industry, am would provide many tangible environmental, social and financial ben€fitavers have

the potential to improve soil parameters, sequester atmospheric C, improve drought resilience, and

boost the industryQ &eputation without necessarily decreasing plaatailable N. The Australian

cotton industry should consider adopting more targeted SOM policies, and encourage growers to
consider SOM when budgeting crop N requirements. Organic waste streams from within or outside

the industry nay provide coskeffectiveorganic fertilisers for the industry, and this should be explored

further. This experiment was not designed to emulate natural conditions, but rather to assess the

LI I yiQa OFLIoAftAGASE YR LINBTSNBYyOSa dicatekn'ss f 23A 0O
experiment in natural systems.
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Chapter 6 8 Conclusions

6.1 0 Improving Precision Agriculture and Environmental Performance

The Australian cotton industry is an archetypal example of precision agriculture in action, having
achievedsignificant efficiency gains in yield (kg lint*hand water use (kg lint M) over the past
50years through sustained research and development investmeRtJE has notxperiencedthe

same gain®ver this period, which théndustry has identifiecand is takingsteps to improveThis

thesis constituts acomponent of theAustralian cottorh Yy R dz@rogkeBs@oivardemproving NFUE.
Improving NFUE can create tangible benefits for the industry and its grower constituents.
Economically, it can save growel® cost of wasted fertiliser, and reduce yield discounts that can
arise from N oveapplication. Environmentally, it can reduceNGHGemissions, increase soil
Cstocks, and reduce N accumulation at depMmd ®cially, it can help to grow Australianitai 2 y Q &
reputation asa global leader in efficient agricultural productjand build its public profile and brand
recognition.

Four research questions wedeterminedto assess and address some of the deficiencies of current N
management in the Australiacotton industry. These were:

1. How effective are current Australian irrigated cotton fertigation practices at delivering
consistent N tothe field, and what management levers can be identified to improve
outcomes?

2. How does N runoff vargpatially and temporally at sulield and intrairrigation scales
respectively? Additionally, can this increased resolution be used to identify specific
mechanistic drivers of N runoff?

3. What is the residence time of dissolved N in irrigation water, and thoes it vary across the
farm environment?

4. Which chemical N species can commercial cot@nHirsutun directly take up, and what
preferences does it exhibit when given a choice? Furthermore, have genetic engineering and
selective breeding practices alest these characteristics from a baseline of the native
G.hirsutumlandrace accession?

The questions were answered in sequential chapters with a strong focus placed on relating findings to
on-farm management practices.

6.2 0 Research Findings

Chapter2 addressedhe first research question, exploring how effectively current Australian irrigated
cotton fertigation practies deliver N to crops, and what management levers can be identified to
improve outcomes.Aqueous N application is increasingly popular irstfalian irrigated cotton
production systems, despite limited data describing its efficAdye chapterposits that in-field
aqueous Ndistribution is typically uniformwhen N supply is consistent, but that achieving this
consistermy is difficult. Poor uea tank management, inconsistent irrigation channel network mixing,
and the colourless nature of dissotVBl are all factors contributing to poor fertigation resulté/hen
applying aqueous N, growers need to calculate nutrient budgets similarly to wadgetsiflow rate,
exposure time, andN concentration are all important metrics to monitor and record if accurate

N accounting is to be accomplisheciurrently low urea prices and an absence of legislative restrictions
has fostered poor N management amongumy Australian cotton grower3he industry context will
inevitably change when fertiliser prices eventually increase and legislation governing N use is
AYGNRRAZOSR® 2 KSyYy GKA& KILWLISyasz AYLNRQGAY3 bCl!9 ¢
(and hopefully, triple) bottom line considerations. More immediately, pooapplication uniformity
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can diminish crop yieldsncrease GHG emissions, amehativdy affect soil health, which are very
real, current incentivedor practiceimprovement.

Chapter3 addressesthe second research question, exploring spatial and temporal N runoff at
subfield and intrairrigation scales. fgnificant surface runoff N is being generated in alternate furrow
irrigated cotton systemsThis N runoff is typically cafured and recirculated in Australian irrigated
cotton systems, minimising the potential for eutrophication of proximal waterses; however it can

still volatiliseor become deep drainage during recirculation, repregamé loss of soil nutrients and
wasted fertiliser.The experimental results presented in this thesis show tlistithrgel N and other
solutes decrease over time both within and between irrigations, with most N runoff generated at the
beginning of the season, and few losses occurring #fieerthird irrigation.While some N is leached

by water passing longitudinally down a furrovhet key mechanism driving these losses is lateral
leaching through the hill by irrigation water passing from the irrigatedthe alternatefurrow.
Leached nutri@ts are then predominantly discharged from the alternafierrow. Efforts to mitigate
theselossesshouldtarget the lateral leaching mechanism, with a possible solution in the adoption of
extrawide beds.By eliminating the alternatéurrow, potentially leached soil material is unable to
freely flow from the field, and will be largely retained in the soil profile. Fertigation washtsen to

be a major contributor to N runofin these systems

Chapter 4 addresses the third research question, exploriegrésidence times of dissolved N in
irrigation water.Urea is the most commonly wateun nitrogenous fertiliser in Australian cotton
systemsThis chaptedemonstrates that ureanineralises quickly when dissolved in irrigation water
and that the rate of urea mineralisatiois influencedby soil exposure, temperature, and initial urea
concentration.Translating tathe farm environmentthis suggests thamineralisation will bemost

rapid when uredaden water is travelling down furrows, as high soil interaction and water
temperatures produce high urease exposure and activity. Conversely, storage dams and irrigation
networks should experience lower urea mineralisation rates thuehe deeper waters reducing
temperature and soil interactiorExperimental results showed thaignificant mineralisation occurs
within the first 24 hourswith little urea remaining in the water column aftesevendays.TDN in the
water column begins tdall approximatelyfour to eight hours after dissolutionmarked with an
increase indenitrification. Urea concentration in irrigation water can be well generalised over seven
days by a mathematical model, allowing growers to estimate aqueous N condengat irrigation
water at different temperatures. NOand NH' concentrations were also reliably generalisable,
providing growers with predictive tools for them as welbpefully hese data and predictive toolsll

help the Australian cotton industry improve NFUE when fertigating, and be applicable to many
agricultural contexts outside this industry.

Chapter 5 addresses the fourth research question, exploring the N uptake capabilities and preferences
of cotton (G. hrsutum). Cotton receives the majority of its N from the soil, rather than directly from
added fertilisers, with the prevailing wisdasuggestinghis to be solely in the inorganic forms of NO

and NH*. This chaptedemonstrates thats. hirsutumcan directly take upLMW DON in addition to
inorganicN. G. hirsutumwas observed concurrently taking up alanind, urea N, NQT N and

NH:t N, revealing no exclusionary hierarchical preference between the different N sources. Within
the four tested N species,minor preference for N@t N and urea N was observed. AlanineC was

also takerup by the experiment plantproportionally to alaninge N, suggesting that some alaniige
taken upas whole moleculed he results presented in this chapter suggest thateasing soil organic

N at the expense of more chemically reactive inorg&hinay not negatively affect plaiaivailableN.

This would mean thathe benefits of hcreasing SOMuch asmproved aggregate stability, water
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holding capacity, cation exchangmpacity, and atmospheric C sequesteritmuld be achieved
without a yield penalty.

6.3 0 Management Recommendations

This thesis aimed to provide new information and management tools to improve precision agricultural
practices and environmental performanitghe Australian cotton industneveratecommendations

for managemenpracticechangehave beemmadebased on the experimental findings presented in
this thesis and ardisted here

1  When fertigating, growers should carefully consitlegir operationd processes to maximise
application homogeneity. If using urea tanks, growers should ensure the tank is properly
mixed before discharging, and that the discharge rate is consistent (or at least predictable) by
using flow regulators like header tanks.

1 Conentrated N should be added to the irrigation water as close to the site of application as
possible to mitigate the effects of heterogeneous network mixihly is supplied to irrigation
channels an appreciable distance from the site effeéfd applicatim, consideration should be
IA0Sy (2 GKS OKIyyStQa YAEAY3I LINRBTAf SO

1 Once growers are delivering a consistent N concentration to the field, they shalddlate
nutrient budgetsby recording tbw rate, exposure time, and concentratiofhese will
facilitate more accuracy in achieving N rate targets, and improve NFUE.

1 Growers who use alternate furrow irrigation (the majority Afistralian cottongrowers)
should onsider adopting extravide bedsto replacethe existingalternate-furrows. This
switch would require minimal management change (same watering and controlled traffic
regimes, machinery spacing, etc.) while larggigninating the loss pathwayandcould save
10-15% of applied prseason fertilisefrom being transported into the tail drain.

1 When fertigating, growers shouldtry to be economical with water application, ideally
minimising tailwater runoff deep drainage and water-logging. Input fertigation N can
O2yaidAaitdziS I aA3ayAFAONyld LINE L¥WdNdakiggyuringaF |+ &S|
single irrigation event. Nitrogen runoff during a fertigation event can easily exceed
15kgN ha?. For 1000 hectares of cotton and a urea price of $400 per tonne, this equates to
$13,000 worth of fertiliser per irrigation event flowingarthe tail drain

1 Growers should attempt toecirculatecapturedN-rich runoff as soon as possiblespecially
when fertigating After 24 hours28-40% of dissolved urdartiliser can mineralise, increasing
to 88-96% after seven days.

9 Total N losses from the soil and water columns increase signifidamttyfour to eighthours
after urea fertiliser dissolutionlikely the result of increasing denitrification. Growshould
ensure that Nrich irrigation water is on the field after thisme to minimise gaseous
emissions.

1 Growers should caider building uptheir SOM storesin order to produce sustained SOM
increases, sofl; N, Pand Sall require deliberate management.

6.4 0 Future Research Recommendations
There is significanpotential for new researchto build upon the findings presented in this thesis.
Recommendations for continued research in this field include:

1 Developing a methodo track aqueousureat N or TDNin real time. Core difficulties of
fertigation managementare that dissolved N is colourless, atitht existing reatime N
monitoring tools do not measure ureaN. ldeally, continuous datisggers would provide
reaktime TDN concentrations for the entire irrigationetwork As a proxy for direct N
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measurementa shortlived biodegradable dyeould be combinedvith the urea concentrate
to provide growers with a sufficient visual aid to help gauge mixing.

9 Assess the ficacy of adopting extra-wide beds to reduce altmate-furrow N runoff.
Replacing the alternatburrow with an extrawide bedpresents as a effective potential
solution for eliminating the major N runoff loss pathway withoutrequiring significant
management changesch asonvertingto drip irrigation). However, no fieldexperimentsor
modelling studies currently exist to supporetehypothesisecadvantages

1 Expand the range of treatments included in urea mineralisation incubatiofrecluding
different soil types and initial urgaN concentations, as well as expanding the range of
temperatures would provide increased applicabiliby the data presented in this thesis.

1 Testureamineralisation ratesin the field. The quantitative predictive tools presented in this
thesis should beiseful for predicting fertiliser residence times in irrigation watdowever,
until they are testedvith in situfield measurementghey remain theoretical analogues only.

9 Test theN uptake preferences and capabiliti@$ cotton in soil. Theexperimentpresented in
this thesis @monstratedwhich N specie&. hirsuturrhas the potential tdake up A different
experiment performed in soisneededto demonstrate wich N specie&. hirsutundoes take
up under farm conditions

1 Test the N uptake preferencesnd capabilities of cotton at later growth stagesThe N
requirements ofG. hirsutumvary throughout its growth cycle, and it is possible that its
preference for different N speciedoes toa The experiment presented in this thesis was
performed on small sedlings, whose N uptake characteristics may not be represemstafi
GKS LY I yiQa SyAddiionsly, mdlBlingsémadialiah fative Gossypium
species (likeGossypiumaustrale in these experiments could yield valuable results in the
ongoing adaption of commercial cotton to the Australian climate

1 Assess the viability of convertingin trash into organic amendmentsAustralian cotton
growers would benefit from increased SOMtwuation, which could be encouraged with the
application of targeted organic amendments. Cotton ginning produces significant and
predictable organic waste streams that have the potential to be converted into organic
fertilisers andbiochars for use withirthe industry Thesewaste streams could also create new
revenue streams though conversion into activat@dr other productso be sold outside the
industry. 9 ELJ 2N} GA2y 2F 3JAYy (NI akKQa OAlLoAtAdGe & |
somedesktopstudies and batckaboratoryexperimentsthe outcomes of which would inform
future decision®n the suitability oscaled ugrials.

1 Optimal NFUE rates should be further refined for dryland systems and irrigated production
outside the Namotatchment.Australian cotton is grown ovenancreasingly disparat@ange
of landscapesind climatesDevelopment and extension effort should be put into ensuring
research from the ACRI and othastorical cotton growingegions is tanslatedinto target
values for different soils and climateShis will beuseful for2 LJG A YA &aAy 3 02002y C
geographic expansion, as well as preparing diimate chang@ &ffects on rainfall and
temperature patterns
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APPENDIXA 0 Surface Runoff Nitrogen Table

TableAL Irrigated- and alternate-furrow N runoff for all treatments by irrigation eveni/alues are reported ameankg TDNha' + standard error. Data is split intmtal runoff N (TRM

and field-derivedrunoff N (FDRN FDRN is calculated by subtracting input supply wateregative FDRN values occur where more N enters the field in irrigation water than runs off.

Values reported with * were wateun N fertigation events. Table data relates to Chapter 4, and is publisheatimer et al. (2020)

N Rate(kg N ha):

ACRi1

ACRi2

Moree

Gunnl Gunn2

0

78

182

252

35

240

310

370

250 150 250 350

Irrigated TRN 0.25+0.01 (n=9) 028+ 0.01 (n=21 0.34+0.02 (n=6) 1.79+068(n=6) 0.36+0.20 (N=3) 6.37+0.2(N=6) 4.65+053(n=5) 6.83+1.02(n=5) 0.87+0.10(n = 12) ) )
#1 Furrow FDRN 0.23+0.01(n=9) 026+0.01 (n=21 0.32+0.02(n=6) 1.77+068(n=6) 0.02+0.01(n=3) 5.65+0.53(n=6) 4.36x056(n=5) 6.22+131(n=5) 037+0.10(n=12)
Alternate- TRN 2.07+1.16(n=8) 4.62+0.16 (n = 21) 10.18+1.24(n=6) 11.90+1.19(n =6) 12.26+ 1.64 (n =3 4.86+0.48(n=6) 4.32+057(n=7) 7.95+1.77(n=9) 13.89+0.71(n =12, R R
Furrow FDRN 20.6+1.16(n=8) 4.61+0.16(n=21) 10.17+1.24(n=6) 11.89+1.19(n=6) 9.69+ 1.40 (n=3) 4.55+ 057(n=6) 4.19+058(n=7) 7.69+190(n=9) 13.67+071(n =12
Irrigated TRN . i . 0.17+0.06 (n = 3) 6.17+ 037* (n = 3) 6.50+0.33* (n = 3) 6.50+0.36* (N=3) 2.67+0.14(n=8) . .
# Furrow  FDRN 0.05+ 0.03 (n = 3) 0.94+ 037* (n = 3) 1.59+0.33 (n=3) 147+ 036*(n=3) 1.16+0.14(n=38)
Alternate- TRN R R R 5.18+0.77 (n = 3) 7.55+0.11* (n = 3) 6.03+0.37* (n =3) 8.09+0.00* (n=1) 8.22+0.55(n=7) R R
Furrow FDRN 3.54+0.08 (n = 3) 5.31+ 011* (n = 3) 3.93+ 037" (n=3) 5.95+0.00* (n=1) 7.57+055(n=7)
Irrigated- TRN R R R R R R R 14.00+0.76* (n = 9)14.75+0.79* (n = 6)13.49+ 0.51* (n = 6)15.41+ 035* (n = 6)
#3 Furrow FDRN -2.33+076* (n =9) -0.69+ 084* (n = 6) -1.95+ 057* (n = 6) -0.02 + 040* (n = 6)
Alternate-  TRN i i i i 051+0.04(n=3) 0.49+0.02(n = 3) i 12.33+0.71* (n = 8) 11.49+ 075 (n= 7.43% 022* (n = 6) 8.49%0.56" (n = 6)
Furrow  FDRN 051+0.04n=3) 049+0.@2(n=3) 5.33+ 071* (n=8) 4.88+ 078" (n=6) 0.82+ 025" (n=6) 1.88+ 058" (n=6)
Irrigated TRN . . . 0.02+ 0.00 (n = 3) ) ) ) 1.70£0.04(n=9) 1.90+0.00(n=2) 1.85+0.00(n=4) 159+ 0.01(n=3)
44 Furrow FDRN 0.01% 0.00 (n = 3) 0.24+0.04(n=9) 044+0.66(n=2) 0.39+0.06 (N=4) 0.13+0.66(n = 3)
Alternate-  TRN i i i 0.16+0.02 (n = 3) i ) ) 3.48+049(nN=9) 0.95+008(n=3) 2.14+0.00(n=4) 094%0.15(n=3)
Furrow  FDRN 0.11%0.02 (n = 3) 2.85+049(n=9) 0.33+010(n=3) 151+0.@(n=4) 0.32+017(n=23)
Irrigated- TRN . ) . } } : : 0.36+ 0.08(n =12) 0.32+0.04(n=3) 053+0.06(n=3) 0.33%0.07/ (n=3)
#5 Furrow  FDRN 0.01+ 0.08(n = 12) -0.02+0.04 (= 3) 0.09%0.05(n=3) -0.02+ 0.6 (n = 3)
Alternate-  TRN i i i i i i i 015+ 0.0L(nN=11) 0.19+0.Q1(n=3) 021+0.4(n=3) 0.17+0.8(n=2)
Furrow  FDRN -0.01+ 0.01(n =11) 0.02+0.01(n=3) 0.03+0.8B(n=3) 0.01+0.6(n=2)
Irrigated TRN . . . . 140+0.07(n=3) 0.89+0.09(n=3) 1.37+0.32(n=3) 0.51+0.05(n=10) 048+0.07(N=5) 0.46+0.10(n=5) 0.50+010(n=4)
46 Furrow  FDRN 025+ 0.07(n=3) -0.79+0.09(n =3) 0.90+0.2(n=3) 0.12+0.6(n=10) 009+0.11(n=5) 0.06+0.4(n=5) 0.10+ 0.4 (n=4)
Alternate-  TRN i i i i 1.07+040(n=3) 090+0.02 (N=2) 053+0.06(n=3) 021+0.01(n=11) 022+0.B8(n=5) 0.15+0.02(n=5) 0.18+0.01 (n=5)
Furrow  FDRN 0.61+0.40(n=3) 0.18+0.02(n=2) 0.33+0.6(n=3) 0.04+0.01(n=11 0.06x0.%¥(n=5) -0.2+0.0¢(n=5) 0.01+0.8B(n=5)
Irrigated TRN . . . i i i i 0.24+0.01(nN=12) 0.31£0.04n=4) 0.31+0.B(N=5) 0.41+0.15(n=4)
47 __Furow__ FDRN -0.10+ 0.01 (n = 12 -0.02+ 0.(6 (N = 4) -0.02+ 0.10(n=5) 0.07+ 0.17 (n = 4)
Alternate-  TRN i i i i 0.49+0.00 (n = 1) ) ) 0.12+0.00(n=12) 0.15+0.02(n=3) 0.13+0.01(n=5) 0.19+0.01(n=3)
Furrow  FDRN 049+ 0.00 (n = 1) -0.02+0.00 (n =12 0.00+0.B(N=3) -0.2+0.@(N=5) 0.06+0.®2(n=23)
Irrigated- TRN . } . } 0.93+009(n=3) 0.97+0.04(n=3) 1.05+0.04(n=3) } ) : ;
#8 Furrow  FDRN -0.05+0.09n =3) 0.10£0.04(n=3) 0.08%0.04(n=3)
Alternate-  TRN . . : : 056+0.16 (n=2) 056+0.02 (n=3) 044+0.04(n=3) : : :
Furrow  FDRN 0.14+0.16(n=2) 0.18+0.02 (n=3) 0.02+0.04(n = 3)
Irrigated- TRN . ) . ) 110+ 0.6(n=3) 1.05+0.07(n=3) 1.02+0.07 (n=2) . ) )
#9 Furrow  FDRN 0.10+0.66(n=3) 0.18+0.0/(n=3) 0.15+0.07(n=2)
Alternate-  TRN . ) . ) ) . 0.41£0.05(n=4) . } }
Furrow  FDRN 0.03+ 0.05(n = 4)
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