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ABSTRACT
The inorganic forms of Al in the soil solution that decrease plant

growth in acid soils have not been clearly identified. Therefore, we
examined the effects of Al and its complexes with F and SOI' on
the root elongation of barley (Hordeum vulgare) in nutrient solutions
containing 3333 nmol Ca L ' and 6 /imol B L ' at pH 4.5. The
anions were chosen because of their presence in the soil solution at
levels sufficient to complex Al. The toxicity of 0 to 100 pmol Al L '
was studied in the presence of 0 to 10 /imol F L ' or 0-3300 /unol
SOI L '• The elongation of roots of barley seedlings was correlated
with A13+ concentrations but not with total soluble Al or Al com
plexed with F and SOJ~. This could be one of the reasons why
measurements of labile Al using complexing agents have not always
been successful at distinguishing between Al-toxic and nontoxic soils.

Additional Index Words: pH, Ca, F~, SOJ~, nutrient solutions,
soil acidity, alfalfa, Hordeum vulgare L.
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ALUMINUM TOXICITY is a major factor limiting the
growth of plants on acid soils (Foy, 1984). De-

spite considerable research, the identification of soils
containing toxic levels of Al is still limited by our lack
of understanding of which forms of soluble Al are re-
sponsible for decreased plant growth. The activity of
total soluble aluminum, (A1T), has been shown to be
more correlated with root elongation than total solu-
ble Al concentration, [A1T] (Adams and Lund, 1966;
Helyar, 1978). More recent studies with nutrient so-
lutions have indicated that the "free" ion, A13+, or the
labile monomeric forms (i.e., A13+, A1(OH)2+,
A1(OH)J may be the major toxic species (Pavan and
Bingham, 1982; Blarney et al., 1983).

The application of the above work to natural soil
conditions has met with partial success when the ac-
tivity of A13+, (A13+), is calculated from the total con-
centrations of all soluble ions and thermodynamic sta-
bility constants (e.g., Pavan et al., 1982; Sheppard and
Floate, 1984). However, comparisons have not been
so encouraging when toxic Al in soil is estimated by
the speed with which it reacts with a complexing re-
agent (Adams and Hathcock, 1984). This measure of
Al (labile Al) is thought to consist of A13+ and mon-
omeric complexes with inorganic anions (James et al.,
1983). The cause of such an anomaly could be due to
the different toxicities of the inorganic forms of Al in
solutions. Sulphate and F~ are both capable of form-
ing soluble complexes with Al at levels found in the
soil solution (Ritchie, 1986).

The purpose of this work was to compare the toxic
effect of A13+ and its complexes with F~ and SO2.".
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Initially, we examined the effect of pH, ionic strength,
and Ca2+ concentration on the elongation of the pri-
mary root of seedlings of barley (Hordeum vulgare L.,
cv. Beecher) and alfalfa (Medicago saliva L., cv. CUF
101) so that we could develop a suitable bioassay for
examining the effects of Al on root growth.

MATERIALS AND METHODS
Germination and Growth of Seedlings

All seeds were sieved and germinated by immersion in an
aerated, 200 nmol CaSO4-2H2O L~' solution at 25 ± 3°C.
Six seedlings were transplanted to each test solution when
the radicles had emerged to approximately 3 mm. The plants
were suspended at the surface of the nutrient solution on
cheesecloth stretched over a wire mesh template. This en-
sured that the root tips were always immersed in the solu-
tion.

The solutions contained only <1600 ^mol Ca2+ L~' and
6 jwnol B L~', as well as the experimental treatments. Cal-
cium and B are immobile in plants and are essential for root
growth because they maintain the integrity of the root mem-
brane (Haynes and Robbins, 1948). The seed provided an
adequate source of all other nutrients over the short time
period of the experiment. This prevented complications in
the calculation of (A13+), which may have occurred if nu-
trients such as H2POj had been added. The nutrient solu-
tions were contained in 5-L plastic pots placed in root cool-
ing tanks at 23 ± 2°C. During plant growth, the solutions
were aerated continuously and renewed daily to ensure con-
stant levels of the ions present. The treatments were dupli-
cated in all experiments.

Development of Bioassay
The purpose of the bioassay was to study the influence of

external factors on Al toxicity and was not designed to mon-
itor internal effects that may influence shoot growth only.
The criterion for the development of the procedure was to
establish a nutrient solution that contained the minimum
nutrients required for adequate seedling growth over short
time periods (3 d) but contained a minimum of ions that
could affect the response of roots to Al. No effort was made
to use normal nutrient solutions or simulate the soil solution
because both solutions are too complex to differentiate be-
tween the mechanisms under investigation.

Three factorial experiments were designed to study the
effect of pH, Al, Ca2+, and ionic strength on primary root
elongation of alfalfa and barley (Table 1). These plant spe-
cies were chosen because of their sensitivity to Al toxicity
(Russell, 1973).

Experiment 1 investigated the effect of pH on root elon-
gation of alfalfa and barley seedlings and also the effect of
Al at pH 4.0 only. Subsequently, alfalfa was chosen for fur-
ther studies of the Al-H interaction (Exp. 2), whereas barley
was selected to study the Al-Ca interaction (Exp. 3). Where
necessary, pH was controlled by the addition of 17.3 mmol
HC1 L~' or 1.4 mmol NaHCO3 L~'. Ionic strength was
maintained with CaQ2 and KC1. Aluminum chloride was
added to give a range of values of (A13+) from 0 to 16 nmol
L-'.

A preliminary experiment indicated that there was no ef-
fect of Na+ or K+ on root elongation at the levels used.
Hence, in the subsequent experiments, F~ and SO2." were
added as either the Na+, K+, or Ca2+ salts to ensure that
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spitespite considerableconsiderable research,research, thethe identificationidentification ofof soilssoils 
containingcontaining toxictoxic levelslevels ofof AlAl isis stillstill limitedlimited byby ourour lacklack 
ofof understandingunderstanding ofof whichwhich formsforms ofof solublesoluble AlAl areare re­re­
sponsiblesponsible forfor decreaseddecreased plantplant growth.growth. TheThe activityactivity ofof 
totaltotal solublesoluble aluminum,aluminum, (Ah),(Ah), hashas beenbeen shownshown toto bebe 
moremore correlatedcorrelated withwith rootroot elongationelongation thanthan totaltotal solu­solu­
bleble AlAl concentration,concentration, [Ahl[Ahl (Adams(Adams andand Lund,Lund, 1966;1966; 
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soso encouragingencouraging whenwhen toxictoxic AlAl inin soilsoil isis estimatedestimated byby 
thethe speedspeed withwith whichwhich itit reactsreacts withwith aa complexingcomplexing re­re­
agentagent (Adams(Adams andand Hathcock,Hathcock, 1984).1984). ThisThis measuremeasure ofof 
AIAI (labile(labile AI)AI) isis thoughtthought toto consistconsist ofof AI3+AI3+ andand mon.mon. 
omericomeric complexescomplexes withwith inorganicinorganic anionsanions (James(James etet al.,al., 
1983).1983). TheThe causecause ofof suchsuch anan anomalyanomaly couldcould bebe duedue toto 
thethe differentdifferent toxicitiestoxicities ofof thethe inorganicinorganic formsforms ofof AlAl inin 
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Initially,Initially, wewe examinedexamined thethe effecteffect ofof pH,pH, ionicionic strength,strength, 
andand CaCa22++ concentrationconcentration onon thethe elongationelongation ofof thethe pri­pri­
marymary rootroot ofof seedlingsseedlings ofof barleybarley (Hordeum(Hordeum vulgarevulgare L.,L., 
cv.cv. Beecher)Beecher) andand alfalfaalfalfa (Medicago(Medicago sativasativa L.,L., cv.cv. CUFCUF 
101)101) soso thatthat wewe couldcould developdevelop aa suitablesuitable bioassaybioassay forfor 
examiningexamining thethe effectseffects ofof AlAl onon rootroot growth.growth. 

MATERIALSMATERIALS ANDAND METHODSMETHODS 
GerminationGermination andand GrowthGrowth ofofSeedlingsSeedlings 

AllAll seedsseeds werewere sievedsieved andand germinatedgerminated byby immersionimmersion inin anan 
aerated,aerated, 200200 ~mol~mol CaS0CaS044 ·2H·2H2200 LL-I-I solutionsolution atat 2525 ±± 3°C.3°C. 
SixSix seedlingsseedlings werewere transplantedtransplanted toto eacheach testtest solutionsolution whenwhen 
thethe radiclesradicles hadhad emergedemerged toto approximatelyapproximately 33 mm.mm. TheThe plantsplants 
werewere suspendedsuspended atat thethe surfacesurface ofof thethe nutrientnutrient solutionsolution onon 
cheeseclothcheesecloth stretchedstretched overover aa wirewire meshmesh template.template. ThisThis en­en­
suredsured thatthat thethe rootroot tipstips werewere alwaysalways immersedimmersed inin thethe solu­solu­
tion.tion. 

TheThe solutionssolutions containedcontained onlyonly ~~ 16001600 ~mol~mol CaCa22++ LL-I-I andand 
66 ~mol~mol BB LL-I,-I, asas wellwell asas thethe experimentalexperimental treatments.treatments. Cal­Cal­
ciumcium andand BB areare immobileimmobile inin plantsplants andand areare essentialessential forfor rootroot 
growthgrowth becausebecause theythey maintainmaintain thethe integrityintegrity ofof thethe rootroot mem­mem­
branebrane (Haynes(Haynes andand Robbins,Robbins, 1948).1948). TheThe seedseed providedprovided anan 
adequateadequate sourcesource ofof allall otherother nutrientsnutrients overover thethe shortshort timetime 
periodperiod ofof thethe experiment.experiment. ThisThis preventedprevented complicationscomplications inin 
thethe calculationcalculation ofof (AI3+),(AI3+), whichwhich maymay havehave occurredoccurred ifif nu­nu­
trientstrients suchsuch asas HH22POPO.... hadhad beenbeen added.added. TheThe nutrientnutrient solu­solu­
tionstions werewere containedcontained inin S-LS-L plasticplastic potspots placedplaced inin rootroot cool­cool­
inging tankstanks atat 2323 ±± 2°C.2°C. DuringDuring plantplant growth,growth, thethe solutionssolutions 
werewere aeratedaerated continuouslycontinuously andand renewedrenewed dailydaily toto ensureensure con­con­
stantstant levelslevels ofof thethe ionsions present.present. TheThe treatmentstreatments werewere dupli­dupli­
catedcated inin allall experiments.experiments. 

DevelopmentDevelopment ofofBioassayBioassay 

TheThe purposepurpose ofof thethe bioassaybioassay waswas toto studystudy thethe influenceinfluence ofof 
externalexternal factorsfactors onon AlAl toxicitytoxicity andand waswas notnot designeddesigned toto mon­mon­
itoritor internalinternal effectseffects thatthat maymay influenceinfluence shootshoot growthgrowth only.only. 
TheThe criterioncriterion forfor thethe developmentdevelopment ofof thethe procedureprocedure waswas toto 
establishestablish aa nutrientnutrient solutionsolution thatthat containedcontained thethe minimumminimum 
nutrientsnutrients requiredrequired forfor adequateadequate seedlingseedling growthgrowth overover shortshort 
timetime periodsperiods (3(3 d)d) butbut containedcontained aa minimumminimum ofof ionsions thatthat 
couldcould affectaffect thethe responseresponse ofof rootsroots toto AI.AI. NoNo efforteffort waswas mademade 
toto useuse normalnormal nutrientnutrient solutionssolutions oror simulatesimulate thethe soilsoil solutionsolution 
becausebecause bothboth solutionssolutions areare tootoo complexcomplex toto differentiatedifferentiate be­be­
tweentween thethe mechanismsmechanisms underunder investigation.investigation. 

ThreeThree factorialfactorial experimentsexperiments werewere designeddesigned toto studystudy thethe 
effecteffect ofof pH,pH, AI,AI, CaCa22+,+, andand ionicionic strengthstrength onon primaryprimary rootroot 
elongationelongation ofof alfalfaalfalfa andand barleybarley (Table(Table I).I). TheseThese plantplant spe­spe­
ciescies werewere chosenchosen becausebecause ofof theirtheir sensitivitysensitivity toto AlAl toxicitytoxicity 
(Russell,(Russell, 1973).1973). 

ExperimentExperiment II investigatedinvestigated thethe effecteffect ofof pHpH onon rootroot elon­elon­
gationgation ofof alfalfaalfalfa andand barleybarley seedlingsseedlings andand alsoalso thethe effecteffect ofof 
AlAl atat pHpH 4.04.0 only.only. Subsequently,Subsequently, alfalfaalfalfa waswas chosenchosen forfor fur­fur­
therther studiesstudies ofof thethe AI-HAI-H interactioninteraction (Exp.(Exp. 2),2), whereaswhereas barleybarley 
waswas selectedselected toto studystudy thethe AI-CaAI-Ca interactioninteraction (Exp.(Exp. 3).3). WhereWhere 
necessary,necessary, pHpH waswas controlledcontrolled byby thethe additionaddition ofof 17.317.3 mmolmmol 
HCIHCI LL-lor-lor 1.41.4 mmolmmol NaHCONaHCOJJ LL-I.-I. IonicIonic strengthstrength waswas 
maintainedmaintained withwith CaCICaCI22 andand KCI.KCI. AluminumAluminum chloridechloride waswas 
addedadded toto givegive aa rangerange ofof valuesvalues ofof (AP+)(AP+) fromfrom 00 toto 1616 ~mol~mol 
L-I.L-I. 

AA preliminarypreliminary experimentexperiment indicatedindicated thatthat therethere waswas nono ef­ef­
fectfect ofof NaNa++ oror KK++ onon rootroot elongationelongation atat thethe levelslevels used.used. 
Hence,Hence, inin thethe subsequentsubsequent experiments,experiments, F-F- andand SO~-SO~- werewere 
addedadded asas eithereither thethe Na+,Na+, K+,K+, oror CaCa22++ saltssalts toto ensureensure thatthat 
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Table 1. Experiment design and treatment levels for Exp. 1 to 3.

Treatments

Experiment Plant
no. species

la Alfalfa
Barley

Ib As above

2 Alfalfa

3 Barley

n
0.01

0.01

0.005
0.005

0.005

0.005

0.02

0.02
0.01

PH

3.4, 3.7,
4.0, 4.5
5.0, 5,5
4.0

4.4
4.7

5.0

5.2

4.5

4.5
4.5

CaT§

3330

3330

1600
1600

1600

1600

6667

nqqqOOOO

3333

A1T§

0

0, 2
10, 50
0, 18
0, 6
11, 22
0, 4
8, 16
0, 4
8, 16
0, 1.73
3.43, 6.86
13.72, 27.44
54.9

0, 1.4, 2.8
5.6, 11.2
22.4, 44.8

(Al'*)

0

0, 0.89
4.43, 22.2

0, 8
0, 2
4, 8
0, 1
2, 4
0, 0.5
1, 2
0, 0.5
1.0, 2.0
4, 8
16

 same

Speciation of Alt

Al(OH)'*
(jimol L~')

0

0

0, 2
0, 1
2, 4
0, 1
2, 4
0, 1
2, 4
0, 0.16
0.33, 6.65
1.3, 2.6
5.2

as above
 same as above

Al(OH);

0

0

0, 0.38
0, 0.38
0.75, 1.5
0, 0.75
1.5, 3
0, 1.5
3, 6
0, 0.04
0.07, 0.14
0.28, 0.56
1.12

t The corresponding activity of Al species in each treatment.

the toxicity of Al was related to the effects of F~
only.

Aluminum Toxicity in the Presence ofFluoride
The effect of F~ on the toxicity of Al to seedlings of barley

was studied by measuring root elongation after 3 d growth
in nutrient solutions (Exp. 4). The experiment was an in-
complete factorial combination of 25 treatments with four
levels of total F~ concentrations, [FT], and 10 levels of total
Al concentrations, [A1T], replicated in a completely random
arrangement (Table 2). Aluminum and F~ were added to
the nutrient solutions as A1C13 and NaF, respectively. A Ca
concentration of 3333 nmol L ', an ionic strength of 10 000
/imol L~' and a pH of 4.5 were used in all treatments. Ionic
strength was maintained as in Exp. 1, 2, and 3.

Aluminum Toxicity in the Presence of Sulphate
An incomplete factorial design of 13 treatments was used

to study the effect of SO^~ on the relationship between root
elongation and Al toxicity to barley seedlings (Exp. 5). The
experimental conditions were the same as for Exp. 4 except
than no F~ was present and SO^~ was added either as
CaSO4-2H2O and/or KA1(SO4)2. The treatment levels are
given in Table 2.

Calculation ofAl Speciation
The solution activities of free A13+ and Ca2+ were calcu-

lated at each pH and ionic strength, I, from the thermody-
namic stability constants given by Lindsay (1979) for the
hydrolysis of A13+ to A1(OH)2+ and A1(OH)2+ and from ac-
tivity co-efficients calculated from thermodynamic stability
constants for the formation of the species CaSOS, A1OH2+,
A1(OH)2

+, A1F2+, A1F2
+, A1F§, A1SO4

+, and Al(SO4)j (Lindsay,
1979).

RESULTS AND DISCUSSION
Development of Bioassay

In Exp. 1, increasing H+ ion activity decreased the
elongation of the primary root of both alfalfa and bar-

§ Total concentration in solution, /iinol Lt Ionic strength, mol L"1.

ley (Fig. la and b). At pH 4, [A1T] >10 ^mol L~'
decreased root growth of barley seedling from 29 mm
to «sl 1.3 mm (Fig. Id). The growth of roots of alfalfa
showed little response to Al (Fig. Ic), presumably be-
cause root growth had already been reduced to a min-
imum by the low pH. However, at the higher pH val-
ues used in Exp. 2 (pH 4.4-5.2), root elongation of
alfalfa seedlings was dependent on both pH and Al
activity. In an attempt to combine these effects, root
length was expressed as a percentage of root length in
the absence of Al at the corresponding pH (i.e., rela-
tive root length, RRL) and plotted separately against
the activities of A13+, A1(OH)2+, and A1(OH)2

+.
Regardless of the Al species considered, there was

still a wide range of RRL values at a constant activity.
For example, RRL varied from 19 to 33% at a con-
stant level of 2 jumol L~' of A13+ (Fig. 2a) and from
12r6 to 24% at 1 fimol L~' of A1(OH)2+. Plots of root
length vs. the individual Al species plus H+ activity,
(H+), could not explain the response adequately either
(data not shown). Assuming there is no effect on root
elongation of H+ at pH 5.2, then the effect of 0.5 jumol
(A13+) L~' at pH 5.2 is approximately equal to the
effect of 40 /tmol (H+) L~' in the absence of Al (i.e.,
pH 4.4). Therefore, the depression in root growth
caused by 1 jirnol (A13H~) L~' was approximately equiv-
alent to the reduction caused by 80 /umol (H+) L~'.
Similar relationships were estimated for the activities
of A1(OH)2+ and A1T. .When the combined contribu-
tion of Al and H+ was expressed in this manner, the
response of root elongation to pH and Al was de-
scribed by a single consistent relationship. This indi-
cates that H+ ions affected root growth of alfalfa seed-
lings in nutrient solutions in an independent but
similar manner to Al. Even though the highest cor-
relation was achieved by considering (A13+) alone (Fig.
2b), the relationships with (A1T) and (A1(OH)2

+) were
also quite adequate (Table 3). It is difficult to distin-
guish whether A13+ or a hydrolyzed form is the major
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TableTable 1.1. ExperimentExperiment designdesign andand treatmenttreatment levelslevels forfor Exp.Exp. 11 toto 3.3.
 

TreatmentsTreatments 

ExperimentExperiment PlantPlant 
no.no. speciesspecies I:j:I:j: pHpH CaT§CaT§ 

lala AlfalfaAlfalfa 0.010.01 304,304, 3.7,3.7, 33303330 
BarleyBarley 4.0,4.54.0,4.5 

5.0,5,55.0,5,5 
IbIb AsAs aboveabove 0,010,01 4.04.0 33303330 

22 AlfalfaAlfalfa	 0.0050.005 404404 16001600 
0,0050,005 4.74.7 16001600 

0.0050.005 5.05.0 16001600 

0.0050.005 5.25.2 16001600 

33 BarleyBarley 0.020.02 4.54.5 66676667 

0.020.02 4.54.5 33333333 
0.010.01 4.54.5 33333333 

tt TheThe correspondingcorresponding activityactivity ofof AlAl speciesspecies inin eacheach treatment.treatment. 

thethe toxicitytoxicity ofof AlAl waswas relatedrelated toto thethe effectseffects ofof F-F- andand SO~­SO~­

only.only. 

AluminumAluminum ToxicityToxicity inin thethe PresencePresence ofofFluorideFluoride 

TheThe effecteffect ofP-ofP- onon thethe toxicitytoxicity ofof AlAl toto seedling,sseedling,s o(barleyo(barley 
waswas studiedstudied byby measuringmeasuring rootroot elongationelongation afterafter 33 dd growthgrowth 
inin nutrientnutrient solutionssolutions (Exp.(Exp. 4).4). TheThe experimentexperiment waswas anan in­in­
completecomplete factorialfactorial combinationcombination ofof 2525 treatmentstreatments withwith fourfour 
levelslevels ofof totaltotal F-concentrations,F-concentrations, [FTl,[FTl, andand 1010 levelslevels ofof totaltotal 
AlAl concentrations,concentrations, [AITl,[AITl, replicatedreplicated inin aa completelycompletely randomrandom 
arrangementarrangement (Table(Table 2).2). AluminumAluminum andand F-F- werewere addedadded toto 
thethe nutrientnutrient solutionssolutions asas AICl)AICl) andand NaF,NaF, respectively.respectively. AA CaCa 
concentrationconcentration of3333of3333 /oLmol/oLmol LL-),-), anan ionicionic strengthstrength ofof 1010 000000 
/oLmol/oLmol LL-I-I andand aa pHpH ofof 4,54,5 werewere usedused inin allall treatments.treatments. IonicIonic 
strengthstrength waswas maintainedmaintained asas inin Exp.Exp. 1,1, 2,2, andand 3.3. 

AluminumAluminum ToxicityToxicity inin thethe PresencePresence ofofSulphateSulphate 

AnAn incompleteincomplete factorialfactorial designdesign ofof 1313 treatmentstreatments waswas usedused 
toto studystudy thethe effecteffect ofof SO~-SO~- onon thethe relationshiprelationship betweenbetween rootroot 
elongationelongation andand AlAl toxicitytoxicity toto barleybarley seedlingsseedlings (Exp.(Exp. 5).5). TheThe 
experimentalexperimental conditionsconditions werewere thethe samesame asas forfor Exp.Exp. 44 exceptexcept 
thanthan nono F-F- waswas presentpresent andand SO~-SO~- waswas addedadded eithereither asas 
CaS0CaS044·2H·2H2200 and/orand/or KAl(S04)2'KAl(S04)2' TheThe treatmenttreatment levelslevels areare 
givengiven inin TableTable 2.2. 

CalculationCalculation ofofAlAl SpeciationSpeciation 

TheThe solutionsolution activitiesactivities ofof freefree AP+AP+ andand CaCa22++ werewere calcu­calcu­
latedlated atat eacheach pHpH andand ionicionic strength,strength, I,I, fromfrom thethe thermody­thermody­
namicnamic stabilitystability constantsconstants givengiven byby LindsayLindsay (1979)(1979) forfor thethe 
hydrolysishydrolysis ofof AP+AP+ toto Al(OH)2+Al(OH)2+ andand Al(OH)iAl(OH)i andand fromfrom ac­ac­
tivitytivity co-efficientsco-efficients calculatedcalculated fromfrom thermodynamicthermodynamic stabilitystability 
constantsconstants forfor thethe formationformation ofof thethe speciesspecies CaSO~,CaSO~, AIOH2+,AIOH2+, 
Al(OH)i,Al(OH)i, AIP+,AIP+, AIFi,AIFi, Alpj,Alpj, AlSO:,AlSO:, andand Al(S04)2Al(S04)2 (Lindsay,(Lindsay, 
1979).1979). 

RESULTSRESULTS ANDAND DISCUSSIONDISCUSSION
 

DevelopmentDevelopment ofof BioassayBioassay
 

InIn Exp.Exp. 1,1, increasingincreasing H+H+ ionion activityactivity decreaseddecreased thethe 
elongationelongation ofof thethe primaryprimary rootroot ofofbothboth alfalfaalfalfa andand bar-bar-

SpeciationSpeciation ofof AlAltt 

AI(OH)"AI(OH)" 
AIAITT§§ (AI")(AI") (/LmoIL-I)(/LmoIL-I) AI(OH);AI(OH); 

00 00 00 00 

0,20,2 0,0.890,0.89 00 00
 
10,5010,50 4043,4043, 22.222.2
 

0,180,18 0,0, 88 0,0, 22 0,0.380,0.38 
0,0, 66 0,0, 22 0,0, 11 0,0.380,0.38 
11,2211,22 4,84,8 2,42,4 0.75,0.75, 1.51.5 

0,0, 44 0,10,1 0,0, 11 0,0.750,0.75 
8,8, 1616 2,42,4 2,42,4 1.5,31.5,3 
0,40,4 0,0.50,0.5 0,10,1 0,0, 1.51.5 
8,168,16 1,21,2 2,42,4 3,3, 66 

0,0, 1.731.73 0,0.50,0.5 0,0.160,0.16 0,0.040,0.04 
3043,3043, 6.866.86 1.0,1.0, 2.02.0 0.33,0,650.33,0,65 0.Q7,0.Q7, 0.140.14 
13.72,13.72, 2704427044 4,84,8 1.3,1.3, 2.62.6 0.28,0.560.28,0.56 
54,954,9 1616 5.25.2 1.121.12 

—————— samesame asas aboveabove ———— 
0,0, lA,lA, 2.82.8	 — samesame asas aboveabove ­
5.6,5.6, 11.211.2 
2204,44.82204,44.8 

:j::j: IonicIonic strength,strength, ,mol,mol LL-I.-I. §§ TotalTotal concentrationconcentration inin solution,solution, /Lmol/Lmol L-I.L-I.' 

leyley (Fig.(Fig. lala andand b).b). AtAt pHpH 4,4, [AlTl[AlTl >> 1010 /oLmol/oLmol L-IL-I 
decreaseddecreased rootroot growthgrowth ofof barleybarley seedlingseedling fromfrom 2929 mmmm 
toto ~ll.J~ll.J mmmm (Fig.(Fig. ld).ld). TheThe growthgrowth ofof rootsroots ofof alfalfaalfalfa 
showedshowed littlelittle responseresponse toto AlAl (Fig.(Fig. Ie),Ie), presumablypresumably be­be­
causecause rootroot growthgrowth hadhad alreadyalready beenbeen reducedreduced toto aa min­min­
imumimum byby thethe lowlow pH.pH. However,However, atat thethe higherhigher pHpH val­val­
uesues usedused inin Exp.Exp. 22 (pH(pH 4.4-5.2),4.4-5.2), rootroot elongationelongation ofof 
alfalfaalfalfa seedlingsseedlings waswas dependentdependent onon bothboth pHpH andand AlAl 
activity.activity. InIn anan attemptattempt toto combinecombine thesethese effects,effects, rootroot 
lengthlength waswas expressedexpressed asas aa percentagepercentage ofof rootroot lengthlength inin 
thethe absenceabsence ofof AlAl atat thethe correspondingcorresponding pHpH (i.e.,(i.e., rela­rela­
tivetive rootroot length,length, RRL)RRL) andand plottedplotted separatelyseparately againstagainst 
the.the. activitie~activitie~ ofof AP+,AP+, Al(OH)2\Al(OH)2\ andand Al(OH);.Al(OH);. 

RegardlessRegardless ofof thethe AlAl speciesspecies considered,considered, there,there, waswas 
stillstill aa widewide rangerange ofRRLofRRL valuesvalues atat aa constantconstant activity,activity, 
ForFor example,example, RRLRRL variedvaried fromfrom 1919 toto 33%33% atat aa con­con­
stantstant levellevel ofof 22 /oLmol/oLmol LL -I-I ofof AP+AP+ (Fig.(Fig. 2a)2a) andand fromfrom 
12,612,6 toto 24%24% atat 11 /oLmol/oLmol LL-I-I ofof Al(OH)2+.Al(OH)2+. PlotsPlots ofof rootroot 
lengthlength vs.vs. thethe individualindividual AlAl speciesspecies plusplus H+H+ activity,activity, 
(H+),(H+), couldcould notnot explainexplain thethe responseresponse adequatelyadequately eithereither 
(data(data notnot shown).shown). AssumingAssuming therethere isis nono effecteffect onon rootroot 
elongationelongation ofH+ofH+ atat pHpH 5.2,5.2, thenthen thethe effecteffect ofof 0.50.5 /oLmol/oLmol 
(AP+)(AP+) LL-I-I atat pHpH 5.25.2 isis approximatelyapproximately equalequal toto thethe 
effecteffect ofof 4040 JlmolJlmol (H+)(H+) LL-,lin-,lin thethe absenceabsence ofof AlAl (i.e.,(i.e., 
pHpH 4.4).4.4). Therefore,Therefore, thethe depressiondepression inin rootroot growthgrowth 
causedcaused byby 11 JlmolJlmol (AP+)(AP+) LL-I-I waswas approximatelyapproximately equiv­equiv­
alentalent toto thethe reductionreduction causedcaused byby 8080 JlmolJlmol (H+)(H+) LL-I.-I. 

SimilarSimilar relationshipsrelationships werewere estimatedestimated forfor thethe activitiesactivities 
ofof Al(OH)2+Al(OH)2+ andand Ah.Ah. ,When,When thethe combinedcombined contribu­contribu­
tiontion ofof AlAl andand H+H+ waswas expressedexpressed inin thisthis manner,manner, thethe 
responseresponse ofof rootroot elongationelongation toto pHpH andand AlAl waswas de­de­
scribedscribed byby aa singlesingle consistentconsistent relationship.relationship. ThisThis indi­indi­
catescates thatthat H+H+ ionsions affectedaffected rootroot growthgrowth ofof alfalfaalfalfa seed­seed­
lingslings inin nutrientnutrient solutionssolutions inin anan independentindependent butbut 
similarsimilar mannermanner toto AI.AI. EvenEven thoughthough thethe highesthighest cor­cor­
relationrelation waswas achievedachieved byby consideringconsidering (AP+)(AP+) alonealone (Fig;(Fig; 
2b),2b), thethe relationshipsrelationships withwith (Ah)(Ah) andand (Al(OH)t)(Al(OH)t) werewere 
alsoalso quitequite adequateadequate (Table(Table 3).3). ItIt isis difficultdifficult toto distin­distin­
guishguish whetherwhether AP+AP+ oror aa hydrolyzedhydrolyzed formform isis thethe majormajor 
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Table 2. Experiment design and treatment levels (/unol dm 3) for Exp. 4 and 5. Ionic strength
[CaT]  3333 ^mol Ir1.

0.01 mol L-', pH  4.5,

Complexing
anion [Cf]i

F 0

2.5

5

10

SO, 0

1000
2100
3300

X [A1T]

0, 2, 4,
6, 8, 100
0, 2, 4, 6, 8,
10
0, 4, 6, 8,
10, 12
0, 4, 8, 10,
12, 14, 16

0, 1.26, 3.14,
12.55
0, 4.42, 17.68
0, 5.77, 23.05
0, 7.17, 28.65

[Ay*]

0, 1.61, 3.23, 4.84,
6.45, 80.6
0, 0.34, 1.50, 2.99,
4.55, 6.14
0, 0.54, 1.53, 2.89,
4.37, 5.92
0, 0.07, 0.82, 1.69,
2.85, 4.20, 5.63

0, 1, 2.5, 10

0, 2.5, 10
0, 2.5, 10
0, 2.5, 10

Al(OH)'*

Experiment 4
0, 0.35, 0.7,
1.05, 1.4, 17.7
0, 0.075, 0.33,
0.66, 1.0, 1.35
0, 0.11, 0.33,
0.63, 0.95, 1.29
0, 0.015, 0.18,
0.38, 0.62,
0.91, 1.22

Experiment 5
0, 0.22, 0.55,
2.2
0, 0.55, 2.2

Speciation of A1J

Al(OH);

0, 0.056, 0.11,
0.17, 0.22, 2.82
0, 0.012, 0.052,
0.104, 0.16, 0.21
0, 0.017, 0.052,
0.1, 0.15, 0.21
0, 0.0023, 0.029,
0.06, 0.099,
0.145, 0.194

0, 0.035, 0.09,
0.35
0, 0.09, 0.35

A1-C§

0

0, 1.57, 2.12, 2.25,
2.29, 2.30
0, 3.33, 4.10, 4.38,
4.52, 4.58
0, 3.91, 6.97, 7.87,
8.43, 8.75, 9.00

0

0, 1.28, 5.13
0, 2.63, 10.5
0, 4.03, 16.1

t Total concentration of Complexing ion.
t The corresponding concentration of Al species in each treatment, jtmol L~
§ (A1F  + A1F; + A1FS) in Exp. 4 and (A1SO; + A1(SO4)1 in Exp. 5.

toxic species because they all vary in the same pro-
portion when A1T is altered at a constant pH.

At a constant CaT of 3333 ^mol L~', there was a
negligible difference in the effect of (A13+) on root
growth of barley seedlings at ionic strengths of 10 000
and 20 000 jtmol L"' (Fig. 3a). However, at a constant
ionic strength of 20 000 jitmol L~' and (A13+) <8 jimo!
L"1, root growth was greater at CaT = 6667 mmol L""1

than at 3333 nmol L~' (Fig. 3a). Therefore, the effect
of Al was mitigated by Ca in the (Al3+/(Ca2+) range
of 3.4 X 10~4 to 8.0 X 10~3. Other studies have also
shown that Ca2+ can alleviate effects of Al on root
growth of cotton (Gossypium hirsutum L.) (Adams and
Lund, 1966) and soybeans [Glycine max (L.) Merr.]
(Lund, 1970).

A consistent relationship between Al and root length
was observed when (A13+) was expressed as a ratio
with (Ca2+) (Fig. 3b). A logarithm-logarithm transfor-
mation of the data was linear (log y  1.456 — 0.346
log x; r2 = -0.947) between (Al3+)/(Ca2+) ratios of
3.4 X 10"4 and 8.0 X 10~3. Outside this range, Al
toxicity was independent of Ca concentration.

In experiments investigating Al toxicity, the exper-
imental conditions must be selected so that the H+

effect is minimized and the (Ca2+) effect is constant.
Therefore, the following conditions were selected for
the bioassays used to study the Al toxicity in the pres-
ence of SOl" and F~ ions.

An ionic strength of 10000 ^mol L'1 and a [CaT]
of 3333 jumol L'1 were considered representative of
levels found in soil solutions. A pH of 4.5 was selected
as the highest pH that could be used before hydrolysis
and precipitation of Al decreased (A13+) to negligible
levels while still minimizing the H+ effect on root
growth. Barley was chosen as the indicator plant be-
cause at pH 4.5 it was less sensitive to H+ effects than
alfalfa. Root growth of barley at pH 4.5 was 79% of
the average growth at pHs 5.0 and 5.5, whereas root
elongation of alfalfa was only 63% of the average
growth at higher pHs.

Table 3. Variance accounted for by linear regression of the log
transformation of root length on [Al + H] activity.

y x Variance

Root length (Al") + H/80
(A1OH1*) + H/40
(Al(OH)J) + H/27
(A1T) + H/13

0.972
0.910
0.632
0.914

Aluminum Toxicity in the Presence of Fluoride and
Sulphate

Increasing the concentration of SO2," and F" in so-
lution increased the elongation of roots of barley seed-
lings in the presence of Al but not in its absence (Fig.
4a and 5a). For both SO2!" and F~, root length was
not correlated with A1T (Fig. 4a and 5a), Al-F or Al-
SO4 complexes, but was closely correlated with the
concentration of A13+ (Fig. 4b and 5b). In these ex-
periments A13+ may be expressed as a concentration
or an activity because ionic strength was constant.
Thus, Al complexed with SO2," and F~ does not ap-
pear to be toxic to root elongation. There are insuffi-
cient data points in Fig. 5 to establish whether the
response of barley to Al in the presence of SO2)" is of
a similar shape to that in the presence of F~ (Fig. 4b).
However, the points in Fig. 5b fall on the same re-
sponse curve as the data from the Fr experiment if
they are plotted on the same axes. The detoxifying
effect of F~ and SOI" could be one of the reasons why
measurements of labile Al using complexing agents
have not always been successful at distinguishing be-
tween Al toxic and nontoxic soils.

Fluoride forms complexes with Al very readily and
therefore was more effective in reducing the toxic ef-
fect of Al when compared with SO2," at equal concen-
trations. Under the conditions of the experiment,
>90% of the total F~ present was complexed with Al,
whereas <0.5% of total SO2." was forming ion pairs
with Al. Therefore, the ability of these two anions to
reduce Al toxicity in soils will depend on their con-
centration in the soil solution.
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TableTable 2.2. ExperimentExperiment designdesign andand treatmenttreatment levelslevels (I'mol(I'mol dm-')dm-') forfor Exp.Exp. 44 andand 5.5. IonicIonic strengthstrength == 0.010.01 molmol L-'.L-'. pHpH === 4.5,4.5,
 

ComplexingComplexing
anionanion (CTlt(CTlt 

FF 00 

2.52.5 

55 

1010 

SO,SO, 00 

10001000 
21002100 
33003300 

[CaT)[CaT) === 33333333 I'molI'mol VI.VI. 

SpeciationSpeciation ofof AijAij 
XX (AI(AITT!! (AI(AITT"!"! AI(OH)"AI(OH)" AI(OH);AI(OH); 

ExperimentExperiment 44 

0,2,4.0,2,4. 0,0, 1.61,1.61, 3.23.3.23. 4.84,4.84, 0,0, 0.35,0.35, 0.7,0.7, 0,0, 0.056,0.056, 0.11,0.11, 
6,6, 8,8, 100100 6.45,80.66.45,80.6 1.05,1.05, 1.4,1.4, 17.717.7 0.17,0.17, 0.22,0.22, 2.822.82 
0,0, 2,2, 4,4, 6,6, 8,8, 0,0, 0.34,0.34, 1.50,1.50, 2.99,2.99, O.O. 0.Q70.Q75,5, 0.33,0.33, 0,0, 0.012,0.012, 0.052,0.052, 
1010 4.55,6.144.55,6.14 0.66,0.66, 1.0,1.0, 1.351.35 0.104,0.16,0.210.104,0.16,0.21 
0,4,6,8,0,4,6,8, 0,0, 0.54,0.54, 1.53,1.53, 2.89,2.89, 0,0.11,0,0.11, 0.33,0.33, 0,0, 0.017,0.017, 0.052,0.052, 
10,10, 1212 4.37,5.924.37,5.92 0.63,0.63, 0.95,0.95, 1.291.29 0.1,0.1, 0.15,0.15, 0.210.21 
0,0, 4,4, 8,8, 10,10, 0,0, 0.07,0.07, 0.82,0.82, 1.69,1.69, 0,0, 0.015,0.015, 0.18,0.18, 0,0, 0.0023,0.0023, 0.029,0.029, 
12,12, 14,14, 1616 2.85,2.85, 4.20,4.20, 5.635.63 0.38,0.38, 0.62,0.62, 0.06,0.06, 0.099,0.099, 

0.91,0.91, 1.221.22 0.145,0.145, 0.1940.194 

ExperimentExperiment 55 

0,0, 1.26,1.26, 3.14,3.14, 0,0, 1,1, 2.5,2.5, 1010 0,0, 0.22,0.22, 0.55,0.55, 0,0, 0.035,0.035, 0.09,0.09, 
12.5512.55 2.22.2 0.350.35 
0,0, 4.42,4.42, 17.6817.68 0,0, 2.5,2.5, 1010 0,0, 0.55,0.55, 2.22.2 0,0, 0.09,0.09, 0.350.35 
0,0, 5.77,5.77, 23.0523.05 0,0, 2.5,2.5, 1010 
0,7.17,0,7.17, 28.6528.65 0,0, 2.5,2.5, 1010 

tt TotalTotal concentrationconcentration ofof complexingcomplexing ion.ion. 
:t::t: TheThe correspondingcorresponding concentrationconcentration ofof AlAl speciesspecies inin eacheach treatment,treatment, !Lmol!Lmol L-'.L-'.' 
§§ (AlP'(AlP'" ++ AIF;AIF; ++ AIFg)AIFg) inin Exp.Exp. 44 andand (AlSO;(AlSO; ++ AI(SO,)-)AI(SO,)-) inin Exp.Exp. 5.5. 

toxictoxic speciesspecies becausebecause theythey allall varyvary inin thethe samesame pro­pro­
portionportion whenwhen AIAITT isis alteredaltered atat aa constantconstant pH.pH. 
.. AtAt aa constantconstant CaTCaT ofof 33333333 J,LmolJ,Lmol LL-I,-I, therethere waswas aa 
negligiblenegligible differencedifference inin thethe effecteffect ofof (AP+)(AP+) onon rootroot 
growthgrowth ofof barleybarley seedlingsseedlings atat ionicionic strengthsstrengths ofof 1010 000000 
andand 2020 000000 J,LmolJ,Lmol LL-I-I (Fig.(Fig. 3a).3a). However,However, atat aa constantconstant 
ionicionic strengthstrength of20of20 000000 J,LmolJ,Lmol LL-I-I andand (AI3+)(AI3+) <8<8 J,LmolJ,Lmol 
LL-I,-I, rootroot growthgrowth waswas greatergreater atat CaTCaT == 66676667 J,LmolJ,Lmol LL-I-I 

thanthan atat 33333333 J,LmolJ,Lmol LL-I-I (Fig.(Fig. 3a).3a). Therefore,Therefore, thethe effecteffect 
ofof AlAl waswas mitigatedmitigated byby CaCa inin thethe (AI(AI3+3+/(Ca2+)/(Ca2+) rangerange 
ofof 3.43.4 XX 10-10-44 toto 8.08.0 XX 10-10-33•• OtherOther studiesstudies havehave alsoalso 
shownshown thatthat Ca2+Ca2+ cancan alleviatealleviate effectseffects ofof AlAl onon rootroot 
growthgrowth ofofcottoncotton (Gossypium(Gossypium hirsutumhirsutum L.)L.) (Adams(Adams andand 
Lund,Lund, 1966)1966) andand soybeanssoybeans [Glycine[Glycine maxmax (L.)(L.) Merr.]Merr.] 
(Lund,(Lund, 1970).1970). 

AA consistentconsistent relationshiprelationship betweenbetween AlAl andand rootroot lengthlength 
waswas observedobserved whenwhen (AI3+)(AI3+) waswas expressedexpressed asas aa ratioratio 
withwith (Ca2+)(Ca2+) (Fig.(Fig. 3b).3b). AA logarithm-logarithmlogarithm-logarithm transfor­transfor­
mationmation ofof thethe datadata waswas linearlinear (log(log yy === 1.4561.456 -- 0.3460.346 
loglog x;x; y2y2 == -0.947)-0.947) betweenbetween (AP+)/(Ca2+)(AP+)/(Ca2+) ratiosratios ofof 
3.43.4 XX 10-10-44 andand 8.08.0 XX 10-10-33•• OutsideOutside thisthis range,range, AlAl 
toxicitytoxicity waswas independentindependent ofof CaCa concentration.concentration. 

InIn experimentsexperiments investigatinginvestigating AlAl toxicity,toxicity, thethe exper­exper­
imentalimental conditionsconditions mustmust bebe selectedselected soso thatthat thethe H+H+ 
effecteffect isis minimizedminimized andand thethe (Ca2+)(Ca2+) effecteffect isis constant.constant. 
Therefore,Therefore, thethe followingfollowing conditionsconditions werewere selectedselected forfor 
thethe bioassarsbioassars usedused toto ~tudy~tudy thethe AlAl toxicitytoxicity inin thethe pres­pres­
enceence ofof S04S04-- andand F-F- Ions.Ions. 

AnAn ionicionic strengthstrength ofof 1010 000000 J,LmolJ,Lmol LL-I-I andand aa [CaT][CaT] 
ofof 33333333 J,LmolJ,Lmol LL-I-I werewere consideredconsidered representativerepresentative ofof 
levelslevels foundfound inin soilsoil solutions.solutions. AA pHpH ofof 4.54.5 waswas selectedselected 
asas thethe highesthighest pHpH thatthat couldcould bebe usedused beforebefore hydrolysishydrolysis 
andand precipitationprecipitation ofof AlAl decreaseddecreased (AI3+)(AI3+) toto negligiblenegligible 
levelslevels whilewhile stillstill minimizingminimizing thethe H+H+ effecteffect onon rootroot 
growth.growth. BarleyBarley waswas chosenchosen asas thethe indicatorindicator plantplant be­be­
causecause atat pHpH 4.54.5 itit waswas lessless sensitivesensitive toto H+H+ effectseffects thanthan 
alfalfa.alfalfa. RootRoot growthgrowth ofof barleybarley atat pHpH 4.54.5 waswas 79%79% ofof 
thethe averageaverage growthgrowth atat pHspHs 5.05.0 andand 5.5,5.5, whereaswhereas rootroot 
elongationelongation ofof alfalfaalfalfa waswas onlyonly 63%63% ofof thethe averageaverage 
growthgrowth atat higherhigher pHs.pHs. 

samesame asas aboveabove 
samesame asas aboveabove 

AI-C§AI-C§ 

00 

0,0, 1.57,1.57, 2.12,2.12, 2.25,2.25, 
2.29,2.29, 2.302.30 
0,0, 3.33,3.33, 4.10,4.10, 4.38,4.38, 
4.52,4.584.52,4.58 
0,0, 3.91,3.91, 6.97,6.97, 7.87,7.87, 
8.43,8.43, 8.75,8.75, 9.009.00 

00 

0,0, 1.28,1.28, 5.135.13 
0,0, 2.63,2.63, 10.510.5 
0,0, 4.03,4.03, 16.116.1 

TableTable 3.3. VarianceVariance accountedaccounted forfor byby linearlinear regressionregression ofof thethe loglog
transformationtransformation ofof rootroot lengthlength onon [AI[AI ++ H)H) activity.activity. 

yy	 xx VarianceVariance 
RootRoot lengthlength	 (AI")(AI") ++ H/80H/80 0.9720.972 

(AIOH")(AIOH") ++ H/40H/40 0.9100.910 
(AI(OH);)(AI(OH);) ++ H/27H/27 0.6320.632 
(AI(AITT)) ++ HI13HI13 0.9140.914 

AluminumAluminum ToxicityToxicity inin thethe PresencePresence ofof FluorideFluoride andand 
SulphateSulphate 

IncreasingIncreasing thethe concentrationconcentration ofof SO~-SO~- andand F-F- inin so­so­
lutionlution increasedincreased thethe elongationelongation ofof rootsroots ofofbarleybarley seed­seed­
lingslings inin thethe presencepresence ofof AlAl butbut notnot inin itsits absenceabsence (Fig.(Fig. 
4a4a andand 5a).5a). ForFor bothboth SO~-SO~- andand F-,F-, rootroot lengthlength waswas 
notnot correlatedcorrelated withwith AIAITT (Fig.(Fig. 4a4a andand 5a),5a), AI-FAI-F oror Al­Al­
S04S04 complexes,complexes, butbut waswas closelyclosely correlatedcorrelated withwith thethe 
concentrationconcentration ofof AI3+AI3+ (Fig.(Fig. 4b4b andand 5b).5b). InIn thesethese ex­ex­
perimentsperiments AI3+AI3+ maymay bebe expressedexpressed asas aa concentrationconcentration 
oror anan activityactivity becausebecause ionicionic strengthstrength waswas constant.constant. 
Thus,Thus, AlAl complexedcomplexed withwith SOi-SOi- andand F-F- doesdoes notnot ap­ap­
pearpear toto bebe toxictoxic toto rootroot elongation.elongation. ThereThere areare insuffi­insuffi­
cientcient datadata pointspoints inin Fig.Fig. 55 toto establishestablish whetherwhether thethe 
responseresponse ofof barleybarley toto AlAl inin thethe presencepresence ofof SO~-SO~- isis ofof 
aa similarsimilar shapeshape toto thatthat inin thethe presencepresence ofof F-F- (Fig.(Fig. 4b).4b). 
However,However, thethe pointspoints inin Fig.Fig. 5b5b fallfall onon thethe samesame re­re­
sponsesponse curvecurve asas thethe datadata fromfrom thethe F:-F:- experimentexperiment ifif 
theythey areare plottedplotted onon thethe samesame axes.axes. TheThe detoxifyingdetoxifying 
effecteffect ofF-ofF- andand SO~-SO~- couldcould bebe oneone oftheofthe reasonsreasons whywhy 
measurementsmeasurements ofof labilelabile AlAl usingusing complexingcomplexing agentsagents 
havehave notnot alwaysalways beenbeen successfulsuccessful atat distinguishingdistinguishing be­be­
tweentween AlAl toxictoxic andand nontoxicnontoxic soils.soils. 

FluorideFluoride fOqIlsfOqIls complexescomplexes withwith AlAl veryvery readilyreadily andand 
thereforetherefore waswas moremore effectiveeffective inin reducingreducing thethe toxictoxic ef­ef­
fectfect ofof AlAl whenwhen comparedcompared withwith SO~-SO~- atat equalequal concen­concen­
trations.trations. UnderUnder thethe conditionsconditions ofof thethe experiment,experiment, 
>90%>90% ofof thethe totaltotal F-F- presentpresent waswas complexedcomplexed withwith AI,AI, 
whereaswhereas <0.5%<0.5% ofof totaltotal SO~-SO~- waswas formingforming ionion pairspairs 
withwith AI.AI. Therefore,Therefore, thethe abilityability ofof thesethese twotwo anionsanions toto 
reducereduce AlAl toxicitytoxicity inin soilssoils willwill dependdepend onon theirtheir con­con­
centrationcentration inin thethe soilsoil solution.solution. 
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Fig. 1. The effect of pH {(a) and (b)] and [Al] at pH 4 [(c) and (d)]
on the root length of alfalfa [(a) and (c)] and barley [(b) and (d)].

The average level of F~ in soil solutions appears to
be about 10 nM(Larsen and Widdowson, 1971; David
and Driscoll, 1984) even though total F~ levels in a
soil may be as high as 300 Mg g~' (Adriano and Doner,
1982). The low levels of soluble F~ suggest that it will
only be important in reducing Al toxicity in soils which
contain soluble Al levels that are marginally toxic.
Even though soluble 804" levels are much higher than
F~ in acid soils (100-1000 ^mol L~'), SO3~ will be
less effective at reducing Al toxicity because of its low
complexing capacity (Ritchie, 1986).

There is also evidence that Al complexed with phos-
phate and organic ligands is not toxic to plants (Bar-

55

45

(b)

(Al1*) + H'/SO
10

limol L
15

Fig. 2. The variation in relative root length of alfalfa with (a) (\13+)
and (b) (A13+) + (H+/80) at pH 4.4 (O) 4.7 (•), 5.0 (•), and 5.2
(A).

tlett and Riego, 1972; Blarney et al, 1983; Hue et al.,
1986). The phosphate complex appears to be poly-
meric and did not react with a complexing reagent
during the short time period that is used to assess
labile Al (Blarney et al., 1983). The behavior of Al-
organic complexes is less clear. Turner and Sulaiman
(1971) and Hoyt and Turner (1975) found that com-
plexing agents (aluminon and hydrpxyquinoline) re-
acted very quickly (< 1 min) with salicylate and citrate
complexes of Al. On the other hand, complexes with
larger organic ligands (e.g., humic or fulvic acids) may
not be so reactive (James et al., 1983).

All anions discussed could be responsible for our
inability to distinguish between Al toxic and nontoxic
soils. However, we have yet to establish their impor-
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onon thethe rootroot lengthlength ofof alfalfaalfalfa (a)(a) andand (c»)(c») andand barleybarley (b)(b) andand (d»).(d»). 

TheThe averageaverage levellevel ofof P-P- inin soilsoil solutionssolutions appearsappears toto 
bebe aboutabout 1010 J.LMJ.LM (Larsen(Larsen andand Widdowson,Widdowson, 1971;1971; DavidDavid 
andand Driscoll,Driscoll, 1984)1984) eveneven thoughthough totaltotal P-P- levelslevels inin aa 
soilsoil maymay bebe asas highhigh asas 300300 J.LgJ.Lg g-Ig-I (Adriano(Adriano andand Doner,Doner, 
1982).1982). TheThe lowlow levelslevels ofof solublesoluble P-P- suggestsuggest thatthat itit willwill 
onlyonly bebe importantimportant inin reducingreducing AIAI toxicitytoxicity inin soilssoils whichwhich 
containcontain solublesoluble AlAl levelslevels thatthat areare marginallymarginally toxic.toxic. 
EvenEven thoughthough solublesoluble SO~-SO~- levelslevels areare muchmuch higherhigher thanthan 
P-P- inin acidacid soilssoils (100-1000(100-1000 J.LmolJ.Lmol LL-I),-I), SO~-SO~- willwill bebe 
lessless effectiveeffective atat reducingreducing AlAl toxicitytoxicity becausebecause ofof itsits lowlow 
complexingcomplexing capacitycapacity (Ritchie,(Ritchie, 1986).1986). 

ThereThere isis alsoalso evidenceevidence thatthat AlAl complexedcomplexed withwith phos­phos­
phatephate andand organicorganic ligandsligands isis notnot toxictoxic toto plantsplants (Bar-(Bar­
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Fig.Fig. 2.2. TheThe variationvariation inin relativerelative rootroot lengthlength ofof alfalfaalfalfa withwith (a)(a) (AIJ+)(AIJ+) 
andand (b)(b) (AIJ+)(AIJ+) ++ (W(W /80)/80) atat pHpH 4.44.4 (0)(0) 4.74.7 (e),(e), 5.05.0 (_),(_), andand 5.25.2 
(A).(A). 

tletttlett andand Riego,Riego, 1972;1972; BlarneyBlarney etet aI.,aI., 1983;1983; HueHue etet aI.,aI., 
1986).1986). TheThe phosphatephosphate complexcomplex appearsappears toto bebe poly­poly­
mericmeric andand diddid notnot reactreact withwith aa complexingcomplexing reagentreagent 
duringduring thethe shortshort timetime periodperiod thatthat isis usedused toto assessassess 
labilelabile AIAI (Blarney(Blarney etet aI.,aI., 1983).1983). TheThe behaviorbehavior ofof Al­Al­
organicorganic complexescomplexes isis lessless clear.clear. TurnerTurner andand SulaimanSulaiman 
(1971)(1971) andand HoytHoyt andand TurnerTurner (1975)(1975) foundfound thatthat com­com­
plexingplexing agentsagents (aluminon(aluminon andand hydroxyquinoline)hydroxyquinoline) re­re­
actedacted veryvery quicklyquickly ((<< 11 min)min) withwith salicylatesalicylate andand citratecitrate 
complexescomplexes ofof AI.AI. OnOn thethe otherother hand,hand, complexescomplexes withwith 
largerlarger organicorganic ligandsligands (e.g.,(e.g., humichumic oror fulvicfulvic acids)acids) maymay 
notnot bebe soso reactivereactive (James(James etet aI.,aI., 1983).1983). 

AllAll anionsanions discusseddiscussed couldcould bebe responsibleresponsible forfor ourour 
inabilityinability toto distinguishdistinguish betweenbetween AlAl toxictoxic andand nontoxicnontoxic 
soils.soils. However,However, wewe havehave yetyet toto establishestablish theirtheir impor-impor­
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(a)

(AI3t)/(caz*) ,10  M-nolL-1

Fig. 3. The variation in root length of barley with (a) (A13+) and (b)
(Al3+)/(Ca2+) at I  20000 nmol L~', [Ca]  6667 Mmol L  (•)
and (Ca]  3333 jimol Ir1 (A), and I  10000 /imol LT  and
[CaJ  3333 /tmol L  (•).

tance relative to each other and to other factors that
may influence Al toxicity. Equally, the specificity of
methods used to measure labile Al requires further
clarification.
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Fig. 4. The variation in root length of barley with (a) [A1T] and (b)
[Al'+l in the presence of 0 (T), 2.5 (A), 5 (•), and 10 (•) fimol
F L-'.

60

2 5 8 11

[Al3*]  M molL-

Fig. 5. The variation in root length of barley with (a) [A1T] and (b)
[A13+] in the presence of 0 (T), 1000 (A), 2100 (•), and 3300 (•)
MmolSOr L"1.

manganese toxicities in acid soils. In F. Adams (ed.) Soil acidity
and liming. Agronomy 12:57-97.

Haynes, J.L., and W.R. Robbins. 1948. Calcium and boron as es
sential factors in the root environment. J. Am. Soc. Agron. 40:795
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Fig.Fig. 3.3. TheThe variationvariation inin rootroot lengthlength ofof barleybarley withwith (a)(a) (AP+)(AP+) andand (b)(b) 
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tancetance relativerelative toto eacheach otherother andand toto otherother factorsfactors thatthat 
maymay influenceinfluence AlAl toxicity.toxicity. Equally,Equally, thethe specificityspecificity ofof 
methodsmethods usedused toto measuremeasure labilelabile AlAl requiresrequires furtherfurther 
clarification.clarification. 
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