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AbstractAbstract 

A1ToxicToxic concentrationsconcentrations ofof solublesoluble Al inin thethe subsoilsubsoil decreasedecrease thethe yieldyield ofof wheatwheat growngrown onon manymany 
wheatbeltyellowyellow earthsearths inin thethe easterneastern wheatbelt ofof WesternWestern Australia.Australia. InIn ourour previousprevious researchresearch (Carr(Carr etet 

A1al.al. 1991),1991), wewe observedobserved variablevariable plantplant responseresponse toto highhigh concentrationsconcentrations ofof solublesoluble Al inin subsoilssubsoils 
ofof yellowyellow earthsearths inin differentdifferent regionsregions ofof thethe wheatbelt.wheatbelt. EnvironmentalEnvironmental conditionsconditions (e.g.(e.g. waterwater 
supply)supply) and/orand/or anan unidentifiedunidentified soilsoil mitigatingmitigating factorfactor maymay havehave contributedcontributed toto thethe variablevariable 

A1plantplant responseresponse toto solublesoluble Al inin somesome ofof thethe regionsregions studied.studied. 
wheatbeltWeWe collectedcollected tenten soilssoils fromfrom fourfour regionsregions ofof thethe easterneastern wheatbelt ofof WesternWestern Australia.Australia. InIn aa 

KC1glasshouseglasshouse experimentexperiment usingusing thesethese soils,soils, wewe studiedstudied thethe effecteffect ofof soilsoil solutionsolution andand KCI extractextract 
propertiesproperties onon wheatwheat growthgrowth underunder uniformuniform environmentalenvironmental conditions.conditions. TheThe concentrationconcentration ofof 
AlA1 inin aa 0·0050.005 MM KCI extractextract waswas ableable toto explainexplain 97%97% ofof thethe variationvariation inin rootroot freshfresh weightweightKC1 
ofof wheatwheat growngrown inin thethe 1010 soils,soils, eveneven thoughthough thethe soilsoil solutionsolution propertiesproperties werewere foundfound toto differdiffer 
markedlymarkedly betweenbetween regions.regions. ForFor example,example, 97%97% ofof thethe variationvariation inin rootroot freshfresh weightweight (RFW)(RFW) waswas 

[All InInexplainedexplained byby thethe totaltotal [AI] inin soilsoil solutionsolution extractedextracted fromfrom soilssoils inin oneone regionregion (Merredin).(Merredin). 
[Al]comparison,comparison, 58%58% ofof thethe variationvariation inin RFWRFW waswas explainedexplained byby thethe totaltotal [AI] inin thethe soilsoil solutionsolution 

extractedextracted fromfrom soilssoils collectedcollected fromfrom allall fourfour regionsregions studied.studied. 
[SO*]IonicIonic strengthstrength differencesdifferences andand possiblypossibly [S04] werewere thethe majormajor chemicalchemical propertiesproperties thatthat differeddiffered 

betweenbetween MerredinMerredin andand thethe otherother regionsregions studied.studied. TheseThese chemicalchemical differencesdifferences presumablypresumably 
A1alteredaltered thethe toxictoxic proportionproportion ofof Al inin thethe soilsoil solution,solution, andand hence,hence, thethe plantplant responseresponse inin somesome 

regions.regions. A1TheThe effecteffect ofof ionicionic strengthstrength onon toxictoxic Al appearedappeared toto bebe simulatedsimulated byby extractionextraction ofof 
0.005 KC1.thethe soilsoil withwith 0·005 MM KC!. 

IntroductionIntroduction 

DespiteDespite thethe factfact thatthat manymany highlyhighly weatheredweathered soilssoils havehave deepdeep soilsoil profiles,profiles, thethe 
chemicalchemical naturenature ofof thethe subsoilsubsoil cancan oftenoften restrictrestrict rootroot proliferationproliferation (Adams(Adams andand 
MooreMoore 1983;1983; RadcliffeRadcliffe etet al.al. 1986).1986). InIn general,general, thethe inabilityinability ofof acidacid sensitivesensitive 
speciesspecies toto penetratepenetrate subsoilsubsoil horizonshorizons containingcontaining highhigh concentrationsconcentrations ofof solublesoluble 
aluminiumaluminium andand lowlow amountsamounts ofof availableavailable calciumcalcium resultsresults inin aa decreasedecrease inin yield.yield. 
TheThe primaryprimary effecteffect ofof aluminiumaluminium toxicitytoxicity isis retardedretarded rootroot growthgrowth (Foy(Foy 1974).1974). 
However,However, restrictedrestricted rootroot penetrationpenetration isis notnot readilyreadily detectabledetectable fromfrom shootshoot growth,growth, 
particularlyparticularly whenwhen thethe surfacesurface soilsoil remainsremains moist,moist, andand maymay onlyonly becomebecome apparentapparent 
duringduring periodsperiods ofof droughtdrought oror otherother stressesstresses (Pinkerton(Pinkerton andand SimpsonSimpson 1981).1981). InIn 
thethe MediterraneanMediterranean climateclimate ofof thethe WesternWestern AustralianAustralian wheatbelt,wheatbelt, droughtdrought stressstress 
isis frequentlyfrequently observedobserved duringduring thethe springspring whenwhen thethe wheatwheat cropscrops relyrely heavilyheavily onon 

 



subsoilsubsoil water,water, hencehence thethe abilityability toto yieldyield wellwell isis highlyhighly dependentdependent uponupon adequateadequate 
subsoilsubsoil rootroot proliferation.proliferation. 

TheThe yellowyellow sandplainsandplain soilssoils inin thethe easterneastern wheatbeltwheatbelt ofof WesternWestern AustraliaAustralia havehave 
naturallynaturally acidicacidic subsoilssubsoils whichwhich cancan restrictrestrict thethe growthgrowth andand yieldyield ofof wheatwheat (Porter(Porter 
andand WilsonWilson 1984).1984). AluminiumAluminium toxicitytoxicity hashas beenbeen identifiedidentified asas thethe causecause ofof yieldyield 
lossloss onon thisthis soilsoil typetype (Carr(Carr etet ai.al. 1991).1991). CarrCarr etet ai.al. (1991)(1991) correlatedcorrelated thethe yieldyield 
ofof wheatwheat withwith variousvarious indicesindices calculatedcalculated fromfrom thethe concentrationconcentration ofof aluminiumaluminium 
andand otherother cationscations (Ca,(Ca, MgMg andand Na)Na) andand withwith pHpH inin bothboth soilsoil solutionsolution andand 1:51:5 
0.005 KC1 TotalTotal [AI] foundfound toto bebe wellwell correlatedcorrelated toto thethe graingrain0·005 MM KCl extracts.extracts. [All waswas 
yieldyield ofof wheatwheat growngrown onon yellowyellow earthsearths ofof thethe MerredinMerredin regionregion inin thethe WesternWestern 
AustralianAustralian wheatbelt.wheatbelt. [Al]/[Ca]OnOn thethe otherother hand,hand, thethe ratiosratios [Al]/[Na][Al]/[Na] andand [All/[Ca] werewere 
betterbetter atat explainingexplaining thethe variationvariation inin graingrain yieldyield ofof wheatwheat growngrown onon yellowyellow earthsearths 
fromfrom severalseveral differentdifferent regions.regions. MeasuresMeasures ofof pHpH werewere unableunable toto predictpredict graingrain 
yieldyield withinwithin oror betweenbetween aa region.region. ItIt waswas suggestedsuggested thatthat soilsoil chemicalchemical differencesdifferences 

Al)(e.g.(e.g.	 typetype andand concentrationconcentration ofof solublesoluble anionsanions thatthat detoxifydetoxify AI) oror environmentalenvironmental 
[All toto explainexplainconditionsconditions maymay havehave beenbeen responsibleresponsible forfor thethe inabilityinability ofof totaltotal [AI]
 

adequatelyadequately thethe variationvariation inin graingrain yieldyield whenwhen soilssoils fromfrom differentdifferent regionsregions werewere
 
together.consideredconsidered together. 

TheThe objectiveobjective ofof ourour researchresearch waswas toto establish,establish, underunder uniformuniform environmentalenvironmental 
conditions,conditions, whetherwhether differencesdifferences inin soilsoil propertiesproperties couldcould bebe usedused toto explainexplain variablevariable 
plantplant responsesresponses toto aluminiumaluminium toxicity.toxicity. ToTo achieveachieve this,this, wewe conductedconducted detaileddetailed 
chemicalchemical analysesanalyses onon soilsoil solutionsolution andand KCl extractsextracts toto determinedetermine ifif therethere werewere 
differencesdifferences inin soilsoil chemicalchemical characteristicscharacteristics inin yellowyellow earthearth soilssoils collectedcollected fromfrom 
differentdifferent regionsregions ofof thethe wheatbelt.wheatbelt. InIn thethe glasshouse,glasshouse, wewe investigatedinvestigated whetherwhether (i)(i) 
thethe short-termshort-term shootshoot andand rootroot growthsgrowths ofof wheatwheat (i.e.(i.e. aa bioassay)bioassay) growngrown inin limedlimed 
andand unlimedunlimed soilssoils werewere uniformlyuniformly correlatedcorrelated toto acidacid soilsoil indices;indices; andand (ii)(ii) ifif thethe 
bioassaybioassay techniquetechnique forfor aluminiumaluminium toxicitytoxicity cancan bebe usedused toto predictpredict graingrain yieldyield ofof 

KC1 

wheatwheat inin thethe fieldfield growngrown onon yellowyellow earthsearths withwith differentdifferent concentrationsconcentrations ofof Al inin 
thethe subsoil.subsoil. 

A1 

MaterialsMaterials andand MethodsMethods 

WeWe studiedstudied wheatwheat growngrown onon tenten soilssoils inin thethe presencepresence ofof twotwo ratesrates ofof limelime inin aa glasshouseglasshouse 
experiment.experiment. SoilsSoils werewere collectedcollected fromfrom fivefive sitessites inin thethe MerredinMerredin regionregion inin orderorder toto definedefine 
aa yieldyield responseresponse toto aluminiumaluminium toxicitytoxicity becausebecause previousprevious researchresearch hadhad indicatedindicated thatthat thethe 
chemicalchemical propertiesproperties ofof thesethese soilssoils (other(other thanthan Al)AI) werewere similarsimilar (Carr(Carr etet al.al. 1991).1991). SoilsSoils 

A1fromfrom otherother regionsregions knownknown toto containcontain toxictoxic concentrationsconcentrations ofof Al werewere sampledsampled toto determinedetermine ifif 
plantplant growthgrowth onon thesethese soilssoils respondedresponded similarlysimilarly toto plantsplants growngrown onon thethe MerredinMerredin soilssoils underunder 
uniformuniform environnmentalenvironnmental conditions.conditions. InIn aa preliminarypreliminary experimentexperiment toto assessassess wheatwheat growthgrowth inin 
thethe 1010 acidicacidic subsoilssubsoils (that(that allall containedcontained betweenbetween 22 andand 33 ppmppm bicarbonatebicarbonate extractableextractable P),P), 
wewe demonstrateddemonstrated thatthat plantplant growthgrowth waswas notnot limitedlimited byby PP deficiencydeficiency duringduring thethe firstfirst 1010 daysdays 
growth.growth. 

SoilsSoils 

AllAll soilssoils werewere lateriticlateritic podzolicpodzolic yellowyellow sandplainsandplain soilssoils fromfrom thethe NorpaNorpa seriesseries (Bettenay(Bettenay 
andand HingstonHingston 1961).1961). AtAt eacheach site,site, subsoilsubsoil waswas collectedcollected fromfrom thethe 15-2515-25 cmcm layerlayer becausebecause thethe 

0.005 KC1concentrationconcentration ofof aluminiumaluminium extractedextracted byby 0·005 MM KCI fromfrom thisthis depthdepth waswas highlyhighly correlatedcorrelated toto 
thethe graingrain yieldyield ofof wheatwheat growngrown onon thethe soilssoils (Carr(Carr etet al.al. 1991).1991). FiveFive sitessites werewere inin thethe MerredinMerredin 
regionregion (31° 5.,118° E.),E.), twotwo nearnear SullivanSullivan (28° S.,S., 115° E.),E.), twotwo nearnear LathamLatham (29° S.,S., 116° E.)E.) 
andand oneone (30°S., 116OE.).116° E.). TheThe sitessites werewere chosenchosen asas previousprevious observationobservation 

(31' S., 118' 	 (28' 115' (29' 116' 
fromfrom DalwallinuDalwallinu (30° 5., 

showedshowed theythey wouldwould provideprovide aa rangerange ofof aluminiumaluminium concentrationsconcentrations (both(both inin soilsoil solutionsolution andand 
1:5 0.005 A[ KC11:50·005 M KCI extracts).extracts). AllAll soilssoils werewere airair drieddried andand sievedsieved throughthrough aa 44 mmmm sieve.sieve. 



ExperimentalExperimental DesignDesign 

2 . 1LimeLime waswas appliedapplied toto halfhalf ofof thethe soilssoils atat 2· 1 gg perper 33 kgkg soilsoil (equivalent(equivalent toto approximatelyapproximately 
22 t/ha).t/ha). 20%l ° CAfterAfter limingliming andand priorprior toto plantingplanting wheat,wheat, allall soilssoils werewere incubatedincubated a tat 20±1°0 forfor 
oneone weekweek atat fieldfield capacity.capacity. ThereThere waswas nono nutrientnutrient additionaddition inin thethe experimentexperiment becausebecause wewe 
consideredconsidered seedseed reservesreserves wouldwould bebe adequateadequate forfor thethe shortshort growinggrowing periodperiod (10(10 days)days) andand wewe 
wantedwanted toto minimizeminimize changeschanges inin thethe ionicionic strengthstrength ofof thethe soilssoils usedused inin thisthis study.study. FifteenFifteen 
uniform,uniform, germinatedgerminated wheatwheat seedlingsseedlings (Triticum aestivumaestivum cv.cv. Aroona)Aroona) withwith aa radicleradicle lengthlength ofof(%ticum 
0·5 mmmm werewere plantedplanted a tat aa depthdepth ofof 11 em intointo soilsoil inin plastic-lined,plastic-lined, 33 kgkg potspots andand maintainedmaintained0 .5  cm 

20+1°Ca tat 20±1°C inin root-coolingroot-cooling tanks.tanks. TheThe varietyvariety AroonaAroona waswas selectedselected forfor useuse asas aa bioassaybioassay plantplant 
becausebecause ofof itsits lowlow tolerancetolerance toto aluminium.aluminium. TheThe potspots werewere wateredwatered toto fieldfield capacitycapacity dailydaily (10%(10% 
w/v).w/v). SixSix daysdays afterafter seeding,seeding, thethe .plants werewere thinnedthinned toto 1212 perper pot.pot.plants 

YieldYield AssessmentAssessment 

AfterAfter 1010 days,days, allall plantsplants werewere harvestedharvested byby cuttingcutting thethe shootsshoots offoff atat thethe soilsoil surfacesurface andand 
thethe shootsshoots werewere weighedweighed immediately.immediately. RootRoot freshfresh weightweight waswas determineddetermined afterafter washingwashing toto 
separateseparate thethe rootsroots fromfrom thethe soilsoil andand afterafter dryingdrying withwith absorbentabsorbent tissuetissue paper.paper. RootRoot lengthlength 
waswas aa ComairQestimatedestimated usingusing Comair® rootroot lengthlength scannerscanner (Commonwealth(Commonwealth AircraftAircraft CorporationCorporation 
Ltd.,Ltd., Melbourne)Melbourne) andand thethe lengthlength ofof rootroot producedproduced perper gramgram freshfresh weightweight (root(root fineness)fineness) waswas 

70+1°Ccalculated.calculated. TheThe shootsshoots werewere drieddried atat 70±1°C forfor 4848 hh beforebefore measuringmeasuring drydry weights.weights. RelativeRelative 
yieldsyields forfor eacheach ofof thethe yieldyield parametersparameters werewere estimatedestimated (by(by expressingexpressing yieldyield inin unlimedunlimed soilssoils 
asas aa percentagepercentage ofof thethe yieldsyields obtainedobtained inin thethe limedlimed soils).soils). 

la. CationCation concentrationsconcentrations (J.tM) inin thethe soilsoil solutionsolution ofof unlimedunlimed soilssoilsTableTable 1a. (/AM) 

SoilSoil RegionRegion Al Oa Mg Na K pH ECA 

11 MerredinMerredin 13 491 224 1056 284 4·08 0·34 
22 MerredinMerredin 240 714 383 607 442 3·77 0·49 
33 MerredinMerredin 18 1078 343 1492 336 4·09 0·63 
44 MerredinMerredin 12 438 192 633 94 4·19 0·25 
55 MerredinMerredin 36 870 362 854 224 4·10 0·42 
66 LathamLatham 46 952 255 844 188 3·98 0·41 
77 LathamLatham 57 617 154 386 127 3·96 0·29 
88 SullivanSullivan 9 987 428 1599 316 4·27 0·62 
99 SullivanSullivan 226 2603 985 2399 452 3·79 1·43 

1010 DalwallinuDalwallinu 32 294 60 512 337 4·12 0·18 

ElectricalElectrical conductivityconductivity (mS(mS em-I).AA cm-I). 

TableTable l b .lb. (WM)AnionAnion concentrationsconcentrations (/-tM) inin thethe soilsoil solutionsolution ofof unlimedunlimed soilssoils 

C CSoilSoil RegionRegion S04 N03 01 :EC cationscations :E anionsanions :E cationscations 
J-LM(+) J-LM(-) -anions-anionsw ( + )  4 - 1  

J-LM(±)~4%) 

1 MerredinMerredin 105 688 1476 2810 2374 437437 
2 MerredinMerredin 89 2088 670 3964 2936 10281028 
3 MerredinMerredin 145 2397 1746 4722 4432 290290 
4 MerredinMerredin 259 732 354 2023 1605 417417 
5 MerredinMerredin 160 1859 2086 3651 4265 -614-614 
6 LathamLatham 497 1083 766 3582 2843 740740 
7 LatharnLatham 332 930 523 2227 2118 109109 
8 SullivanSullivan 378 807 2870 4771 4433 339339 
9 SullivanSullivan 155 8011 3186 10705 11507 -801-801 

10 DalwallinuDalwallinu 194 426 589 1654 1403 251251 



SoilSoil AnalysisAnalysis 

ImmediatelyImmediately beforebefore sowingsowing thethe experiment,experiment, soilsoil solutionsolution waswas extractedextracted byby centrifugationcentrifugation 
gravimetric 0·005 MM KC1(16(16 hh incubationincubation a tat 12%12% ggrvimetric waterwater content;content; GillmanGillman 1976)1976) andand 1:51:5 0.005 KCI 

Al,extractsextracts fromfrom thethe unlimedunlimed soilssoils werewere analysedanalysed forfor pH,pH, AI, Ca,Ca, Mg,Mg, Na,Na, KK andand ECEC asas previouslypreviously 
(SO:-, NOTdescribeddescribed (Carr(Carr etet al.al. 1991).1991). TheThe concentrationsconcentrations ofof anionsanions inin thethe soilsoil solutionssolutions (SO~-, NO; 

andand CI-) andand inin thethe KCI extractsextracts (SO~- andand NO;) werewere measuredmeasured byby ionion chromatography.chromatography. 
PreviousPrevious studiesstudies indicatedindicated thatthat soilsoil solutionsolution [F-][F-] waswas undetectableundetectable usingusing ionion chromatographychromatography 

C1-) KC1 (SO:- NOT) 

(C.(C. McLay,McLay, pers.pers. comm.).comm.). (Al, inin 1:101:10 soilsoil totoExchangeableExchangeable cationscations (AI, Ca,Ca, Mg,Mg, NaNa andand K)K) 
solutionsolution ratioratio ofof 0 . 10.1 MM BaC12BaCh werewere alsoalso measuredmeasured inin thethe unlimedunlimed soils,soils, andand thethe effectiveeffective cationcation 
exchangeexchange capacitycapacity (ECEC)(ECEC) waswas estimatedestimated fromfrom thethe summationsummation ofof thethe exchangeableexchangeable cations.cations. 

%A1TheThe %AI saturationsaturation waswas calculatedcalculated asas thethe proportionproportion ofof thethe ECEC.ECEC. 

A1SpeciationSpeciation ofof Al 

TheThe speciationspeciation ofof Al inin thethe unlimedunlimed soilsoil solutionsolution andand KCI extractsextracts waswas estimatedestimated usingusing aa 
chemicalchemical equilibriumequilibrium program,program, TITRATORTITRATOR (Cabaniss(Cabaniss 1987).1987). AsAs fluoridefluoride waswas notnot detecteddetected inin 

A1 KC1 

A1thethe soilsoil solutions,solutions, wewe assumedassumed aa negligiblenegligible effecteffect onon Al speciation.speciation. FormationFormation constantsconstants werewere 
A13+,takentaken fromfrom LindsayLindsay (1978)(1978) andand MartellMartell andand SmithSmith (1977).(1977). TheThe speciesspecies consideredconsidered werewere AI3+, 

AI(OH)z+, AI(OHz)+ andand Al(S04)+.Al(S04)+.A~(OH)'+, A ~ ( o H ~ ) +  

DataData AnalysisAnalysis 

AllAll absoluteabsolute andand relativerelative yieldsyields werewere correlatedcorrelated toto soilsoil testtest indicesindices whichwhich hadhad beenbeen previouslypreviously 
correlatedcorrelated withwith graingrain yieldyield inin fieldfield experimentsexperiments (Carr(Carr etet al.al. 1991).1991). TheThe soilsoil testtest indicesindices variedvaried 
accordingaccording toto whetherwhether theythey accountedaccounted forfor (i)(i) mitigatingmitigating factorsfactors suchsuch asas CaCa and/orand/or (ii)(ii) ionicionic 
strengthstrength asas estimatedestimated byby cationcation summationsummation inin thethe soilsoil solution;solution; ECEC ofof thethe soilsoil solution;solution; oror 

oror [NO31 KC1[Na][Na] [N03] inin thethe soilsoil solutionsolution oror aa KCl extract.extract. 

ResultsResults 

ChemicalChemical PropertiesProperties ofof thethe SoilsSoils 

SoilSoil solutionsolution 

AA summarysummary ofof thethe totaltotal concentrationconcentration ofof allall ionsions presentpresent inin thethe soilsoil solutionsolution 
isis givengiven inin TablesTables 1al a  andand l b .lb. ThereThere waswas aa largelarge rangerange inin thethe concentrationsconcentrations 
ofof cationscations inin thethe soilsoil solution.solution. TheThe aluminiumaluminium concentration,concentration, [All,[All, ofof thethe soilsoil 

p~ despitedespite thethe rangerange ofof soilsoil solutionsolution pHpHsolutionsolution variedvaried fromfrom 99 toto 240240 f-lM narrownarrow 
(3.77-4.27). TheThe soilsoil solutionsolution [Oa][Ca] variedvaried fromfrom 294294 toto 26032603 f-lM, withwith onlyonly twotwo(3·77-4·27). p ~ ,  

p ~ .ofof thethe tenten sitessites havinghaving moremore thanthan 10001000 f-lM. ApartApart fromfrom thethe extremesextremes (985(985 andand 
6060 f-lMp~ forfor soilssoils 99 andand 1010 respectively),respectively), eighteight ofof thethe tenten sitessites hadhad [Mg][Mg] betweenbetween 
150150 p ~ .  therethere waswas littlelittle differencedifference betweenbetween regionsregions inin thetheandand 428428 f-lM. Generally,Generally, 
concentrationconcentration ofof soilsoil solutionsolution cations.cations. OneOne soilsoil fromfrom thethe SullivanSullivan regionregion (soil(soil 9)9) 
containedcontained cationcation concentrationsconcentrations farfar inin excessexcess ofof allall otherother soils.soils. 

[SO4]TheThe rangerange ofof soilsoil solutionsolution concentrationsconcentrations observedobserved forfor thethe anionsanions were:were: [S04] 
p ~ ) ,[NO3] p ~ )  [Cl] p ~ ) .  [SO4](89-497(89-497 f-lM), [N03] (426-8011(426-8011 f-lM) andand [01] (354-3186(354-3186 f-lM). TheThe averageaverage [S04] inin 

p ~ )soilssoils fromfrom thethe MerredinMerredin regionregion (152(152 f-lM) waswas lessless onon averageaverage thanthan thethe concentrationconcentration 
inin thethe otherother regionsregions (311(311 f-lM).p ~ ) .  [NO3]ThereThere werewere nono apparentapparent differencesdifferences inin thethe [N03] 
inin soilssoils fromfrom thethe MerredinMerredin regionregion andand thethe otherother regionsregions (except(except thethe veryvery highhigh 
concentrationconcentration inin soilsoil 9),9), however,however, thethe [01] ofof thethe twotwo SullivanSullivan soilssoils werewere considerablyconsiderably 
greatergreater thanthan allall otherother soilssoils (Table(Table 1).1). 

InIn general,general, soilssoils fromfrom thethe MerredinMerredin regionregion showedshowed aa slightslight excessexcess ofof cationscations 

[Cl] 

I),overover anions,anions, comparedcompared withwith thethe soilssoils fromfrom thethe otherother regionsregions (Table(Table 1), however,however, 
thethe differencedifference waswas notnot large.large. 



TableTable 2.2.	 (r2)5PercentagePercentage variationvariation (r 2 ) ill thethe concentrationconcentration ofof ionsions inin thethe soilsoil solutionsolution explainedexplained 
yy = a+ bxbyby thethe electricalelectrical conductivityconductivity ofof thethe soilsoil solutionsolution equationequation ofof fittedfitted line:line: = a+bx 

CaCa lvIg NOa C1RegionRegion Mg NaNa KK so4 NO3 Cl 

AllAll regionsregions 9797 9696 8383 3939 33 9090 6262 
Merredin 8484 4040 2828 2222lvIerredin onlyonly 6363 5454	 8686 

TableTable 3.3. ConcentrationConcentration (J.LM) ofof aluminiumaluminium speciesspecies presentpresent inin soilsoil solutionsolution andand KCl extractsextracts 
ofof unlimedunlimed soilssoils 

(PM) 	 KC1 

SoilSoil AI3+ Also: Al(OH)2+ AI(OH2)+	 AI3+ asas aa asas aa 
%% ofof [AIT][A~T]  [A~T]  

[AIT][ A h ]  A13+ AISOt A ~ ( o H ) ~ +  A ~ ( o H ~ ) +  A13+ ~ 1 ~ 0 :AISOt 
%% ofof [AIT] 

SoilSoil solutionsolution 

13 0·75 0·850.85 0.41 851 1l·0 0·41 6
 
240 221·3 9·49 7·707.70 1.73 92 4
2 1·73
 

18 15·5 1·04 1·041.04 0.46 86 6
3	 0·46 
4 12 8·8 1·69 0·930.93 0.61 73 140·61 

36 29·9 2·68 2·302.30 1.14 83 75	 1·14 
6 33·7 1.99 0·750.75 	 2146 9·52 1·99 73
 
7 57 43·7 9·73 2.642·64 1.00 77 17
1·00
 
8 9 6·7 0.69 0.47 13
1·19 0·69 0·47 74
 
9 226 211·3 7·95 5·545.54 1.04 93 4
1·04
 

10 32 24·3 2.33 1·351.35 12
3·98 2·33	 76 

KCl 

1 9 8·0 0·17 0·58 0·27 89 2
 
2 74 65·3 1·71 4·72 2·19 88 2
 
3 8 7·1 0·13 0·51 0·24 89 2
 
4 4 3·5 0·11 0·25 0·12 88 3
 
5 22 19·4 0·54 1·40 0·65 88 2
 
6 30 25·9 1·32 1·87 0·87 86 4
 
7 52 45·2 2·01 3·27 1·52 87 4
 
8 4 3·5 0·15 0·25 0·12 87 4
 
9 32 28·1 0·97 2·03 0·94 88 3
 

10 48 42·1 1·39 3·05 1·41 88 3
 

CationCation andand anionanion concentrationsconcentrations (J.LM) inin 1:51:5 0·005 MM KCl extractsextracts ofof unlimedunlimed soilssoilsTableTable 4.4.	 (/AM) 0.005 KC1 

SoilSoil A1 lvIgMg 	 pHPH so4 NOaAl CaCa NaNa	 S04 NO3 

11 178178 7474 4.52 	 5599 5454 4·52 3535 
22 7474 6060 2828 1212 4.04 4444 32324·04 
33 88 229229 8181 7373 4.35 3131 17174·35 
44 226226 107107 4.28 8844 4444 4·28 5050 
55 2222 233233 9494 3737 4.26 4747 17174·26 
66 3030 194194 5151 2121 4.16 9595 664·16 
77 5252 106106 77 4.16 7474 882323 4·16 
88 44 253253 104104 4.43 7070 1010105105 4·43 
99 3232 185185 7979 4.12 5858 61616161 4·12 

1010 4848 9797 2424 2222 4.14 5555 774·14 



AtAt 99 ofof thethe 1010 sites,sites, thethe ECEC ofof thethe soilsoil solutionsolution waswas betweenbetween 0 ·18 andand 0·63 
cm-l.1. TheThe exceptionexception waswas soilsoil 99 fromfrom SullivanSullivan whichwhich hadhad anan 1 .43  

0.18 0.63 
mSmS cm- ECEC ofof 1· 43 
mS cm-l. TheThe ECEC waswas wellwell correlatedcorrelated toto [Ca],[Ca], [Mg][Mg], [NO3], [N03] andand [Na][Na] inin thethe soilsoilm8 cm-1 . 

[SO41 SoilSoil solutionsolution [Cal[Ca] andand [N03]solution,solution, butbut notnot toto [K],[K], [Cl][Cl] andand [804] (Table(Table 2).2). [NOS] 
inin soilssoils fromfrom thethe MerredinMerredin regionregion werewere alsoalso wellwell correlatedcorrelated toto soilsoil solutionsolution ECEC 
(Table(Table 2).2). 

A13+, A1 InIn fourfourTheThe freefree ion,ion, A13+, waswas thethe majormajor formform ofof Al inin allall soilssoils (Table(Table 3).3). 
ofof thethe fivefive MerredinMerredin soils,soils, greatergreater thanthan 83%83% ofof thethe totaltotal Al waswas presentpresent asas A13+,A13+, 
whereaswhereas fourfour ofof thethe fivefive soilssoils fromfrom otherother regionsregions hadhad lessless thanthan 77%77% ofof thethe totaltotal 
A1 asas A13+. TheThe proportionproportion ofof thethe totaltotal Al complexedcomplexed withwith sulfatesulfate inin 

A1 

Al presentpresent Al3+. A1 
soilssoils fromfrom regionsregions otherother thanthan MerredinMerredin waswas approximatelyapproximately twicetwice thatthat foundfound inin 
thethe MerredinMerredin soilssoils (13%(13% comparedcompared withwith 7%,7%, TableTable 3).3). 

KC1KCl extractsextracts 

TheThe ionion concentrationsconcentrations inin thethe KCl extractsextracts (Table(Table 4)4) werewere lessless thanthan thosethose inin 
thethe soilsoil solution.solution. ForFor example,example, [AI][All variedvaried fromfrom 44 toto 7474 p~j..LM andand thethe pHpH variedvaried 

4-04 4.52. UnlikeUnlike thethe soilsoil solution,solution, thethe KCI diddid notnot extractextract substantiallysubstantially 

KC1 

fromfrom 4·04 toto 4·52. KC1 
higherhigher ionion concentrationsconcentrations fromfrom soilsoil 99 comparedcompared withwith allall otherother soils.soils. TheThe averageaverage 
[804] extractedextracted byby KCI fromfrom soilssoils ofof thethe MerredinMerredin regionregion p ~ ,[SO4] KC1 waswas 4242 j..LM, whereaswhereas 

[SO4] p ~ .thethe averageaverage [S04] ofof soilssoils fromfrom otherother regionsregions waswas 7070 j..LM. Otherwise,Otherwise, therethere werewere 
nono distinctdistinct differencesdifferences betweenbetween soilssoils fromfrom thethe MerredinMerredin regionregion andand soilssoils fromfrom 

KC1. DespiteDespitethethe otherother regionsregions inin thethe concentrationsconcentrations ofof ionsions extractedextracted byby thethe KCl. 
similarsimilar soilsoil solutionsolution [AI][Al] p~ respectively),respectively),forfor soilssoils 22 andand 99 (240(240 andand 226226 j..LM thethe 
KC1 A1 p ~ )comparedcompared withwith soilsoil 99KCI extractedextracted aa greatergreater amountamount ofof Al fromfrom soilsoil 22 (74(74 j..LM) 

(32(32 j..LM).PM). 
AsAs observedobserved withwith soilsoil solutionsolution [N03], thethe [N03] inin thethe 0·005 MM KCl extractextract 

( r 2  0·81),0.81), butbut notnot forfor thethe 
[NOs], [NO3] 0.005 KC1 

waswas wellwell correlatedcorrelated withwith thethe ECEC ofof thethe soilsoil solutionsolution (r 2 == 
MerredinMerredin soilssoils alonealone (r2 0.36).( r2  == 0·36). TheThe concentrationsconcentrations ofof otherother ionsions inin thethe KC1KCI 
extractsextracts werewere notnot correlatedcorrelated withwith thethe ECEC ofof thethe soilsoil solutionsolution (data(data notnot shown).shown). 

AlmostAlmost 90%90% ofof thethe totaltotal Al extractedextracted byby KCl waswas presentpresent asas A13+A13+ andand betweenbetweenA1 KC1 
Also:.2%2% andand 4%4% waswas A180t. ThereThere waswas nono differencedifference inin thethe estimatedestimated proportionsproportions ofof 

Al speciesspecies presentpresent inin thethe KCl extractsextracts inin soilssoils fromfrom thethe MerredinMerredin regionregion comparedcompared 
withwith allall otherother regionsregions (Table(Table 3).3). 
A1 KC1 

ExchangeableExchangeable cationscations (cmol(+)(cmol(+) kg-')kg-1 ) ofof unlimedunlimed soilssoils 0 . 1TableTable 5.5. extractedextracted byby 1:101:10 0·1 MM 

BaClz8aC12 

A1Al CaCa M!3 NaNa ECECA A1SoilSoil Mg KK ECEC* %% Al sat.sat. 

1 0·524 0·447 0·159 0·029 0·049 1·208 43
 
2 1·061 0·103 0·027 0·005 0·066 1·263 84
 
3 0·497 0·639 0·171 0·048 0·075 1·430 35
 
4 0·695 0·443 0·180 0·005 0·066 1·390 50
 
5 0·824 0·531 0·164 0·019 0·062 1·601 51
 
6 0·634 0·347 0·074 0·010 0·064 1·130 56
 
7 0·840 0·221 0·042 0·006 0·051 1·160 72
 
8 0·413 0·691 0·208 0·058 0·097 1·468 28
 
9 0·650 1·285 0·088 0·061 0·067 2·151 30
 

lD 0·770 0·149 0·031 0·006 0·052 1·0lD 76
 

(CAl+Ca+Mg+Na+K).AA ECEC,ECEC, effectiveeffective cationcation exchangeexchange capacitycapacity (EAI+Ca+Mg+Na+K). 



ExchangeableExchangeable cationscations andand ECECECEC 

ThereThere waswas aa considerableconsiderable rangerange inin thethe concentrationconcentration ofof exchangeableexchangeable cationscations 
(Table(Table 5),5), butbut nono differencesdifferences inin concentrationconcentration betweenbetween thethe soilssoils fromfrom thethe MerredinMerredin 

A1 0 .4  totoregionregion comparedcompared withwith thethe otherother regions.regions. ExchangeableExchangeable Al variedvaried fromfrom 0·4 
1 .1 cmol(1.1crnol(+)+) kg-'kg-I andand occupiedoccupied 28-84%28-84% ofof thethe exchangeexchange sites.sites. CalciumCalcium waswas 
thethe otherother majormajor exchangeableexchangeable cationcation andand variedvaried inin concentrationconcentration fromfrom 0·1 
1·31- 3cmol(+)cmol(+) kg-'.kg-I. werewere wellwell correlatedcorrelated (r 2 == 0.79 

0 . 1  toto 
ExchangeableExchangeable CaCa andand NaNa ( r2  0·79 

andand 0·89 respectively)respectively) withwith thethe concentrationconcentration ofof thethe equivalentequivalent cationcation inin thethe 
Al, ( r2  0.31). ForFor thethe 

0.89 
soilsoil solution,solution, butbut AI, MgMg andand KK werewere notnot wellwell correlatedcorrelated (r2 << 0·31). 
MerredinMerredin soils,soils, exchangeableexchangeable NaNa andand Al werewere alsoalso wellwell correlatedcorrelated toto thethe equivalentequivalent 
soilsoil solutionsolution concentrationconcentration (r( r22 == 0.99 0.73 respectively),respectively), whilewhile thethe otherother 

A1 
0·99 andand 0·73 

(r2 0.31).cationscations werewere notnot wellwell correlatedcorrelated (r2 << 0·31). 
Na A1 wellwell correlatedcorrelatedExchangeableExchangeable Mg,Mg, Na andand Al inin soilssoils fromfrom allall regionsregions werewere 

( r2  == 0·94, 0·86 andand 0·720.72 respectively)respectively) toto thethe concentrationconcentration ofof thethe equivalentequivalent(r2	 0.94, 0.86 
cationcation inin 0·005 MM KCl extracts,extracts, whereaswhereas exchangeableexchangeable CaCa waswas notnot wellwell correlatedcorrelated 
( r2  == 0.34). ThereThere werewere similarsimilar correlationscorrelations inin thethe MerredinMerredin soilssoils (r2 = 0.89, 

0.005 KC1 
(r 2	 O· 34). (r2 = O· 89, 
o.73 andand 0·78 respectively),respectively), exceptexcept exchangeableexchangeable CaCa waswas alsoalso wellwell correlatedcorrelated forfor 
thesethese soilssoils (r( r22 = 0.88). 
0.73 0.78 

= 0·88). 

TableTable 6.6. TheThe growthgrowth ofof wheatwheat inin limedlimed andand unlimedunlimed acidicacidic soilssoils 1010 daysdays afterafter sowingsowing 

SoilSoil ShootShoot freshfresh weightweight RootRoot freshfresh weightweight RootRoot lengthlength 
(g(g pot-I) (g(g pot-l.) (mpot- I) 

RyA RYRY 
p0t-l) 	 pot-l) (m pot-1) 

-Lime-Lime +Lime+Lime R Y ~  -Lime-Lime +Lime+Lime RYRY -Lime-Lime +Lime+Lime 

0·8390.839 1·2931.293 2·893 2.985 9797 9 .3  21·121.111 6565 2.893 2·985 9·3 4444 
0·8500.850 1·6561.656 5151 1.208 3.721 3232 2-1 23.422 1·208 3·721 2.1 23·4 99 
1·2211.221 1·9111.911 6464 2.985 4.089 7373 12·7 25.933	 2·985 4·089 12.7 25·9 4949 

8080 3.974 	 19.7 29·1 686844	 1·2971.297 1·6271.627 3·974 4·1114.111 9797 19·7 29.1 

0·9280.928 1·6231.623 2·346 3.869 6161 7.2 27·027.0
55 5757 2.346 3·869 7·2 2727 
0·8410.841 1·2051.205 1·775 2.881 6262 4 .0  17·017.066	 7070 1.775 2·881 4·0 2323 

7171 1.282 	 2 . 42·4 111177	 0·7810.781 1·0931.093 1·282 3·1903.190 4040 22.522·5
 
1·4201.420 1·4571.457 3·997 3.560 112112 23.3 25·825.8
88 9797 3.997 3·560 23·3 9191 
1·0781.078 1·4521.452 7474 1·965 2.420 8181 5.0 13·313.399	 1.965 2·420 5·0 3838 
0·8230.823 1·1001.100 1·327 2.319 5757 2.5 14·514.51010	 7575 1.327 2·319 2·5 1717 

AA RelativeRelative yield.yield. 

PlantPlant GrowthGrowth 

ShootsShoots 

0.82 1.42 g/potInIn thethe unlimedunlimed soils,soils, shootshoot freshfresh weightweight (SFW)(SFW) variedvaried fromfrom 0·82 toto 1· 42 gjpot 
(Table(Table 6).6). ThereThere werewere nono visualvisual symptomssymptoms ofof nutrientnutrient deficienciesdeficiencies whenwhen thethe 
plantsplants werewere harvestedharvested (Zadoks(Zadoks scalescale 11-12;11-12; ZadoksZadoks etet al.al. 1974).1974). TheThe additionaddition ofof 
limelime increasedincreased SFWSFW byby 3-95%.3-95%. TheThe averageaverage responseresponse toto limelime inin SFWSFW ofof plantsplants 
growngrown inin thethe MerredinMerredin soilssoils waswas 61%,61%, whereaswhereas thethe averageaverage forfor soilssoils fromfrom thethe 
otherother regionsregions waswas 31%.31%. 

RootsRoots 

TheThe rootsroots ofof plantsplants growinggrowing inin soilssoils withwith highhigh soilsoil solution~ andand KCl extractable
[AI][All (>23(>23 f.J,Mp~ A1 KC1 

solution- KC1 extractable-
Al inin bothboth soilsoil solutionsolution andand KCl extracts)extracts) hadhad substantiallysubstantially thickerthicker 



roots,roots, Le. considerablyconsiderably lessless finefine laterallateral developmentdevelopment thanthan thosethose growinggrowing inin soilssoils 
withwith lowerlower aluminiumaluminium concentrations.concentrations. ThisThis waswas reflectedreflected byby rootroot finenessfineness (data(data notnot 

i.e. 

shown).shown). InIn thethe unlimedunlimed soils,soils, rootroot freshfresh weightsweights variedvaried fromfrom 1· 21 toto 4·00 g/potg/pot1.21 4-00 
andand thethe lengthlength ofof thesethese rootsroots waswas betweenbetween 2·1 andand 23·3 m/potm/pot (Table(Table 6).6). TheThe 
limingliming ofof soilsoil substantiallysubstantially increasedincreased bothboth rootroot weightweight andand lengthlength (Table(Table 6).6). 
UnlikeUnlike SFW,SFW, therethere waswas nono differencedifference inin thethe responseresponse inin eithereither rootroot weightweight oror 
lengthlength afterafter soilssoils werewere limedlimed fromfrom thethe MerredinMerredin regionregion comparedcompared withwith thethe samesame 
inin soilssoils fromfrom thethe otherother regions.regions. 

2.1  23.3 

4.0 

.r::. -Cl 
'Q) 
;:: 3.0 Fig.Fig. 1.1. TheThe variationvariation inin rootroot freshfresh weightweight
.r::.~ 
UjO (g/pot)(g/pot) ofof wheatwheat growngrown inin 1010 unlimedunlimed 
a>.e soilssoils plottedplotted againstagainst thethe concentrationconcentration=,9- (PM) ofof aluminiumaluminium extractedextracted byby 1:51:5(p,M) aa2.00 
0 0·005 MM KCI extract.extract.0.005 KC1 
a: 

1 . I . I . I 
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(gtpot)RootRoot freshfresh weightweight (g/pot) 
Fig.Fig. 2.2. TheThe variationvariation inin graingrain yieldyield (kg/ha)(kg/ha) fromfrom fieldfield 
experimentsexperiments plottedplotted againstagainst rootroot freshfresh weightweight ofof wheatwheat growngrown 
inin 1010 unlimedunlimed soilssoils inin aa glasshouseglasshouse studystudy (g/pot).(g/pot). LineLine fittedfitted 

( r2= 0·99).0.99).throughthrough MerredinMerredin datadata onlyonly (r 2 = 

A1 0.005 KC1TheThe concentrationconcentration ofof Al inin aa 1:51:5 0·005 MM KCl extractextract waswas ableable toto explainexplain 97%97% 
ofof thethe variationvariation inin rootroot freshfresh weightweight (Fig.(Fig. 1).1). TheThe freshfresh weightweight ofof rootsroots fromfrom 
plantsplants growngrown inin thethe soilssoils fromfrom thethe MerredinMerredin regionregion waswas alsoalso highlyhighly correlatedcorrelated 

= 0·99, Fig.Fig. 2)2)(r( r 22 = 0.99, toto thethe graingrain yieldyield ofof wheatwheat growngrown inin thethe fieldfield onon thethe sitesite 
fromfrom whichwhich soilsoil waswas collectedcollected forfor thisthis glasshouseglasshouse study.study. (Soil(Soil 44 waswas collectedcollected 
fromfrom aa sitesite inin thethe MerredinMerredin regionregion thatthat diddid notnot havehave aa fieldfield experimentexperiment inin thethe 
previousprevious year,year, hencehence thethe fourfour datadata pointspoints forfor thethe MerredinMerredin regionregion onon Fig.Fig. 2.)2.) 

WhenWhen soilssoils fromfrom thethe otherother regionsregions werewere included,included, thethe variationvariation inin graingrain 
yieldyield explainedexplained byby rootroot freshfresh weightweight inin thethe glasshouseglasshouse waswas stillstill reasonablyreasonably highhigh 
(r2= 0·63), however,however,0.63), atat twotwo sitessites (soils(soils 77 andand 9)9) thethe graingrain yieldyield obtainedobtained waswas farfar(r2 = 
greatergreater thanthan wouldwould havehave beenbeen predictedpredicted onon thethe basisbasis ofof aa linearlinear correlation.correlation. ThisThis 



suggestssuggests thatthat moremore datadata pointspoints wouldwould bebe neededneeded toto confirmconfirm whetherwhether aa relationshiprelationship 
existsexists forfor soilssoils fromfrom allall regionsregions andand whetherwhether itit isis curvilinearcurvilinear oror linearlinear inin nature.nature. 

CorrelationCorrelation betweenbetween SoilSoil ChemicalChemical PropertiesProperties andand ShootShoot GrowthGrowth 

SoilSoil solutionsolution 

VariationVariation inin shootshoot freshfresh weightweight (SFW)(SFW) waswas notnot adequatelyadequately describeddescribed (r( r22 0.54;<< 0·54; 
TableTable 7)7) byby anyany ofof thethe soilsoil testtest indicesindices calculatedcalculated fromfrom soilsoil solutionsolution cationcation andand 
anionanion concentrations.concentrations. ThereThere waswas anan improvementimprovement (23-32%)(23-32%) inin thethe variationvariation inin 
SFWSFW explainedexplained byby [AI] whenwhen soilssoils fromfrom MerredinMerredin werewere consideredconsidered alone.alone. However,However, 
thisthis waswas thethe onlyonly indexindex toto dodo this.this. IndicesIndices thatthat includedincluded ECEC oror [Ca], 

[All 
thethe ionsions [Cal, 

andand [N0[NOs]3] werewere ableable toto explainexplain moremore [All[Na][Na] ofof thethe variationvariation inin SFWSFW thanthan [AI] 
alonealone forfor wheatwheat growngrown inin allall soils,soils, butbut notnot forfor wheatwheat growngrown inin thethe MerredinMerredin 

PercentagePercentage variationvariation (r( r 2 )2 heshTableTable 7.7. ) inin shootshoot andand rootroot fresh weightweight explainedexplained byby soilsoil testtest indicesindices 
estimatedestimated from cationcation andand anionanion concentrationsconcentrations inin soilsoil solutionsolution andand KCI extractsextracts 

EquationEquation ofof fittedfitted line:line: yy == axbaxb 

horn KC1 

Index1ndexAA ShootShoot freshfresh weightweight RootRoot freshfresh weightweight 
AllAll regionsregions MerredinMerredin AllAll regionsregions MerredinMerredin 

SoilSoil solutionsolution 

[AI] 23 3232 58 96
 
[All/[Ca] 49 3535 80 83
 
[AI]/[Na] 39 1919 74 76
 
[AI]/EC 54 3232 84 82
 

[All/[N03] 54 4141 65 51 
(AI) 34 3434 70 94
 

(AI)/(Ca) 53 2828 84 82
 
(AI)/(Na) 53 2828 84 82
 

KCIKC1 
[AI] 6565 5252 9797 97
 

[All/[Ca][All/[Ca] 6262 5353 9797 9999
 
[All/[Na][AllI[Nal 7373 5454 9797 9999
 

[AlI/[N031 8888 5959 4343 

[All 97 

[All/[N03] 9696 

AA SquareSquare bracketsbrackets denotedenote concentration;concentration; roundround bracketsbrackets denotedenote activity.activity. 

PercentagePercentage variationvariation (1'2) inin shootshoot andand rootroot fresh weightweight explainedexplained byby Al speciesspecies inin 
soilsoil solutionsolution 

EquationEquation ofof fittedfitted line:line: yy == axbaxb 

TableTable 8.8. (r2) hesh A1 

SpeciesA 

AllAll regionsregions MerredinMerredin AllAll regionsregions MerredinMerredin 
speciesA ShootShoot freshfresh weightweight RootRoot freshfresh weightweight 

[AI] 2323 3232 5858 9696 
[Al(OH2)+][ A ~ ( ~ H z ) + ]  2929 3333 7070 9393 
[AI(OH)2+][ A ~ ( o H ) ~ + ]  3535 2525 7070 7272 
[Al(S04)+][AI(S04)+] 3333 2222 7070 8585 

[AI3+][AP+] 21 3434 5454 

[All 

21 9898 
(AI) 3434 3434 7070 9494 

(AI3+)(AP+) 3232 3636 6767 9797
(-41) 

AA SquareSquare bracketsbrackets denotedenote concentration;concentration; roundround bracketsbrackets denotedenote activity.activity. 



soilssoils alone.alone. ForFor example,example, compensationcompensation forfor ionicionic strengthstrength differencesdifferences byby includingincluding 
ECEC and/orand/or [Ca][Ca] inin thethe indexindex increasedincreased thethe explainedexplained variationvariation fromfrom 23%23% toto 54%54% 
andand 49%49% respectively.respectively. (Al), thethe freefree ion,ion,UseUse ofof thethe activityactivity ofof aluminium,aluminium, (AI), oror 
(AI3+), (Le. allowingallowing forfor complexingcomplexing ofof Al withwith S04) alsoalso increasedincreased thethe explainedexplained 
variationvariation fromfrom 23%23% toto 32-34%32-34% (Table(Table 8),8), butbut thisthis waswas stillstill inadequate.inadequate. 
( ~ l ~ + ) ,(i.e. A1 SOe) 

KC1KCl extractsextracts 

SoilSoil testtest indicesindices calculatedcalculated fromfrom cationcation andand anionanion concentrationsconcentrations inin KCI extractsextractsKC1 
(r2  0.62)werewere betterbetter correlatedcorrelated withwith SFWSFW (r2 >> 0·62) thanthan thosethose calculatedcalculated fromfrom soilsoil 

solutionsolution concentrationsconcentrations (Table(Table 7).7). TheThe indexindex [AI]/[N03] inin thethe KCI extractextract waswas 
ableable toto explainexplain 88%88% ofof thethe variationvariation inin SFWSFW ofof wheatwheat growngrown inin soilssoils fromfrom allall 
regions.regions. TheThe variationvariation explainedexplained byby thisthis indexindex waswas increasedincreased toto 96%96% whenwhen onlyonly 
soilssoils fromfrom thethe MerredinMerredin regionregion werewere considered.considered. However,However, thisthis waswas thethe onlyonly indexindex 

[A1]/[N03] KC1 

estimatedestimated fromfrom KCI extractextract datadata thatthat waswas betterbetter atat describingdescribing thethe variationvariation inin 
SFWSFW ofof plantsplants growngrown inin thethe MerredinMerredin soilssoils thanthan SFWSFW ofof plantsplants growngrown inin soilssoils 
fromfrom allall regionsregions (Table(Table 7).7). 

KC1 

CorrelationCorrelation betweenbetween SoilSoil ChemicalChemical PropertiesProperties andand RootRoot GrowthGrowth 

SoilSoil solutionsolution 

RootRoot lengthlength waswas similarsimilar toto RFWRFW inin termsterms ofof differentiatingdifferentiating betweenbetween soilssoils withwith 
differingdiffering chemicalchemical propertiesproperties (data(data notnot shown).shown). 

VariationVariation inin thethe RFWRFW ofof wheatwheat growngrown inin soilssoils fromfrom allall regionsregions waswas adequatelyadequately 
describeddescribed byby soilsoil testtest indicesindices calculatedcalculated fromfrom soilsoil solutionsolution cationcation andand anionanion 
concentrationsconcentrations (r( r22 >> 0·58,0.58, TableTable 7).7). IndicesIndices thatthat consideredconsidered ECEC oror ionion 

NO3) [Allconcentrationsconcentrations (Ca,(Ca, Na,Na, N03) inin additionaddition toto [AI] werewere ableable toto accountaccount forfor moremore ofof 
thethe variationvariation inin RFWRFW thanthan [AI] alone.alone. ForFor example,example, thethe ratioratio [AI]/[Ca] accountedaccounted[All [Al]/[Ca] 

[Al]/ECforfor 80%80% andand [AI]/EC accountedaccounted forfor 84%84% ofof thethe variationvariation inin RFWRFW whichwhich waswas 22%22% 
moremore thanthan [AI][All alonealone (respectively).(respectively). (Al),andand 26%26% TheThe activityactivity ofof aluminium,aluminium, (AI), 

explainedexplained 12%12% moremore (i.e. in RFW WhenWhenvariationvariation (Le. 70%)70%) [All (Table(Table 7).7).inRFW thanthan [AI] 
soilssoils fromfrom thethe MerredinMerredin regionregion werewere consideredconsidered alone,alone, mostmost indicesindices evaluatedevaluated werewere 
ableable toto accountaccount forfor anan equivalentequivalent oror moremore variationvariation inin RFWRFW comparedcompared withwith thethe 
variationvariation accountedaccounted forfor whenwhen allall regionsregions werewere considered.considered. 

FourFour ofof thethe fivefive MerredinMerredin soilssoils hadhad >83%>83% ofof thethe totaltotal solutionsolution aluminiumaluminium presentpresent 
asas A13+.AI3+. ConsequentlyConsequently therethere waswas nono improvementimprovement inin thethe variationvariation explainedexplained inin 
eithereither SFWSFW oror RFWRFW byby thethe otherother minorminor AlAl speciesspecies presentpresent inin thethe soilsoil solutionsolution 
(Table(Table 8).8). 

KC1KCl extractsextracts 

RootRoot freshfresh weightweight waswas highlyhighly correlatedcorrelated withwith KCI-[AI], explainingexplaining 97%97% ofof thethe 
variationvariation inin RFWRFW ofof wheatwheat growngrown inin thesethese soils.soils. ThereThere waswas nono improvementimprovement inin 

Nos) werewere 

KC1-[All, 

explainedexplained variationvariation whenwhen thethe concentrationsconcentrations ofof otherother ionsions (Ca,(Ca, Na,Na, N03) 
considered.considered. InIn fact,fact, therethere waswas aa substantialsubstantial decreasedecrease (97-59%)(97-59%) inin thethe variationvariation 
explainedexplained byby thethe ratioratio [AI]/[N03]. TheThe soilsoil teststests evaluatedevaluated diddid notnot explainexplain moremore 
variationvariation inin thethe RFWRFW ofof plantsplants growngrown inin thethe MerredinMerredin soilssoils comparedcompared withwith thosethose 
growngrown inin soilssoils fromfrom allall regionsregions (Table(Table 7).7). 

TheThe useuse ofof relativerelative yieldyield ratherrather thanthan absoluteabsolute yieldyield diddid notnot increaseincrease thethe 
correlationcorrelation betweenbetween yieldyield (either(either SFWSFW oror RFW)RFW) andand anyany ofof thethe soilsoil teststests 
investigatedinvestigated (data(data notnot shown).shown). 

[A1]/[N03]. 



DiscussionDiscussion 

TheThe chemicalchemical propertiesproperties ofof thethe soilsoil solutionsolution ofof thethe MerredinMerredin andand otherother soilssoils 
werewere foundfound toto bebe different.different. IonicIonic strengthstrength appearedappeared toto bebe thethe majormajor differencedifference 

A1(S04)+. BothBoth thesethese factorsfactors alteralter thethe proportionproportionandand possiblypossibly thethe formationformation ofof Al(S04)+. 
[All ShortShort termterm rootroot growthgrowthofof totaltotal [AI] inin thethe soilsoil solutionsolution whichwhich isis toxictoxic toto plants.plants.
 

ofof wheatwheat inin thethe glasshouseglasshouse waswas highlyhighly correlatedcorrelated withwith somesome soilsoil testtest indices,indices, andand
 
withwith graingrain yieldyield inin thethe field,field, whereaswhereas shootshoot growthgrowth waswas notnot highlyhighly correlated.correlated.
 
TheThe totaltotal [AI] inin thethe soilsoil solutionsolution waswas unableunable toto adequatelyadequately explainexplain rootroot growthgrowth
[All 

A1 0.005 KC1inin soilssoils fromfrom differentdifferent regions,regions, butbut totaltotal Al extractedextracted byby 1:51:5 0·005 MM KCl couldcould 
explainexplain rootroot yield.yield. KC1 simulatesimulate thethePresumablyPresumably thethe KCl extractionextraction waswas ableable toto 
effecteffect ofof ionicionic strengthstrength andand speciationspeciation onon Al.toxictoxic AI. ThisThis isis supportedsupported byby thethe 
factfact thatthat indices,indices, whichwhich includedincluded ECEC oror ionion concentrationsconcentrations correlatedcorrelated toto thethe ECEC 
ofof thethe soilsoil solution,solution, werewere betterbetter ableable toto explainexplain plantplant growthgrowth inin soilssoils fromfrom allall 
regions,regions, whereaswhereas thethe samesame KC1indicesindices estimatedestimated fromfrom thethe KCl extractsextracts offeredoffered nono 
improvementimprovement overover KCl-[Al] alone.alone. 

ThisThis researchresearch hashas providedprovided evidenceevidence thatthat therethere areare inherentinherent soilsoil chemicalchemical 
KC1-[All 

differencesdifferences onon thethe yellowyellow earthearth sandplainsandplain soilssoils inin thethe easterneastern wheatbelt ofof WesternWesternwheatbelt 
Australia.Australia. TheThe totaltotal [AI] inin thethe soilsoil solutionsolution fromfrom thethe 15-2515-25 cmcm depthdepth ofof soilssoils inin thethe 
MerredinMerredin regionregion hashas previouslypreviously beenbeen shownshown toto bebe correlatedcorrelated toto graingrain yieldyield ofof wheatwheat 
inin thethe fieldfield (Carr(Carr etet at.al. 1991).1991). InIn thethe controlledcontrolled environment,environment, glasshouseglasshouse studystudy 

[All 

[Allreportedreported here,here, totaltotal [AI] inin thethe soilsoil solutionsolution waswas highlyhighly correlatedcorrelated toto rootroot growthgrowth 
ofof wheatwheat inin soilssoils fromfrom thatthat region.region. ThisThis suggestssuggests thatthat soilssoils inin thethe MerredinMerredin regionregion 
maymay havehave aa uniformuniform parentparent material,material, andand farmersfarmers inin thatthat regionregion havehave used· similarsimilar 
managementmanagement practices.practices. TheThe differencedifference inin soilsoil chemicalchemical propertiesproperties betweenbetween soilssoils inin thethe 
MerredinMerredin andand otherother regionsregions isis moremore likelylikely toto bebe duedue toto differencesdifferences inin parentparent materialmaterial 
becausebecause managementmanagement practicespractices areare similarsimilar inin mostmost regionsregions ofof thethe easterneastern wheatbelt.wheatbelt. 

WhenWhen thethe chemicalchemical differencesdifferences inin thethe soilsoil solutionsolution areare consideredconsidered inin relationrelation 
toto plantplant growth,growth, ionicionic strengthstrength appearedappeared toto playplay anan importantimportant rolerole inin controllingcontrolling 

Al. ForFor example,example, rootroot freshfresh weightweight (RFW)(RFW) inin soilsoil 99 waswas muchmuch greatergreater thanthan 

used 

toxictoxic AI. 
[All [A13+]RFWRFW inin soilsoil 2,2, eveneven thoughthough thethe totaltotal [AI] andand [Al3+] werewere similarsimilar inin bothboth soils.soils. 

However,However, thethe ionicionic strengthstrength ofof thethe soilsoil solutionsolution waswas higherhigher inin soilsoil 99 andand hencehence thethe 
activityactivity ofof A13+ (67(67 f.LM) waswas considerablyconsiderably lessless thanthan inin soilsoil 22 (109(109 f.LM). TheThe extentextent 

)$ etet 1986)1986) couldcould 
A13+ phi) p ~ ) .  

ofof formationformation ofof thethe non-toxicnon-toxic ionion pairpair Al(S04Al(S04 )+ (Cameron(Cameron al.al. 
bebe anotheranother differencedifference inin thethe chemicalchemical propertiesproperties ofof soilssoils .fromfrom differentdifferent regionsregions 

Al. SoilsSoils collectedcollected fromfrom thethe MerredinMerredin regionregion allall hadhadwhichwhich affectsaffects thethe toxicitytoxicity ofof AI. 
[All Al(S04)+.aa smallersmaller proportionproportion ofof totaltotal [AI] presentpresent asas Al(S04)+' TheThe higherhigher concentrationconcentration 

ofof Al(S04)+Al(S04)+ atat sitesite 77 maymay havehave contributedcontributed toto thethe graingrain yieldyield atat thatthat site,site, whichwhich 
[All.waswas greatergreater thanthan predictedpredicted byby consideringconsidering totaltotal [AI]. 

SeveralSeveral factorsfactors areare thoughtthought toto mitigatemitigate aluminiumaluminium toxicitytoxicity (Ritchie(Ritchie 1989;1989; 
TaylorTaylor 1991).1991). OneOne hypothesishypothesis hashas beenbeen thatthat anan increaseincrease inin thethe ionicionic strengthstrength 

A1 OurOur datadata supportsupportdecreasesdecreases thethe activityactivity ofof toxictoxic Al (Adams(Adams andand LundLund 1966).1966).
 
thisthis suggestionsuggestion becausebecause thethe indexindex [Al]/EC[Al]/EC waswas ableable toto explainexplain 30%30% moremore ofof thethe
 

[Allvariationvariation inin SFWSFW ofof plantsplants growngrown inin soilssoils fromfrom allall regionsregions thanthan soilsoil solutionsolution [AI] 
alone.alone. AlthoughAlthough allowanceallowance forfor ionicionic strengthstrength differencesdifferences (by(by includingincluding ECEC inin thethe 
soilsoil testtest index)index) improvedimproved thethe abilityability ofof soilsoil teststests toto describedescribe variationvariation inin SFW,SFW, 
thethe overalloverall abilityability ofof thesethese indicesindices waswas stillstill poorpoor (r(r22 0.54).<< 0·54). 

VariationVariation inin RFWRFW ofof wheatwheat growngrown inin thethe MerredinMerredin soilssoils waswas bestbest explainedexplained byby 
[All BecauseBecause chemicalchemical differencesdifferences betweenbetween regionsregions affectedaffected plantplant responseresponse[AI] alone.alone. 



toto aluminium,aluminium, explanationexplanation ofof RFWRFW ofof wheatwheat growngrown inin soilssoils fromfrom otherother regionsregions 
hadhad toto bebe divideddivided byby thethe ECEC ofof thethe soilsoil solutionsolution (or(or thethe concentrationconcentration ofof certaincertain 
ionsions inin thethe soilsoil solution)solution) beforebefore beingbeing ableable toto adequatelyadequately explainexplain variation.variation. 

TheThe [AI][All KC1 waswasinin thethe KCI extractextract ableable toto explainexplain rootroot growthgrowth inin allall regionsregions 
becausebecause thethe KCI extractionextraction simulatedsimulated thethe effecteffect ofof ionicionic strengthstrength onon toxictoxic Al inin 
thethe soilsoil solution.solution. SoilsSoils withwith aa lowlow ionicionic strengthstrength willwill havehave aa higherhigher proportionproportion 
ofof AI3+ inin solutionsolution (Le.A13+ (i.e. aa toxictoxic form)form) thanthan soilssoils withwith aa higherhigher ionicionic strength.strength. 

KC1 A1 

AdditionAddition ofof 0·005 MM KCI toto aa soilsoil withwith aa lowlow ionicionic strengthstrength isis likelylikely toto displacedisplace0.005 KC1 
A1 KC1moremore Al fromfrom soilsoil surfacessurfaces thanthan whenwhen KCI isis addedadded toto aa soilsoil withwith aa higherhigher ionicionic 

strength.strength. ThisThis maymay indicateindicate thatthat thethe variationvariation inin yieldsyields observedobserved inin thethe fieldfield 
al. (1991)(1991) possiblypossibly duedue toto regionalregional differencesdifferences andand managementmanagementbyby CarrCarr etet at. waswas 

practicespractices becausebecause thethe KCIKC1 extractionextraction hadhad effectivelyeffectively simulatedsimulated thethe effectseffects ofof 
A1chemicalchemical differencesdifferences onon Al toxicity.toxicity. 

RootRoot freshfresh weightweight ofof wheatwheat afterafter 1010 daysdays growthgrowth inin acidicacidic subsoilssubsoils appearedappeared toto 
bebe aa promisingpromising bioassaybioassay forfor predictingpredicting graingrain yieldsyields inin thethe field.field. ThisThis isis becausebecause 
graingrain yieldsyields ofof wheatwheat growngrown onon yellowyellow earthsearths inin thethe easterneastern wheatbeltwheatbelt ofof WesternWestern 
AustraliaAustralia areare dependentdependent uponupon adequateadequate subsoilsubsoil rootroot proliferationproliferation toto utilizeutilize subsoilsubsoil 
waterwater whenwhen thethe topsoiltopsoil driesdries outout towardstowards thethe endend ofof thethe growinggrowing season.season. ForFor 
thethe MerredinMerredin soils,soils, graingrain yieldyield ofof wheatwheat inin thethe fieldfield wouldwould bebe unlikelyunlikely toto exceedexceed 
800800 kgkg ha-1 ifif rootroot freshfresh weightweight inin thethe glasshouseglasshouse waswas lessless thanthan 22 gg pot -1. YieldsYields 

ha-' areare notnot economicallyeconomically viable.viable. 
ha-I pot-l. 

lessless thanthan 800800 kgkg ha-1 

TheThe lowlow correlationscorrelations ofof shootshoot growthgrowth withwith soilsoil testtest indicesindices andand Al speciesspecies werewere 
partlypartly duedue toto thethe shortshort growthgrowth periodperiod (10(10 days)days) andand partlypartly duedue toto anan unequalunequal 
distributiondistribution ofof pointspoints alongalong thethe xx axisaxis (the(the horizontalhorizontal portionportion ofof thethe curvecurve atat 
highhigh xx valuesvalues waswas onlyonly defineddefined byby oneone datadata point).point). InIn addition,addition, thethe datadata forfor 
soilsoil 99 appearedappeared asas anan outlieroutlier withwith aa muchmuch higherhigher yieldyield thanthan predictedpredicted byby thethe 
curvecurve thatthat couldcould bebe fittedfitted throughthrough thethe restrest ofof thethe points,points, irrespectiveirrespective ofof thethe 
choicechoice ofof soilsoil testtest index.index. TheThe anomolouslyanomolously highhigh shootshoot growthgrowth couldcould havehave beenbeen 

A1 

approxin~atelyduedue toto aa solublesoluble nitratenitrate concentrationconcentration inin soilsoil 99 thatthat waswas approximately 4-84-8 timestimes 
higherhigher thanthan thethe solublesoluble nitratenitrate concentrationsconcentrations inin thethe otherother soils.soils. DespiteDespite thethe 
shortshort growthgrowth periodperiod inin thethe glasshouseglasshouse experiment,experiment, thethe majoritymajority ofof thethe variationvariation 
inin SFWSFW waswas explainedexplained byby thethe ratioratio [AIJ/[N0[Al]/[X03]3 ] inin thethe KCIKC1 extract.extract. ThisThis maymay 
indicateindicate farfar moremore reliancereliance onon availableavailable soilsoil nitrogennitrogen forfor earlyearly growthgrowth (shoot(shoot andand 
root)root) ofof youngyoung wheatwheat seedlingsseedlings thanthan previouslypreviously considered.considered. 

TheThe concentrationsconcentrations ofof cationscations extractedextracted inin 0·10 .1  MM BaC12BaCl2 werewere notnot correlatedcorrelated toto 
BaC12eithereither SFWSFW oror RFW.RFW. Presumably,Presumably, thethe highhigh ionicionic strengthstrength ofof thethe BaCh diddid notnot 

extractextract ionsions inin proportionproportion toto theirtheir effecteffect onon aluminiumaluminium toxicitytoxicity (Whitten(Whitten andand 
RitchieRitchie 1991).1991). 

TheThe applicationapplication ofof limelime toto thesethese acidicacidic subsoilssubsoils resultedresulted inin predictablepredictable increasesincreases 
inin plantplant growth,growth, particularlyparticularly rootroot lengthlength (data(data notnot shown).shown). InIn general,general, yieldyield 

A1increasesincreases afterafter limingliming areare attributedattributed toto alleviationalleviation ofof Al toxicitytoxicity (Adams(Adams 1981;1981; 
al. 1979),1979), andand thethe presencepresence ofof moremore readilyreadily plant-availableplant-available CaCaGonzalez-EricoGonzalez-Erico etet at.
 

(Hourigan(Hourigan etet at.al. 1961).1961). InIn thisthis experiment,experiment, alleviationalleviation ofof Al toxicitytoxicityA1 isis mostmost
 
likelylikely toto havehave resultedresulted inin thethe yieldyield increase.increase.
 

ConclusionsConclusions 

KC1TheThe abilityability ofof KCI extractableextractable aluminiumaluminium toto explainexplain variationvariation inin shootshoot andand 
rootroot freshfresh weightsweights indicatedindicated thatthat thethe relativerelative A1proportionproportion ofof Al extractedextracted waswas 



closelyclosely correlatedcorrelated withwith thethe toxictoxic fractionfraction ofof Al presentpresent inin thethe soilssoils evaluated.evaluated. InIn 
aa controlledcontrolled glasshouseglasshouse environment,environment, aa considerableconsiderable proportionproportion ofof thethe variationvariation 
inin short-termshort-term plantplant growthgrowth cancan bebe explainedexplained byby appropriateappropriate soilsoil tests.tests. InIn thethe 
fieldfield environment,environment, wherewhere otherother factorsfactors suchsuch asas moisturemoisture supplysupply andand temperaturetemperature 
areare considerablyconsiderably moremore variable,variable, itit isis logicallogical toto expectexpect thethe abilityability ofof soilsoil teststests toto 
explainexplain variationvariation inin plantplant growthgrowth toto bebe restricted.restricted. Nevertheless,Nevertheless, thethe useuse ofof thisthis 

A1 

KCI-[AI] asas aa soilsoil testtest appearsappears veryvery promising.promising. 
ThisThis studystudy alsoalso indicatedindicated thatthat thethe mostmost suitablesuitable yieldyield measurementmeasurement forfor useuse 

inin aa bioassaybioassay toto distinguishdistinguish betweenbetween soilssoils withwith A1Al toxicitytoxicity problemsproblems wouldwould bebe 
shortshort termterm rootroot freshfresh weight.weight. RootRoot freshfresh weightweight isis easilyeasily determineddetermined andand itit 

KC1-[All. MoreMore comprehensivecomprehensive applicationapplication ofof thisthis bioassaybioassay 

KC1-[All 

isis wellwell correlatedcorrelated toto KCI-[AI].
 
techniquetechnique couldcould bebe aa usefuluseful stepstep inin extendingextending thethe soilsoil teststests developeddeveloped toto aa widerwider
 
rangerange ofof soilssoils inin otherother regions.regions.
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