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TnansfonmatisnE of phosphcrus (P) t¡ithin the

sail-pìant-animal system åFe complex and ane affected ty a

combination of phfsical , chemical and bialc,gical neåctionE. To

date. a large pr-oÞortion of the neEeanch into neåctionE

inualuing s.oil P haE iacussed c'n the inarqanic cc'mFonentE of

the P cycl e, despi te the trnor+l edge that hioì ogical reåctions in

the Eoi I cån have rlreFr i di ng i nf I uences on the tranE{úrmat i on

of P from one fonm tn anothen. There is a need to çtudy the

inf luence of the micrahisl biomasE Ën P c'¡cling in Eoil=.r and

thi:. has heen aided by the deuelc,pment c'f neu.r methods tc

meå€-ure P held in soil microc'nçraniems. In rlustralia this need

i:. particularly importantr å.s.P iE the ms.isr nutnient applied

to agricultunel =-oils. The ohiectiues o{ the ne=.earch neported

in this thesis. were thenefnre
r;1i tc, deuelop å suitable Frnccedune far ÍtËå.-=uFement of P held

in the micnotial hicmass in soi ì E unden arabl e rotation:.,

il) tc' asE.e=.E the importance a{ the micnobi¡rl b'iomase in the

assimilatian of fertilisen P.

(3) ta determine the role of the microbial bioma:.s in the

tunnouer.and decompo=.ition of cÉPeaLl r'ast and pastune plant

neEidues and,
(4) to assess the importance af pasture residues in the F

nutnition of the ensuing cer'eål crap.

The I i terature pentaining ta the nc,l e of micrÉonganigms irr F

cycìing in soil is retriet¡red. Factong affecting microbial

acti'.rity in =.sil åre cc'nsidered in relatic,n ta the uptake of P'
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hy miceooneanismE, and the tunnouer of P frsm plant noots and

nesi dues i E di scuEsed. l"lethads of studxi n-e P cvc I i ng åre

neuiet¿red in nelation to the technique= r.equired to study P

tnansformatians in field sails.
An impnoued method for meåsurinçr microbial P in field soils

tJåe deueloped. A rånge af Qåsr liquid and vat'cur biocides kras

tested, in combination with Ée(,en extractants. for thein

abi I i ty ts rel ea=.e F f nam =-.oi I micnoorçlånisms in si tu. The

biocideE teEted þ.rene chlonofonm (CHCl.)r ethanol (C=H=fiH)!

F roF¡ån-1-ol { taHzGH) , hexan-l -al t C¿Hl sfiH) ! F-F,rop i al ac tane

{ C2H.+Oa) ! f ormal dehyde ( CH2ü) ! gl u tanal dehvde ( CsHsL-]a) t

ethyìene oxide {ËãH4fi) and methyl hnomide iCHeEr). The

en tn¿c tan t=. tested r¡ere 0 .5f4 NaHËfrc( pH8.5i , tl . 11"1 l.laHC0si pHË.5) .

Ll .051'4 Nar-.1H, ff,01[ rìaËI2, Ct ,tt5l"l H2St4' ß.ff:{E t'iH4F + 0'11''l Hcl and

ån e.nian exchange ne=.in in the bicanbonate farm. Ên incub¿tion

technique usinçr 32F en=.ured nnly microhial F ttrsE meå=.ur'ed.

t:hlorsform and hexanal tÀ.rÉre the mnEt ef{icient tiocides: the

I ett ten (.\råE pref erred becauçe af i ts I e=-s. hazandous n¿ture. The

best extractant t,rrås ü.58 N¿.HCü-- (pH 8.5). l'lixed FrsF,ulatians o{

=.aiì micnoorqanim=. t,.rene uç'ed far c¿ìibration FUrF'sses. and lr.o

facton=- oL,tained tr.rere 0.33! 0.40 and 0.57 {or the three =-oi I s

Etudi ed. Si nce mi crof I ona di i{er f ram soi ì ta =.ni I , å,Ê. dc,e=.

the pFopontian af P neleased as insrganitr Pr calibnati,rn is

necec-såt*y fcr each =.ail. Incubation is nat recommended ss a

pr'etreatmen t f or samp I e=. used to meaEure mi crabia'l P: soi I 
=.

should he trea,ted r¡ith hexa.nol rr extracted immediately af ter

Eå.mFling tn aucid quåntitatiue or quaìit¿tiue chan,¡e=. in the

hi omaEs,. ErnGFe åÉE.cc iated u.¡i th the i nc I u- i cn of p I an t roat
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måteFiål in the sample cån he minimiEed Ey nemoving the hulk of
the noots bef one f umi gat i n_o the soi I .

The competition hetuireen soil microorçtanisms and plants fer
fentiliEen P is likely to be gFeå,test in the nhizosphere, u'.rhere

root denç.i t i es ane h i gh and suhstrateg f or mi cnobiaì gnourrth are
atrai I ahl e. Th i s Foses pnobl ems f or the measunemen t of
micnabial F in soil adjacent to plarrt roots. Accsrdingìy, å

neuJ technique raras adopted to sepanate the noats from Eoil t¡ith
å pot-oug membrane. This technique alss allonred an aE=.essment

of the lcgE frsm the root of F in diffuEible exudateg. tJheat

pì*nts lahelled r,,¡ith 33P wene grown in thin layer=.o{ sail
åmended t-rith 32P-label led f entiì iser. Ouen å 22-day gror.rrth

periodr ÍÉt msuement ol 3sF out of healthy çrrar,,.rinçt rc,ats uaried
f rom 0 . ? 4.?:.1, o{ the total 33P transl ocated to the root .

Over the EåmF period. the plants took uFr 1?.01{ and the

micnabial hisma=.E 14.1:.,: of the {entiliçer. 32P. ün drying and

net.rettinq sf the Esil af ter the plants (,Jere hanueeted, a lar.ge

pr-c,Fontion af raot F morred intc' ssil fnactions ttrhiìe 32P

appeared to accumulate in the biomasE and steble 4onms o{ P.

The contrihution o{ pastune Feeidues and fenti I ieer to the P

nutrition o{ tçheat t.rag etudied in lahoratony and field
exFeriment=. t.lheat plants (Tniticum aestiuum cu. tilarigal) uJeFe

gror^rn in å Solonised hnown soil (calcixeroìlic xeFochnept)

t',rhich had been FFeuiously croFped r¡ith medic (t"ledicaoo

truncatula cu. Paraqgia) . In å labonatony exFeFiment.
33P-l sbel I ed medi c l*esi dues and 32F-l abel I ed mcnocål c i um

phosphate were added

Amounte a{ ttFr t=P,
in factorial combination.to the soi l

3eF inand the wheat plants ¿nd in the
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soi I mi crobial bi omaç.s wene detenmi ned. Addi t i on of nesi dueg

depneçged drf taleight of tuheat, ttF, and 3=F uptake, trthile

simultaneously incneaçing amount=- of srP and 3zP incorponated
into the microbi¿.1 biomass, Addi tion of fenti I isen had no

effect an the Fropontion of plant F taken uF from the reeidue=,
but significantly increased the pFopaction of micnobial P

deniued from thie Eouncs. 31F held in the micnohial hic'mass

r,1råc- siqnif icently incnesged by addition of both nesidue and

fertiliEer P, u+ith the {cnmer hauing the larqer effect. Et+ the

tc,t+l P appìied to the sail. medic nesidues contributed
åF,Fraximatel¡" one qu*rter of that suFFrlied by the fentiliEer.
üf the tc,tal P in the t.rhe¿t Flånt, medic r-esidueE supFlied
åFppoxim¿tely sne +i+th af that EUFplied Ey the fentiliser.

In a fiel d experiment, 33P-label I ed medic neÉidueç. and
ezP-labelled {ertiliser weFe added to c¡pen ended pot=. dniven

intc, the Eoil. Re-=idue.- L\rere mixed thrcughout the sail urhile
fertil iser rrlåÈ- t¡anded t^Jith the geed just below the Eurface.
Þyr¡amics of F uptake hy the r,.rheat plantç and the microbial
biomaEE in the soil weFe measuned EveF å FS day period. 33P

fnom the reEidues r/.rà,8 rapidlr inconporated into the microbial
binm*Ee u¡ith more than 25T af the appl ied nadioisotope being
found in the microhial paoì af ter only 7 ds.ys. Little c,f the
szF fnom the fertiliser ü\,ås taken uF by the microorganis.ms

pnesumably becau=-e of its location in å band. but the wheat

plantE r¡rene abl e ts aE=.imi late a signi{icant pnopontion of the

{ertiliser 32P. The micnobial biemaEs immobilised a Emalìer

FrÊFonticn of the P released from the nesidues under field
ccmpåFed r,rrith lahonatary conditions, and the residues pnoued to



XVI I

be a Iesg e#fectiue sounce of P fon the plants in the field.
This fact, coupled with the obseruation that å larqe FnoFontion
(5014) of the residue P r¡as quicklx convented to organic fonms

suggests that the turnover o{ the microbial population wås

faster in the field than in the laboratony EtudieE. The

impl ications ef the reEul ts in tenms of fenti I iEer management

and soil P cycling åFe digcussed.
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CHAPTER I

INTROOUTTI CIN

Phosphorus (P) is unique åmong elÊmentE inrrc,lved in liuing
eFqånisms in that it act= ås ån ågent of energy tnarr=.fer

through the gener*å,tion a{ adenosine tr-iphosphate (ATP) and

aderrosine dipha=phate {ADF) {rom inorganic orthaphasphate (Pr )
(Hutchinson, 1970). As pointed out by t.lhite (l?81) the glnb'al

P cycle ic-. presently GFen (Figure l). l,'jonld neçerves af
f ertil isen P must be Fegã,t-ded ¿.s f inite until technologr
enable=. us to trc'mFlete the circle, and economically pecc'uer P

{nam naturaì r^.raten=-. ånd sedimerrts. Howe'.rer! åuåilahle er.ridence

euçtqests that r,{sn ì d Feserr.reÉ af phasphate rack år-e I ar.ge

(Finck. 1FÊ?). r4gricultunali=.ts should not be trc'mFlacent

hG(,,rer,'er'r åE the co=.ts o{ praducing P fertiliq.er {ram phosphate

rocÞ; år'e eecålating. åE is concenn ouÉt- enrrinsnmental pollution
such åÉ eutraphication cf gunf*ce wåterE. In Austral ia.
palaeoen,uironmenta. I {sctons haue produced man}, Eails lnr.,-r in
pha=.phc'ru=, campared r,rri th tho=e i n USA op Eurc'pe {tdi I d, 1958i .

As a reEult. it iE the amount c,f P! moFe than the amnunt of å.rry

ather nutrient, which qovettnÉ the fentility =-.tatu:. of
AuEtn¿.ìian soÍls {l.lorrish and Rcsser, 1983). Acccr'dinqlr, ihe
main,srtificial {ertilisen u=.ed in Austnalia is -c.uFerphasphate,
al thaugh high snalysiE P fertil iser is gaining acceptance åE ån

alternatíue scurce of F. In 1FËl-82 the total enea fertiliç.ed
t,,.fåË ?6.7 mi I I ion hectares (ha). The most recent data avai Iabl e
eu_qgest that the upnrand tnend i n total amoun ts af
EUFenphosphate used in Austnal ia is cantinuinq r,.¡i th 2.e7
mi I I i an tannes hei ng used i n 1 991 -82 (Austral ian Year Book ,

v-
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1984) . As Auçtnal ia has {er¡ I arge deposi ts of phasphate rock
fnam which superphosphate fertilisec cån be manu{actured,
rå10?.5 million r.{as sFent on imponts of nock phoEhate in
19Ê1-82. At the fanm ìevel, the cost af EUpeFphosphate

fertiliser has almost tnebled since L??=r so that fanmers ane

looking msne seriously at the investment they must make in
tenms of nutnient inputs to the soil . Any gmal I peFcentage

decnea=-e in the uc-e of suFerphosphate r,,lill haue large ecsnomic

impactE at both the fanm level, and nationelly in tenms of
trade hal ance. To decneåse uEe af superFhc,sphate wi I I requ i ne

change=. i n {arm Fråc t i ce and the deuel c'pmen t of impnoued

methods of cFGt' and =ail hu=.hendry. To meet this objectiue,
agniculture.l gcientistE pequine a much hetten undenEtanding a{

the --oil P cycle than they haue ¿t present, Éo that each

ågr e-ec asys t em càn be managed ef f ec t i rr e'l t, .

The principal açicc-ecosy:.tem in much oÍ sc,uthern Australia
iE based c'n ceneè,1-liuestc,ck farming, ThiE involves notational
cnc'FF,ing af legume haEed pasturÉs'! EUch as =.uhteFrånÉê.n clouen
(Trifolium suhtenna.nean) or medics (Medicaqo sop), wÍth ceneal

croFE such as wheat {Tr i t i cum aest i r¡um) or bar I ey ( Hordeum

uulqare). l'luch of the P added tc' the ssiì in thiE eystem of
crc'FFing is applied durirrg the cer.eål phase a{ the rotation.
Hou+even, topdres=ing af the annual legume pastures r¡íth
superphosphate has heen frequently FecGmmended and Fespcnses

are t*rell documented (Donald, 1P60¡ t'lcLachlan, 1FéB; Êameron and

l"lcGowanr l9é9; Ruddr1972). The nesidual effect af
supenphaspha.te app I i ed i rr the pa=ture phase of the nc-rtat i on on

the subsequent wheat yield has been Fecognised (Ayr*ee et al ,
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l?77; Osharne et al, l?77J, although the mechanigm o{ the

nesidual effect iE still nBt clea,r. Thene is ìittle

in{ormation crn the residual effect of P cantair¡ed in ceneal

rosts (remaining in the soil after hanveEt) sn the F nutrition

of the çuhsequent cereal cnoPs.

In labonatory studiee, the neactions of inorganic F ane

often ccnEidened with little negand {or Feåctisns of organic

matter r¡hich cån affect availability G+ re=-idual P (e.9.

Barnc,r,,.r, L?73rt?74¡ Olsen et alt 1F8g). In å reuieu'r of the

reeidual effect of P aFFlication to EoilE, Barnor'.r (1?8t)

considens måinly thaEe reåctions involuing inanganic

pho=phoruË, al though he does point out that cvcl ing of F

thrc,ugh orqranic materials iE particularly important under

Austnali¿n canditiong, Uirgin sc,il=- ere P-deficientr have lot¡

ler.rel=- af bialogíc¿rl activity and lor¡r amountç. of arganic
matter. Input= af nutnientE r+ill therefore haue a lange effect
on the hiolagical activity in Euch soil=.. Ta understand the

system fullyr wÊ must consider the trhole P cycle tqrhere both

arganic and inorganic r-eåctianE åFe cccurrinq simul taneauEly.
Ëompaned to the pFGcesEes of FFecipitation-salubiI i-=.ation and

adsorption-desonption, the rates and pathr¡ays af P thncrugh soil
ongånic matter å.Fe poonly understood, and inuolrre camplex

internelationships hetween detri tal FFoces=ing, mineral isation
of orqå,nical ly baund P (Fo) and P uptake rnechanismç (Tate,
1985a). Despite the knar¡ledge that actiuity of micnotrr-qånismg

has a lange inf luence on the absue r-Eåctions, studies of the

nc,le c,f the biota in soil {ertility have E¡een hampened by a
ìack of sui tabl e expeFimental techniques. Recent aduances in
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techn i ques to mea,sune P hel d i n the bi omass have cneated new

oFFortunities to elucidate the relationship betu+een inonganic
and onganic P fonms in soil. This has implications not only
for agricultural syÉtems, but also in ecoEyEtems undistunbed by

må.nr whene cycì ing of nutnients through the biomass is cniticat
{on sunuival o{ the Eystem.

The sbjectiueE of thiE study thenefone uJÊpe

(1) tc' deveìop å suitabìe FFocedune fcr meaEuFement of P held
in the micnobial biomaEs in soi I E unden arabl e rotations,
(2) tc a:.gess the impontance af the micnohial hiomass irr the
asEimi lation of ferti I iser F using the abaue technique,
(:{) to detenmi ne the nol e af the mi cnabial hi emas=- i n the
turnouen and decompoEition of ceFEål noot and pasture plant
nesi due, and

(4) ta aEcectain
nutnition of the

the importance af pasture neeidueç in the P

ensu i ng ceFeål crop .
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CHAPTER 2

L I TERATURE REV I EIÀI

2.1 The soil P cycle
Tnansformatisn= o{ P r¡ithin the soil-plant-animal Eystem åFe

complex (Figune ?) and are effected by a combination of

F¡hysical , chemical and E,ialc,gical Feåctions. àE depicted in

Figure I , the F cycl e in soi I cån he ei ther open, t-thene P is
added in fertiliser and nemoued by crcrpping, on rrintually
closed as. in natunal ecoE)¡stems whece only small input= of P

aFe Frcuided by nainfall and v.reathening, and F is recycled
uithin the sygtem by microbial br'eakdot,tn af dead plant
mateni+1. In all terreEtrial Écosysteme., hy {an the lanqest
ppoportion sf P in the system is held in the soil. For

example, the amount=. of P (kq ha-l ts 30 cm depth) in the

(rar i ous comFonen ts sf å gråssl and ecosystem uçene çoi I 2?13,

root=. ¿nd nhizc¡meË 1Ct.7, green plant material 2.1n standing
dee.d plant material 2.1, and soil fauna and microorgani=ms 19.8
(Halm et al , lP7?r. The amounts sf P in Iitter, herbiuc,re:. and

cåFniuores, and in waten soluble {onms in the soil r.,.¡ere all
lesg than I kg ha-r. LJhile amcunt=. o{ F held in each of the

pool s ma¡ uåcy fnom one ecosyEtem to another, thene i s

invariahly insufficient water goluhle P in most goils to
support plant grot+th over a rr.lhale gnoraring seåson. P removed

{ram the ssil solutian by plants must be replenished from less
soluble soupces in the soil. P existE in å uariety of hoth

organic and inonganic forms in çoil. The forms and r-eactions

of inorganic P (Pr ) in soi I haue receiued considenabl e reseanch

ef f on t and ane urel I dacumen ted {on nerr i ews see Lansen ( I P67) !
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Bacnoutr (1978). Panfitt (1978), tdhite (1?80) and Sample et al
(1F80). Considenable neEearch has also been dinected tot'tand

onganic P (P-) in soil for reviews see Anderson (l?7=) |

Hayman (1975), Halstead and l"lcKencher (1975) 
' Dalal <l?77),

Andenssn (1980) and Tate (1985a,1?ESb). Agricul tunalists
horrreuer, åre mGFe interested in the intenactions hetween Pr and

Po in the soil-plent syEtem. f'lanagement of nutnients in åny

agcicuì tunal sygtem has the pnime abiectiue of ensuning

Eu{ficient amounts sf inorganic nutrient (normally in the soiì)
åne cGnvented inta onganic forms (in plant= crp ånimalE) capable

of being hanvested. Thene ane å number ctI points in the Eoil F

cyc I e r,'.¡here the f undamen tt.l tr<nsf onmat i an o{ P between engan i c

and inenganic fonms Gccur-c-r and all år-e åssociated u,¡ith either
gnowth o¡- death c'f I i rr i ng GFgån i sm=-. Thus åny s.tudy of F

cycling in soiì v¡hich has the uìtimate aim of impnoving

fertilis.er efficiency, rrru-=.t take accc,unt c,f the bialaqically
mediated Peå.ctians.

The liuirrg component a{ the soil-plant Eyst**:.:n be divided
hnoadly into autotrophs and heterotnaphs, r4utotnophs include
al I agricul tunal cFcFÉ å,s. u.rel I ås EGme f ree I iving slgånisms in
the ssiì chemoautotrophs such åe nit¡ifying and denitnifring
bacteria, and photoautotnaph= such ås ålgae. Heterotrophs
include all the undergnc'und f Iona and fauna involued in the

decomposition of. dead plant tis:.ue ås r¡¡ell åE pathogenic

ongånismE feeding on li'.rinq plant and animal life. In

aqnicultunal ne=-earch af eoil process.es, r.trhere the emphasis iE

on cFoPpinqr a sl ightl y di++eFent clegsification sf GFgånismE

haç. generally been used ta facilitate negearch of p cycling
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thnough the system h i _ohen au totnophs
autotnaphs plu=. all heterotnoph= (sail

(green cnops), and lor¡er

biomaEE).

2,2 The nol e of nlantE in P cycl inq
Pla.nt=- act a.:. t'*rii Ed,ul-'cÈ":. ¿nd :.infl¡ i::: '.- r' i:-, :-oil,

the gnor^rth per'iad of å plant itE raotc- åct as a sink,
collecting P to be utili=.ed in the synthesiç o{ orqanic
constituent=-. Af ten the termination of grorarth and the

decay, the f law iE r*ever*sed and nutrientE are rele¿=-ed

soil from the bneakdor,ln of plant debris.

During

plant
Etart of

intc the

plants iE

by

2.1,1 Untake of P h,y plants

Uptake of P hy plants is the pant o{ the F cycle which hag

Feceiued mcst attention hy agricultural scienti=.ts. It is
beyond the EtrGpe of this reuietrr to detail all the factons.

inuc,lved in F uptake by plante., The mnuement o{ P hc,th tc, and

inta the plant root har.re been extensiveìy studied and ser,renal

text=. and reuiews c,f the =.ubject åre åvå.i lahì e e.g. Ol een and

Kempen ( 19dB) , Biel eski ( 1973) , Bouirl ing ( l?76) . Nye and Tinker
(1977), Loughman (1F7É)r úzanne {l?Ê0) and Mengeì and Kirkhy
(1?92). Elne feature r,¡hich shsuld be nated hene is that
euidence tcr date ÉuqqeEt that. urrith å feu.l exceFtianç il"lcKercher
¿nd Tollefson! 1978i IÉlam et al, L?7?)t plante absqnb P from

the soil =.olution only ås ån inc,rqanic ian.

2.2.2 LosE of P by actirrely oFot.{ino olants
The main

through the
Fathway for I ogE

roots, excepting

of P hy actiuely qrar,^ring

I ea{ fal I sr defol iatian
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gnåzing. Loss of P by plant nootg r¡as {inst recogniEed by

Akhnomeika and Shestakoua ( 1958), wha used fol iar aFpl ications

of s2P ta demonstnate the losE of P by oak and ash seedlings.

Sub=equent Etudies ¿lso used s=F (Emment, l?59; Doue, l?â?;

Rcvina and Bot¡en, 1970) and confirmed that å rånge of plants

wene capahl e crf I oei nqi 32P to the sun¡'eundi ng medi um wh i ch i n

moEt çtudieg wag a nutrient solution. l4one necently. Ritz and

Net.rm<n (1984) demonEtrated the transfen of €2P from one plant

to anothen i n soi I . Tnansf en cån occur bettleen both

mycot*rhizal ¡rnd nc,n-mycc,rrhizal plants (Heap and Netlman, l9Ét).

Estimates ef the quåntitetive loEs of P by noots tht-ough

exudatian giuen by Hanni=.on (1978) fan fonest ecosystems

suggÊEt that the ì os.s may be substantial up to 2 kg P ha-l
yeår-l. Ta dater fio data ane auailabìe fon anable eccEystemg.

tther FoÉEible log=-eg af F from ¿ctively greraing¡ plants may

be caused b'y e.ttacLr s{ nootE by pathogenic ongåniEms, on

thnc,ugh natural eeneecence of parts of the root system duning

plant gror¡th. tdhiìe many studies have necognised thege

FrccesseÉ exi=t, thene åFe fer¡ quantitative dsta on the losses

of P involued.

2.?.3 LosE of P tv nlantE f ol lotdine death

LoEs. o{ P by pìants f ol I owing death is considened to t'e the

majc'r pathway hy r,'.rhich F in plants neturne to the sail t and is

intimatel y åssocieted wi th the action sf miccoorganiEms. [¡eath

and the Gnset a{ decampositisn in pìants may be initiated hy a

numben of factscs including natunaì EeneËcencer t.råtep op

tempenatune ç.tregg, grazinq, and disturbance by man (e.9.
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åddition of her-bicide on cultivation). The neleage of
inonganic P fnom plant matepial s fol I ouring death is often
termed "mi nenal i sat i oft " , and a numher of studi es have exami ned

the ppocesEes involved. Over font>' yeåps ågor both Lockett
(1939) and thang (IF-q?) demonstnated that decompaEitic,n of
plant nesidueE inr¡olued hath the bneakdouirn of Po in the
residues and the synthegig of po by microorganiEms. Lockett
(1939) a,lsa obsenved that P'could be releaçed into the ssil ås

orthophosphate ün prolonged decompoçition of oleånic matenials,
and he pne=-umed th i =. waç due to death of the mi crobial
popu I at i ons r¿.¡h i ch had deuel crped. These resu I tE I ed to a number

o{ studies t{hich aimed tc, detenmine the factore af{ecting the
release of P fnom decomposing plant reEidues. t(aila (lF4g)
suggested that net relea=-e of F r¡ould c'ccur if the P cantent o{
the decompo=ing anganic matter rdås gneaten than û.3:1,. Using
sz9-lahelled pìa,nt material=., Fulier et al (l?86) found that
cnce the total F cc,ntent of the materi¿lg exceeded cl .z:/., net
nel eaEe of P coul d be expected. Eirch ( l?él ) postulated that
the decompositior¡ af plant Fo r,.ras lesç. impontant than the
utilisation of pìant Fr by decampaser poFUlations, and that
relea=.e of Fr from the ntaterial wrs due to a napid decreåEe in
decomposen FoFrulations. Thi=. postulate is in åqneÉment r¡rith the
obeenvatisn=. of Lockett ( 1?381. Birch al eo noted that å lange

FrcFrortisn of plant P wag inarganic. and laten t¡onk con{irms
his observation (Tahl e 1) . l'4antin and cunningham (l?zz> f ound

that Pr could be relea=ed fnom dead plarrt nc,ots befone ån

extenEirre peFUlatic'n ai microonganiEm-=. had deueloped in
nesponge to the {resh or-ganic matten, and they =_uqgested that
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this r¡as due to autolytic activity of plant enzymes.

Air dnying of roots (Ârås found to increase coneiderably the

r¡aten ex trac tabi I i ty of root P. A number of studi eE have

attempted to nelate the nelease o{ P from decomposing plant
matenialç to the C:P natio of the materials being decamposed,

analågc'us tcr asseEsing the critical C:N ratio far N

mÍneralisation. The pesults are conflicting, and cnitic+l
ualues reported uåry from 55 to GUel- 500 (Table 2). As pointed

out by l¡Jhite (lFBl) hor,.reven, the change from net immohiliEation
to net mineralisation depends on the C:P retio af the matenial
actually being used by the oFgåniEms (nat the total C:total P

natio af the matenial ), as r¡el I ås cn the gnarlth yield (CF =

the eff iciency urrith t,.rhich microbes convent substrate C inta
cell C) and the t:P natio o{ the micnat'ial cellE {c'nmed

(C-:P-). trlhi te indinectl y e=timated a cni tical C:P natia af 5tl

70 fnom mea=uned values of C reÉFiced (E:-) and net F

minera.l iEed (P-) åccct-ding to the equå,tion

C:P suhetrate = t1- CF)P-:C^ + CF,/ C-:P-
and the f ol I ot+i ng ual ueE f nom the I i tenature

CF = tl .5 ( Jenk i nson r l97d)
C-: P- = 50 (Al exanden, 1 F77)

C-:P. = ü.tüF 0.02 (Thompson et al, 1754¡ ûaìal, lF79).
Howeuenr rpFo¡ted cF ualues Fånge fnom t.1 (Alexanden, t?77) to
0.d (Paul and vån ueen, L97aJ, and c-:F- ualues Fðnge fnam 10.6

{Bnoskes et ¿1. 1984) to 100 (Coìe et al, t?77). As

micrsacganiç'm-.. r'{il l o{ten Etore P in excegs o{ thein immediate
pequirements as polrphosphates (Barsdate et al, l?74i
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Inonganic P a.s a pr*opontion of total P in plant
nesi dueE.

i"laterial Reference

Tropical gnåËsesr younÇ
to mature

GrasseE
Ërasges. and =.uhtennåneån

c I ouer
Eeans

Eirch (lFdl)
Fl oate ( 1970a)

Brr-rmf ield and Jone=- (1F72)
L.,h i te and Ayoub ( 1983)

47-87
58-6d

6ü-S5
75-82

Tahle 7. Critical Ë:P ratio=- reponted in the literatune.

Eatia Refenence
EE
-l-l

t--rtf
I 65-3éd

133
> 18ã

?0 tl
Zff L]

200
I 23-25 I
zfl t' -30 s

I LI LI

I 50-300
I I ?-SCl I

Eannot.r { l9¿,0 )
Oalal (1?79)
Fl oate (l'l7ftal
Kei la ( 194?)
Singh and Jones {197,5)
El ack and Gor i nçr ( 1P531
Al ex¿nden (t?77>
Hannapel et al (1Fó4)
tJhite ånd Ayouh (l?g:{}
SteuenEon ( I F82)
E:hauhan et al (1F79)
Elair and Eoland ( 1978)
Enlrrezon ( 197d)

Fepper et al¡ 1F7.4)¡ uaniahle C-:F- ratioe are to he expected.
The release of P fram decomposing plant matenials may he

claçeìy nelated to the dynamic=. af the decompoeeF F,opulatic'nE.
For exampl e, Johannes ( 19d5, 1?dÊ) found that bactenia in

aquatic ecos:!'stemE neleased little P, but that sub=.tantial
qu€,nti ties of F coul d be re'l eaged due to the actir¡i ty of
b-rcterial gnazers. There is eqridence that the cycìing o{ P

fnom decomposing plant material is not directly linked to the

cycl inçr af Ë (Barsdate et al , 1974). The usefulness of
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considening Etrict stoichiometnic nelationships between C and P

ie therefore questionable (l"lcGill and Christie, 1?93).

A criticism sf måny laboratc,ry studies in t¡hich

minenaliEation hag been exåmined haç been the absence of
gnoulinçi plants fnom the =y=.tem. Plantç. cc'mpete urith

micnoonganisms for auailable P and act ås å sink for Pr. Hence

equilib¡ia hetr.'.reen solution and solid phase P in the soil åne

af{ected, The net minenal isation o{ P fnam decompcsing plant
nesidueE is Etimulated by the ppeÉence of pìant= (Blair and

Eloland, l?78). ezP has of ten b,een uEed in studies of P uptake

t':-'r'i.r1r.::. ir'':,m decomposing ne=idues., ts identify the FpcFortion
of P in the re=idues t,rhich enterE the pìant. For example,

Fuller and Rager= (1F5?) and Fuller et al (195d) found that the

plant auai lahi l i ty o+ P in the ezP-lahel l ed plant materisl E was

related to the maturity of the material . P in yc'unq må.tenials

t4åÊ mor'e åLråilable than P in matune måteri+lç. Tiìì and Elain
(lFZg) faund a pa=itir..'e relatisnship betr¡een Eoil tempenature

and the amounts of ezP and 3!tS taken up by carpet gr'åsE

(ÊxonaFus. a{f inis} {r'om clauer (Trifolium Euhtennanean)

reEidues (ïable 3). El¿in and Boland (1778) found that changes

in soil r{å.teF reqime hed no signif icant effect Ên uptake ø1 3=P

hy oatE fram labelled clcuer neEidues. Bath Blain and Bala.nd

{ 1P78) and Dalal .:l??F ) {c'und a high F,pcFortion af P in the

nesidues was taken up by plants. [¡alaì ( 1P7P) repanted that up

to 42:/. of total nesidue F r,'-ra-=. recc,t¡ened in plants af ter only l0
u.¡eeks gnot.lth . Hi qh necouepy of P f rom negi due.-. mi gh t be

expected where the only sc'urce oÍ applied P is the plant
residues., and is I ikely ts occur thenefore in natural oF



Tabl e 3 Rec ou en y
Tilì and

of 32P
Bìain,

15

fnom ìabelled clouen litter (fcom
I ?7S) .

Daxs of
gr otrt t h

Temperature
( -c)

15,r'10
?e,r22

I 5,/'1 0
2F./72

15./1Ll
EÉ.f E¿

Percentage of added 3zP f-ecsvered

Soil Po Soil Pt Plantç. l'4inenalised
t4 3.0

G ñ*J.t

{E È
I -1. -l
10 .7
lAt

14.9

4.S
6.1

1¿ .f

21 .1

19. I
21 .6

4.3
rÉ o
t4.2
L.¿.. L

.q. I
10 .4

30.1

4l ,3
4?.9

.+gricultunal syetem=- whene thene åFe nG input= of fertiliEer-P
ta the sc,i I . In {erti I i=e"d *gricul turel ç.ai I s hc'tr,rever, the
plant c¿n dnar+ on P fnom trunt-ently åFtFrlied and nesidual
{enti l i=.en P sour*ceE ! in addi tian to F in native soi l reEerves
and decomposino re=.iduee of the FreuiouE trt-trF.

To ËummåFiÊ.e, it rrrould apFeår that while pìants c-+n lose P

duning åctive grot.rth the main Io=.=. of P trrtrtrurç. f oì I otr¡ing death

+nd decc,mpo=ition af the plant material . The releaEe of P {r
dead plant material is cloEelT linked ta the growth and death
o{ orqåniems feeding on the material . Autalytic actirrity af
plant enzymes f crl I at'ring death al ì ar^l=. the reì eas.e c'{ F in ð.n

i nr-'ngan i c {onm, The impon tance of orgån i sms åFpeåpË tc he

linked mor'e to their a=.Eimilation of Pr neleased fnom plant
matenial nathen than the hydrolyç.i=- and assimilation of plant
Po. The ugefulness of u=ing plant C¡P natiog ta predict net
mineralisation Gl* net immcbiliEation is questionable. There is
a need to include qrot.ring plants e.nd,/on {entiliser in the
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system unden study due to the lange effects these cen have on

equi I ibnie.micnobial activi ty and P

2.3 The nole of the micnobial biomass in P cyclinq
The microbial t,iamasg, defined as the liuing Fånt of the

Eai I organic matter excl uding plant roots and soi I anim¿.l s

larger than 5 * lCt-rc mo {Jenkinçsn and Ladd! 1?81), haE far
måny yeapc- heen Fecognised ag plaring å majon role in måny

FPctceE=e=: inuoluing P transformationg. These cån he listed as.

fal I ows¡

l] redox Feåctic,ns.

?> soluhilisation of P.,
3) al terat i on of r.oot morFhol ogy and./on f unc t i on ,

4) immobi I isation of Pr, and

5) minenal isation of Po.

2.3.1 Redox reactionç
Thene is sc'nre evidence that micncrc'rgåniEms cån dinectìy

change the oxidation state of P (Adams ¿nd f:onnad, 1?53)r
althaugh thege FÈåtrtionE åne of limited importance in s.ails
(Hayman! 1975). O+ gneaten =.ignificance is the indirect effect
af microargani=-m=. ir¡ decreasing the redax patential af
r,ratenl ogged Eoi I s. thug af f ecting the sol ubi I i ty of inon and

aluminium phosphates. Only under extremely reducing conditians
cån insol ubl e basic cål cium phosphate= I ike hydrcxyåFåti te be

Eol uþi I ised in goi ì s thnouqh changes in redox potential
(Lindsayr 197F). The impontence of these l-eâ,ctions. is limited
in Auetnalian c.c'iìg. 0+ mope signi{icance åFÉ the changes in
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pH which åccompåny changes. in nedox patentiaì (Ponnampenuma,

L?72J .

2.3.? Solubilisation of P.

Ag long å.go åE l90g the petential of certain bactenia to
sal uhi ì i se wå.ten-i nsal ubl e P ccmpoundg was recogn i sed ( Sacket t
et al, 1908). Since then there haue been numenouE Etudies in
t,.¡hich the ability ctl a aride Fånge of Grgånisms to Ec'luÞiliee F

ha=. been demanstnated. l"luch o{ the wonk in this f iel d r,Jas

stimulated by the experiments c'f Genretsen ( l?48) , r¡ho {ound

that the uptake af P b'f plant=. frcm sand EupÞlied r¿.¡ith calcium
phosphate incnea=.ed in the prÉEence af micnsc'nqånisms. The

uanious mechanisms postulated to explain thie phenomencn ha',¡e

been reuier¡ed hy Nye and Tinker (t?77>. Ctrganic acidç pneduced

br trpgànisms {Roge I L-/57; Louw and lqlebley, 1?59) are able tc
di s=.ol ue F h)' changi ng pH (l'logh imi et al , t P78) , and pc.-.si bl y

by chelating calcium ions (St.rabr and Spenher! lFSg). Hayman

(1975) suggested that f:O= and humic euhstances produced during
the bneaLtdut¡n of organic matecials may alEc, cåuse

=.alubilisation c,f P comFaundE thnaugh alteration of pH and

comFlexation, and ther'e is some evidence tc' suppont this
hypothesis. (l"lishustin, t?72). Hor¡rerrerr Tinken (1F84) points out
that it is impcobahle that Euch effects could be appFeciable in
soil t'.rhich is buf{ened. in k'hich the supplr o{ catiens ta be

chelated is ver-y lange, and in r,¡hich phosphate-comFeting ionE

åpe rap i dl r =.arhed. Nye and Ti nken <l?77J al sa poi n t ou t that
the quåntities o{ compoundg ulhich micnoonganismE must genenate

ta Fnoduce åny =.igni{icant ef{ect=- cn P ccmFc,unds make it
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unlikely that this Frrccess iE of å,ny significance.
Solubi I isation b)' matenial e denived f nom plant roots directl y

is considered much mone likely (Hsyman. 1975¡ Tinkert 1984).

In the nhizosphene the amounts of root exudateg and micnabial

metabaliteE cc'mhined åpFeån ta be =.u{{icient ta e{fect

salubilisation o{ calcium phasphates (I4aghimi et al r 1978;

Hedley et al , tF-qZh).

2.3.3 AI teration of nc'ot msrpholooy and/or' f unction

The rsle of microolgåniç.ms. in al tenin_o naot morFhelagy

¿nd/on function ie outside the =.cope of thiE nevietrr. The

alteration of naot grouvth through hormc,nal activity hag been

rerriet.red t,y l"loEEe (1975). There i=. euidence that
micrsc,rgani=.me. cå.n alten the rate ei F uptake by noots. c'uer

Euch shont peniodç that na monphological on developmental

effects r.uithin the plarrt are liþ:ely (Banber and Rouirar 1F75)r

and honmonal mechaniEms. måy he inuolued {Tinken, 1?g[l}. O+

gneater importarrce i=. the effect o{ myccr-rhizas Ên nutrient
uFtake. It is nGW r.,Jidely known that plant= infected t.rith

mycorrhiza= ar'e ahle to grGW and ahsonh F from F-deficient
soilE mor-e effectiuely than ncn-myconnhi=¿ì pìant= (Mosset

l?73 ¡ Ti nker , t f78) . Uar i suE mechan i sms have treen Ftrc,Frased to

accsunt fon the mycorrhizal peEFonee, and theEe r4ere EUmmaFiEed

neatly by Ealan et al (1984) a=. follau,¡E.

1) Roots infected trrith mycor-r*hizal hyFhae cån explane a gneater

ualume of sail than ncn-mrcorrhi:al rootç (Rhodes and

lSendeme.nn, 1F75i.

2) myccr-rhizal arrd nGn-mycarrhizaì plant= di{{er in their
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åhgg,¡ption of P from =-olution. Myconrhizal plants haue faEten

up take nates ( Bourren et al , 1975; Cness et al I L?79 ¡ Horarel en et

ål , 1982), and ha'¡e a lower threshold concentration at which

net ahsorption of P fnom solution commertces (Moese et al, t973;

Hor¡el er' et al ! l9g2) .

3) l"lycanrhizas may produce exudate=- r¡hich increåee the amount

sf P avajlable to plants ag discuEsed abot¡e {Tinker, 1975).

4) Myccrrnhizal reots have a dif+er*ent cation-anic,n halance to

tha.t o{ non-myccnrhizal roots and hence måy influencÈ

nhizosphene pH (Eulr¡alda et al ' l9g3).

S) It has also been suggested that mycørrhiza=. måy miner¿.liEe

Po (Eolan et al , l9g4), althouçrh there is nã evidence to

s.upport this hyFothesiç.

? - 3.4 Ìuli nen lic.;rti¡rn and immobiliea.tian of F

These FrocesEes. år*e the maior biological neacti Ér_n 5

controllinq the auailabilitv of P in soil=, mineralÍsation

ceuEinq incneases and immobilisatian decreåseË in P auailabiltÏ

to plants. It iE di+ficult ta considen theçe Froce=.seE

indiuidually åÉ hoth occur- simultaneously. Indeedr the tenms'

minenali-=ation and immohilisation åE qenerglly u:.ed in the

ì i teratune usual I y cefer ta net mi neral i Eat i on and net

immshilisation. AE biological activity proceeds in all but

steni I iEed sc,i 1 s, immohi I isation - minerål isation Feåctions are

continuous. Howeuen. uarisus pertunbatians which affect

Eioìogical activity cån =.ignificantly af{ect the nate Gfr and

balance bett.leen, these oppa=ing r*Éåqtions'. TheEe include

change=. in ¿vai lehl e energy(C) ar nutriente, tnophic
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intenactions. tempenatuner auailable ulatenr oxyçren. ånd soil
reåction (Dalal, l?77).

En er'q.v_

Eiaìocical Feåctianç rarely Feåch an equilibrium çtate in

most ssils due to the inputs of er¡ergy (C) by both gnowin-o

rc'ot=. (f'lartin. 1977; l"fartin and Puckridge! 1982) and dead plant

material . It ha.=. heen knor,.¡n fon måny yeåre that organic

cc'nrFc'unds. ane exuded by heal thy undamaged roots ( ior' reu i eu¡s

see Rorrina (1FóZ) and Fa=.ter (1F85)). Recently, techniques

u=.ing 14C-lahelling herue sho(.\rn that å cc'n-€.iderahle portion of

the L1 {ixed E,y plantE and transl ocated ta the roots cån t'e

"ìost" tn the Eoiì. AFproxima'tely one third of this t last to

the =.c,il cån he attnihuted to roct peEFiratian, with the

r'emåinden pnesumably ani=ing {nom microbial decnadation o{ rac,t

tisç.ue crr exudate=. (l'l*.ntin, l?77; Sauerbeck and Jahnen, L?77).

Thue. the FoFtu I at i on o{ mi croo¡gån i Ems FFeeen t on , and

immediately adjacent ts, the raot =-unface is much highen than

in the Eunraundinq soil. The dif+er-ence in micnobial numbens is
commonl)'ÉxFreEsed hr* the Ê:5 ratio, R and 5 being the numbens

af microopqåni=.m=. per gFam of Ecil taken fnom the nhizosphere

and the buìt< soil pËEFectivelt (Katznelssn, 1F48; N¡*e and

Tinker, t-Ì77J. Both direct countE and plate counts ha,.re

caniirmed incre¿,sed E:S natio=. with incneaçing proximity to the

root suriace. By dinect csunting, Fosten and Ror.rina (197ó)

es.timated microhial numherE r,\rere l2L1+1üt cm-s within I ltm o{ the

raøt sunface, åFrd 40+lú? cm-s st 10 ltm. Paparlizas arrd tlaue]'

i19ól) =.hat^red frem reEult= o{ pìate counts. that the
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PopulatianE af micrccnqånisms at different distanceg
frcrm the noots of lupin seedìings detenmined fnom
plate cauntg (fram Papavizas. and Þä.uey, l?61).

l'licnocnqånisme (lCle g-r Eoil)
Distance fnam
noat (mm) Bactenia

Stnepto-
myc e t eç. Fungi

ü-
tt-3
3-Á

?-t'¿

l5-19
80Þ

I 5F0 CrCr

49t00

3800r

374trLl

34170

27:{ü 0

4670 t
I 55ut

I I 4tr0

I I gtrcl

101utt

FlLIO

õEE
lf LJJ

I 7.+

170

I :{Cr

tL7

9l

d.- rh i zoF I ane. h bulk Eoil

"rhizosphere effect" ':ån extend for =.euepål mm frc,m the raat
surface (Table 4). Hsr^re'.reF. their dsts lacks stati=.tical
treatment, and Rcvira. and Dauey tlF¡4) l¿.ter rroted that the

numberE of micrÊtrFqånisms recorded Ey Papavizas. and E¡.svey at
di =t-+rrce=. gre+ten than 3 mm f rom the r'aot sunf ace rÁ.rere nat

significantly di+fenent frc'm those in bu'l k soil. Howeuen, the.,-
occur-nence o{ the {ungug P¿ec i I c'myce-- manqua.ndi i neåF the rc,ot

and i ts -+h=ence i n tru I fr :.ai I Ehcrtrrs that thene åFe hnth

qual i te.t i ue and quån t i tat i ue di +f ÊFÊFrcÉ:- betr,,reen nh i zo=phene

and hulk sail. Êlthaugh the plant may Fr*Guide micnsotrgani=ms

t¡.ti th C. there is I i ttl e euidence to sugge=t that aì l the sther
nu'tnientE nequired by the orgå.nismE ane suppl ied by the plant.
tJhile P aF,FeårE ts moue out of the rast (gee Section ?.7.2) it
is unlikely that P fram thi=. =.c.Unce i=.suf{icient tc meet

micrabial demand, sl thouçrh rrc data årÉ a'uåi lahl e to conf irm
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thiç hfpothesis. Thus micnoonganig'ms may comPete with plants

fon Eoil P, Estimates of the comp¿r¡åtive nates of P uptake bX

microongånigmg and plants by Beever ånd Bucns {lF$l) haue

indicated that micrcorgånisms h¿ve mone e{ficient P uptåke

mechånisms then plant naatç. {Table 5). Bowen and Rovira (l?dd)

found that uFtåke of 32P by tomato and subtennaneè,n clcver fnom

nutrient solution wåE greater in nan-sterile than in steriìe

conditions. Barhen (1?-4d) and Eanben and Loughman (L?ê7) Çr-êt.t

plants at lotrr cGncentnationç of P in =.clutian cultuFe! and

f ound that roots con tai ned al mogt tttri c E a.s much P I and the

amoun t=. tr.an:.f erred tu the shaot tlere twen ty t imeE gneaten i n

the absence of micnGoFgånÍems tharr in their pFeeence. Ilross.ett

(19é7) and Eacben et al (l?ÉE) prouided uisual evidence ta

support the Fe-..ults af the solution culture exF'eriments.

Tshl e 5 Potential Pr uptake rate of the soil {lara {fram
Eeeuen and Burns, 1 FÉl ) .

tn gan i sm Est im¿ted {resh
r,.rei gh t bi omass
in tt-1ú trm-
(g m-z)

C¿l culated Pr
uptake rs.te
in lCtltm Pro

(ltmol P min-r)

Rel at i r-re
P uptake(plarrt
rootg = I )

Eacteria
Fungi

Pl an t roots

I Cr3

2óCr

5000

4Eñ
._a -¡ t

7l

4t

9.0

t.o

l.cl

å = Biomass per I mz black of soil, 10 cm deep. Bactenial and
{ungal hiamasg based on Clank and Paul (1iJ70) assuminç a dry
wei gh t .z f nesh t*rei gh t nat Í a of 0 .2. Root bi omaç-E based on
ual ue of 5ü q m-2 f ar noot I errgth Fer un i t vol ume gi uen bv
Ear I ey ( 197t1) ¿.nd açsumi ng a cGnuersi sn {ac tor o{ I mg f reeh
t¡.rei gh t cm-r noc't I ength .

b - calculated fram uptake natee of microorganisms (4.
nidu'lanE and E, coli) and millet {Pennisetum elaucum) roots in
solution culture (Beeuer årrd Elunns, l9gl).
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Autonadiognaphs of plant coots qror^rn in non-gterile conditions
ghawed manked accumuìation af isotoÞe ã,t the root sunface. The

åctrumulatienE uJeFe attrihuted ta cc, lanies of hactenia.
Decneased P uptake in the Frpesence of microorqå.nisms in scriì

has elgo been demon=trated. Akhromeika and She-=takcrua (1959)

Ehot,red that uptake o{ s2F by oak and ¿sh seedl ing= gnou.ring in

=.and wsrs depneçsed ccnsi denabì y hy the addi t i on af ån åqueous

su=pensic¡n of hacteria {Table ói, AlEo Benians and Earher
(L?74) faund that P uptake hr harley plant=. fnom a F-deficient
hasaltic laam soil wås hiqhen unden Etenile th¿n rrGn-sterile
candi t i cnE.

In måny lahoratc,ny inuestigatic,n=- urhere micrshial activity
has been artificially Etimulated hy the addition o{ å C Ëource

ta simulate the ns,tural incGr.pcrt-åtion of organic material ,

change= in soi I P distrihution haue heen sbserued. Jshngon ¿nd

Broadhent (1F52) *dded ÇFourrd lucenne tc, 3'ËP-labelled ç.oil and

measuned chanqes in the sFecific actiuity of uaricus chemical

fractiens af soil F. Accumulatic'n of 32P in arqanic {nactions..

Tabl e 6 Influence of bacteria. cn the uptake of P by oak and
ash seedl i ng=. { {rom Akhromei ka and She:.takor¡a r1?58).

Spec i es Tneatmen t No. orqån i sms
p r e=.en t

32P con ten t
Seedl ing

( 1üé g-1) Lesues. Steme Rac'ts

{ cpm g-r )
Sed i men t-

Oak

Ash

Contnol
+ Eactenia
Ëar¡trol
+ Bacteria

2t
320 0

t7
1 120

Éf
-l .l
3.F

24.8
1¿ C1

a2

Itr .d
?.f)

--E

L 4.7

1Ll.q. d
82.4

1,J. S
.fõ.7

14.8

å = Eediment obtained after
a{ the sand.

cen tn i fugat i on of a water ex tnac t
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ànd '[arge and re.pid charrqes in =Fecific activity of othen

fracti¡-,ns :,rr+r-'e' attribruted to micnohial activity. .Tcrhnson and

Bnoadbent (1952) pnoposed that avaiìable Fr in soil be termed

the "metabolic pool", Plants ånd micr'oor-ganisms måy u.rithdnet¡ P

{rom the pcol (immotrilisatian) r¡hile bialogical and bischemical

Feåctions may add to the pool (mineraliEation). TheEe u,ronken=.

pianeered the cc,ncept that the micnohiel biamass irr s.oil wås å

labile fraction of onqanic matter, al though måny bel ietre thi=.

cnncept to he a recent crne {.Ienkinson and Ladd! 1?81). In å

senies o{ erper-iments. Ghcrshal (1974, 1975a, 1P75h) and Êhoshal

and.langson (1F75) t.rere ahle tc, demcrnEtrate indirectly the

immobil isation o{ fertil iEer F b/' soi I micrc'ongå,nismç..

f'licrc,hial activity 1aråE -=.timulated Ey additicn of gluccEe!

celìuloge on fanmyand månune to the =oil, and water soluble P

lahel I ed r¡i th 32P (.,.råç edded tg the çoi I . The changes in 32F

actiui ty of ån ammonium l¿ctate-acetic acid extract
("åvåilable" P) .cÌ soiì (,Jås mc'nitsred r,tr ith time under u¿rious

tneatments (Figune 3). Chauhan et al (1P79) Etudied the

e{fect af repeå.ted additions af Ë! åÉ cellulc¡Ee (with and

t.rithaut added P) and aç. dnied eråEe! on the amountE of P

extr¿cted fram srril by rrånic,us neaqents., They found that
appFoximately SPT and 22:/. of the P added in gFåEs and with
celluloser reepectively, wåÉ found in c,rqanic {orm= of soil P

af ter ? months. The addition af celluloge r,.rithout P caused a

decreå=.e i n the amoun t of P held in plant available fonm (as

exchange method (Sibbesen, (t?77, ) dueåntsndetermined by an

ta immobi I isatian hy micrnonganismE. Chauhan et al l1?73)
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Foçtulated that lack of avai lebl e P coul d euentual ì y sl at¡r dor¡n

decomposition of added c, and they subsequently pFesented data
to supFor*t this hyFothesis (Chauhan et al! 1?Êl). Hor,oeven, to
obt¿i n -l ange ånd measunabl e changes i n 31P ex tne.c ted Ey the

reagents, Chauh*n et al uged ueFy large additiens of Ë

equiualent ts 400û kg organic matter ha-1 euer*y 30 days. Cole

et al CL?7A) al so used high nateg of gl uco=.e addi tion in their
studies c'f the incanFÊnåtian af added P. into the Eoil biomass.

Howeuenr they t^ref-e the f irst r¿;onkers to apFrly a fumigatir-.'n

technique to estimate P held in the micnabial bic,ma=s (Eee

section 2.4.2), al though the fumigatian technique had heen used

pFeuic,usly to mea=.une c in the hiamaEs (Jenkinsan, t?ó6). They

[,JeFe able therefore. to measune dinectly the amauntç. c,{ P

immobi I i=.ed by micnoc'r.qaniem=.. Stimulation sÍ micnobial
actiuity ntith glucose decreå.Ee€-. the propontion of added

fertiliser P entening the plant (Ghoshal , IPZSb; AhLratt,
1978).

l^lhile most of the expenimental t.rc¡rk detailed aboue

demonstrates that soiì micnsorgårri=-ms can ef{ectiuely
immahilise solutian F! it should be rememhened that net

Imineral isation of P m¿.v al sc, occur. /noai tion of orqanic
material to soil måy prauide E,ath *l=ou".* of enerçty and of
nutnients nutrients. r¡hich micnoorganisms cån utiliEe to huild
tissue, on nutriente uJhich måy he released aE the ongånisms

release and ¿ssimilate C. ThiE åspect has ¿ìready been

dis.cussed with ne=pect to plant materials in section z.?.a.
Similan å,nguments applx to the decompogition of animal månupe=.

ol- other matenials çuch ås municipal cornFo=.ts GF sludges. {Fc,r
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å detailed neuiet,r of the effect o{ månures and wasteE an soil P

tnansfonmatians, eee Sommens and Sutton ( 1?82) . ) Nutnients hel d

within microhial cells houreuer, must be regacded as beinq only

temponaniìy in thi= form. Micraorganisms synthesise a trariety
sf P trcmFoundg including RtlA (Stl to 502 o{ tatal cell P), t)f!A

(5 to 107:) t acid-goluhle Pr and Po campound= comFrising

orthaphasphate. metaphosphate and pnohahl y Fsl yFthosphate! EUgÀl'

and adenosine pho=phates (15 ta 70'1,1, and uarious
phospharylsted coenzymes and phospholipid=. {<lLlU) (Ster*rart and

t"lctíercherr lPg?). Þepletion of added C, predation. c'p

environmer¡tal streEseE (t¡hich ane discussed helow) t.rill
euentusl Iy les.d ts a decl ine in Fopulatian, and a release rtl P

trc'mFoundç inta the =.oi I . A I i terature neuietqr hy t(at= and Lei th

(1:774) indÍcate=. that all microbial qrc'upÊ underga dnam¿.tic

Ftrrpulation che.nge=. in virtually all eco=¡*:.tÉmE. [¡ead úFgånis.mE

act ås sut's.tnate fsn ner{ micrr=hial gnor,,.rth (.TenkinEon, lFe+;

Ander=.an and Éomsch, t?7ÉJ, or ¿.utolytic degradation of the

microhial tissuÉ måy occur inreEpective of the rrumbeF of

EUr-viuc'rs. (Cnle et aì ! lF78). Thene i=. euidence that P

neìeaeed {rom decompaEing mitrFocrr-qåni-=mc- cån he utiliEed by

plant=.. In ån exFeriment simil¿r ta es.riien studies. irr u.rhich

upte.Þ:e af P fnam added plant material:. t+as exåmined tSection
2. ?.3) . Hapoac and Hai den ( I FBZ) studi ed the net mi neral i E¿t i an

of (dead) fungal biomasg added to soil, and it=. availability
f sr p I -+n t uF take. They conc I uded that the mater ial was nct å=.

effectiue in supplring P to pìants as F1, and that meìanised

fungi had a lor,.rer e.t¡ailability in thiE ne=pect than hyaline
fungi. Ster¡art and Hedley (1FBCI) faund that å lar_ee pr-opontion
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cf the P heìd in esP-labelled bacterial cells t¡ras napidlr

minenalised and taken uF by other srgånisms or- plants. It

should be remembered, hc'r*leuer, that minenalisatian of microbiaì

cel l=. gr-c't.rn in uitro and added ta soil måy he di+f er'ent f rom

mineral isation o{ soi ì oFgå,nisms in si tu.

5oi ì di =tunbance
Di Etr-lrbance nf the Ec,i I has the ef f ec t o{ neårtnangi ng the

spatial distribution of micnoongåni=me and suhstrates.
l.lan-mc,tile micrac'rganismE uclhich depìete the sutEt¡*ate in thein

immediate rricinity are bnought into contact v.rith fneeh ËourcsE

of Ë. Thie. i=. analagcu=. tn an input of Ll into the sys.tem EÊ'

that micrabial actiuity i=- =.timulated. The C heing

metsbalis.ed hc'þ,reuer is nstiue ta the =.oil, and therefone the

amoun ts o{ s.oi I organ i c C r¡i I I decreåse trti th nepeated

cultivation (Tiesç.en et ål . 19.q2). It ha=. also been :'uqgested

th¿t cultitratic'n Etimulates microbial actiuity thnaugh improued

åeråtion {f:lementE and l^lilliams, l9é4). Sevenal Etudie:. haue

shc,t.,n th¿t Po decreåse=. in =.oil unden continuou=. cultir.r¿.tir-rn

iThomp=.on et al , 1954¡ Hs.as et ¿rì , 1?d1 ; lili I I i¿ms. and Lipsett.

19É1¡ Êdeptu e'nd Csrey, I?77; Hedler et sL, 1982a; Tiessen and

Stet¡act. lFgS). Fc'r example, l¡Jilliams. and Lip=.ett (19É1) {ound

that culti'.ration of soiIs fon t,¡heat in Net,.r South [,.laleE cåused.

on åueretger å 3Q'1, reduction in onganic matter content of the

gcil ÉueF å 50 d0 yeåt- period. Po declined by L7',r. ouen the

såme periad, and thi=. rr.tås åttributed tc increased

mineralisation in disturbed sail=-. LJilliamE and Anderscn

( 1Y,38) f ound that i nogi toì phosphateE åtrcumu Ie.ted i n soi I unden
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undis.turhed I eguminouE pa=tur-es, but that cul tiuation decneased

onganic matter and inos.ital phosphate centents. l'4sne necently,

fractionation techniques (see Section 2.4.?) hat¡e been emplored

ts {ollot.r the redistrihution of P which occurs r¡ith cultiuation
(Hedley et al, lFSZa¡ Ties=en et al, 1P83). Hedlev et al

i19S2ai found that cultiuatian cauç.ed ¿ reduction o{ total P

Fpesent in å bìack chennozem (Udic haplcrborúll). The snil's.

ability to Fl-ovide F for plant grot*rth deteriorated mare than

might be expected fram the change in total F content. Nc't onlv

r4å=. plant auailable Fr decnea=.ed, but ec ålç.o were thE

ex trac tahl e P- and re=.i dual F f rac t i en=.. Ti e=-=.en et al ( 1P83) !

u=.ed a comhinatiarr c,{ F,hyeical and chemical fractionation
techniques. They found that cultiuation decreas'ed plant

suailahle F to ¿rn extent t¡hich wås clo=-ely nelated tc' ls='E o{

ange.nic matter. Examination cf panticle Eize {ractionE shtrrt^red

that Pr canterrt€. c'f coå,F=e fr¿rctian=. increa=.ed durinçt the {in:-t

{er,.r ye,ar-s ci cultivation, and th-+t å =.hift a{ Esil F

comFo=.iticn tovlandE Pr at the exFense of Po Êccurred in all
size fnactianE iTieE-=en and Ster,,.rart, t?83). In maEt c,f the=e

studieE. unfertilised cultirrated and unÊultiuated soils t4ene

uEed {c,r ccmFå.nåtiue puFFoses.

The actian of invertebrates in diEtunbine årrd Fe'år*Fånging

soil particles. haç a large influence on micnobial actiuity irr

Eoil Eantht,'.rorms in panticulan have a csnsiderable impact cn

nutrient cycling in pa=tune soilg (SharFrley and Syers, 1977).

E:v cpeåtinq a f+vounable enuiponment {or hactenial actiuity in

thein qut (Edt.¡ard and Lo{ty. 1971} and by Frhysical disruption
af ssil particles and onganic matter! eårthr¡ormE cån incneaEe
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the plant avai lahi I i ty of P denived {rom both fenti I isens and

plant res.idueE (Mansel I et al , 1?81 ; Mackay et al , 1P82). A

concise review of the role of inuertebrates in nutrient cycling
has been pnoduced hy Hutchinson and King (1992).

./t Inaroa.nic nutnients,v

There is little in{ormation in the litenatune sn the e{fect
of inorganic nutnient=. on mÍnenal i=ation-immohi I i=.ation
l*eåctic,ns.. Most of the reçearch undentaken haE facuEed on the

effect of Pr on the minenalisa,tion aÍ Po. Dalal (t777) liç.ts a

numher of studi es t¡here addi t i on of Pi ç.t imu I ated

minenalisation (l"lcCall et al , 195é; Kaila, 1Fó1 ; Acquaye, 1?-43i

Entrlezor, 19é6). gthen u+orkËrE! hor¡rer¡err hatre reported nc'

effect o{ Pr on minenalisation of Po (l¡Jeir snd Black, 1?68;

Gho=.hal , 1975e). It is di++icult ta Fecsncile the=.e

confI icting reports. ûalal (I?77) suggest= thet incneaEed

mi neraì i sat i on c,{ Po thraugh addi t i sn af Fr måy be due to
displacement of Po fnom solid sur{ace=-, thusren9"_l:nn the

cc'mF ounds I iahl e ts chemi cal cr hi ol oçi cal hydrol ys.i e.

It has been obse¡ued that eddition c,f Fr å=. fentiliser
incneaËee immobiliEation as amc,unts of Po increåÉe in soils
unden pastunes (Jackmanr 19É4i Stewand and Oades, l?7?; Leuris,

1978) and cuìtiuated cnoFS (úr,'.rssia, 19ó6i lian Diest, 1?¿,9).

l"lost of the increaEe in Po cå.n be attnibuted to the increåEe in
plant gnotrtth stimulated hy fertil iser åFF,l ication, and the

åssociated increåse in inputs. to the Eoil of non-hanrreEted

plant material (Andensan! 1?8Cl). Hedley et al (lPÊZa) alEo

sugqeÉt that incneaged amaunts of Pr arraiìatle for microbial
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uptåke cåuse qneåter amounts of Fo to be pnoduced. SuF,porting

erridence i=. pr-ouided by Chsuhan et al (l9gl), r.+he faund a
pos.itive relation=.hi¡' þ*tr,.reen micnobi+l F u¡'ta[.le a.nd the

Êc'ntrentratian of Pr in salution. Hedley and Ster¡art {1982a)

alsa ghowed that the P ccntent c,f micrc'orqåniems'ranied
åccor'ding ta the Pi suF,F,lied.

Addi tian of Fl may al sa in{l uenÉe

rÉFreç.=.ive effect c,n ths actiuity of
and Christie. 1Fg3).

In{luence c,f nutrientc. ather than F c,n mineneì is.atian-
immobiì isation Feåctians of F in EoilE harre FÊtreiued =.cs,nt

attention. E+r'rc,t'.r tlF,JO) studied the effectE of ,.¡ar'¡*inq the f.l.

S! snd P content o{ FUre organic compounde on their
mi neral i s.*t i cn , He f ound th¿t i ncneagi ng t'.'l supFr I ;" cau=.ed

incre¿=.ed immohiìisatisn of F but the effect c'f S t,ras IeEç

clear'. [¡aìal (1F77) stateE that arqanic matter cantains
definite FFoFrc,r'tions. af C, Nr 5. and P, and tha.t def iciencies
in one eìement r¡rill reduce c,rganic matter.-{ccumulatisn Èven i+

P is in plentifuì EupFily. Hswetrenr ås pc'inted out trrEUiouç.ly
in the discug=.ic,n o{ decampo=itian cf plant materiaìs, there
åPe danger= irr adhening to =.trict =.toichiometnic relatianship=
bett.leen enerq)' ( C) and nu tr i en t el emen ts.

Tnophic inten¿ctione
The impentance of pnedation in nutrient cycl inq wås {irst

FecogßiEed in aquatic ecosystems (JshanneE, 1Fd5, 19óE;

Barsdate et al . 1F74). Earsdate et al (L'/74) Etudied the

decompasitiorr of plant material in micnocGEms.. t.rith and r,.r ithout

mi neral i ç.¿.t i i='n thraugh i tE

pho-=.phohydro l ases tl'1cC;i I 1



bactenial gnazenE. They found that the tunnoven of P in the
s." Etem f ar' e>:ceeded the ac tual mi neral i Eat i on o{ P f nsm the

added plant mater'ial , and that this cycling, aE uirell ås

minenali=ation, ?.raE stimulated by pcotÊzcån gcåzing o{ the

decomposeP psFrulations. Cole et at (l?78) penfonmed a similan
=-tudy with soiì micrc'co=.ms. end fc,und extnactable P (0.5M

NaHtO. (pH 8.5)) to incneåse and micnobiaì F to decneåEe in
systemç. containing hactenial qnazers (Figure 4). In å field
exFeriment, El I iott et al ( 1994) found lange decì ineg in
mi crchial C and P , i ncreá,EeE i n mi neral frl and ex trac tahl e

(0.5M l.laHCtt- (pH 9.5)) P1 and Po corrcur-r.ent with incnea=.eg in
protozså,n numberç.. All the-=e Etudies emphr=i=e the importance
of both the micFoor-ganismsr and their Fopulation dynamic=., in
nutnient crcl ing.

Temperature

[¡i urnal and seå,sonål change= i n tempenatune af f ec t
bi al ogi cal FFC'cegses i n soi I s. Large seagúnål van iat i on i n

Eeuerål labile F fractic,r¡s ha-= been noted by a numben o{
u.rc,rkers (Blakemoner 1F6d; Garbouche\¡r lgdd; Nquyen et al , lFó?;
Halm et al t t?7-¿i $c,nmaan, t?7?i ËuF,ta and RoniEc'n! 1?75¡

f¡Jearrer'and Forcella, L?7?i HåineE a,nd cleveland, lg8l¡ Felleca
et al ! lFgS; El I iott et al , 1?94). saunders. and ['1etç.on ( lFTl )

postulated that the poot- Fespon=s of pastuFes ta applied
supenphosphate i n spr i ng krås due to mi nenå,1 i sat i Gn of po. Th i s

accords trrith the obEenrratians of Dormaan (lp7zl , tarho noted
increases in sai I Po cver u,;inter and decneåseE in sFring in
Êanadian Eoi I =. In labor.atary =.tudiee., i t haE been ohsenued
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that temperature cån have a lange effect on rates o{

mineral iEation and immobi I isation neåctions (Floate. 1970b;

Mantin and Cunningham I L?72¡ Til I and Blair. 1978), Llil I iams

i 1?é7) rev i et.red the ef f ec ts of tempenature uFon mi neral i sat i on

of sc,il Po. He concluded that mineraliEation t¡as slow at lot.r

tempenatuneg, trut that at highen temperatunes Po may he more

sensitiue to tempenatune changes than othen cemFonentg o{ soil
Êr'gån i c mat ten . Al though I ow tempenatuFeË åre uEual I y

åEEociated uri th the cessåtion oF dnaEtic decneåEeE in

biolagical actiuity, there is er¡idence that cpqani:.m=-. naturally
and continuously exposed to =-uch conditisns ada.pt tc, them.

Clr'qanis.m=- in anctic tundra çails cån Etill eifectiueìy
decompose onganic matenials at temperatunÉs å=. lot.r as -='C
(Chapin et al r 1978).

Recentlyt Harris.on (l?82a) delreloped a technique usinq
szP-lEhel I ed RNA to meaEure rates. of lahi I e Po minepål iEatian
in {arest =oils. He fcund that nateg af mirreråli=-atic,n of RI'JA

t-rere hiqhen in spning than in autumn, and that this raas related
ta increased phosphata=.e actiuity in the soils during =pring
( Hann i son , I ?g?b) .

t-la t e¡

Alì orgåniEmE requine r^later i+ they are tc' suruirre. It iç.

urell knot¡n that thene is a close reletionship hetuleen microbial
actir¡i ty and sai I water gtatus. t*Jater pcitential af f ects the

activity sf soil onganisms both directly and indirectly. Low

waten patential directly inf luences metab,alic actiuity hy

slot,tin_q enzrme I-eåction nates (Acken. l?62¡ Skujins and



McLanen , l9é7) . Ënor¡th may al so be eetarded by the need to

åccumulate solutes to maintain tunqror Fnessupe (Adebayo et al ,

l?7t). Indir-ectly, changes in uraten potential affect the nate

af sol u te di ++ugi on and degnee of mi cnohial mot i I i ty, and thus

reÊ.Fination rates may decneage at low r¡aten potentials due to
substrate exhau:.tion (ttlilsan and Griffin, 1975). Fon examplet

Clnchand ¿,nd Cook (1Fe3) found a log-ìinear nelationship bett,-reen

=-oil water patential and micnc'hial actiuitr as ìonqr ås åctiuity
u\rås not ì imi ted by suEstnate åvåi I abi I i ty. Thu=. soi I t,rater

patential ha-= a large ef {ect an mineral isation-immohi I i=.atitr,n

reåctions in soils. That soil c'rgånismE sre able ts function.
albeit at di++erent leuelE af actiuity! ovel å {¿inly t'-tide

nånge sf rr¡ater potentials (l¿-lilEc'n and Griff in. 1975)! måy

explain Eeme o{ the conflicting reEults in the literatune
relating Eoil r.'.¡aten e.tatu=. to F transformations (Dalal , 1P77).

Large and¡',fr rapid f luctaticns in r¡ster potential ha,.¡e a

ìarge inf luÉnce on F tnansformation=. in Esiì. Lebediantzet¡
(1?24) reported that repeated dryinq ånd (,,¡etting af å sail
bnought about a gubEtantial relea=e a{ P and N fnom orqanic
ecuFces. Binch and Friend (lF.{1} fc,und that P in ån orçranic

=.oi I wåE ccmFl eteì y mineral i=.ed af ter 204 r¡etting and dnyinq

c¡cle=., althaugh tempenatures o{ l0tl-C r.tlere uEed duninq the

dnying cycleg. Thene ånÊ måny other neports in the I iterature
where a neleaEe a{ plant nutrients he,s heen obsenued as a

result of dnying ånd wetting cycleg (e.9. Binch, 1?ó0, 1Fó4;

Ssul ides and AI I isünr 1?dl; Harada and Hayashi, l9dE; l"larumcto

and Yam¿.da. t?77>. A numben of reåEone ta explain the "f luEh"

of eaEily extractable Pr or Fo foìlcrt/.tinq desiccation have heen



poÉtulated. Air dnring of plant material causes extensive
degra.dation and conrJersion of Po to F.r pnobahly thnough
autolvtic actiuitv of plant enzymes (Earr and urnich, lg6s;
l4antin and f:unningham. lgz2; .Iones and Bnomfieldr lpgz). I+
the r¡rater potential def icit is suff iciently eevene! dnring of
sail alEo results in the de¿.th c'f microc,l-gåniEms (Lund and

fioksovn. l9Éu). That partian o{ the hiama=.=. killed thrc,ugh
desiccatian måy under.gcr åutr-rlysis and release F., thereby
transfonming Po into neadiìy extractatle farms (Enooke=_. et al ,

I ?92) .

On Ferdetting of prÉrric,uelÞ. dried s.ail, thene iE ¿. rapid
hurç.t of microhial actiuity ås the suprrivi¡g orgåni=.mç utiliç,e
their dead col leaques. åE Etr'urces of energ;ï, é(nd nutrient
(ste'renEcn, 1?5c.¡ Lund and Gck=.¡yr, lFË0; frnch¿r.d *+nd cook,
1?gg). subetnates. hel d rt¡i thin åggpegateË måy al:-a be exposed
bv drving-rer,,retting =oil due to the diEruption of aggnegates
(Adu and tade=.! 197F). Feaks in Eracterial paF,ul¿.tian=. in dried
soil c'ccur- esrn after t.rettinq (tamptrell and Eiederbeck, L?76J.
Fungi Fegpond more e.lor.'.rly (Lund and Gok:-oyrt l?Ëtt).
Re=.pira.tion snd amountç. of mineral N in air dried soil=.
i nccease dramat i cal I y on rewet t i ng. I ndeed, the rel ease o{
minenal c, N! s. and P ig used as the basi= for the methsds for
meásupFmen t af nu tr i en tE hel d i n the t,i amass death bei ng

caused hv fumigation nather than dnring (.Tenkinson and Porarlson,

1P7éi Avanaha, et al, l?7d; Ëaggar et ar, rFsl; Erookes et al,
1P82). Manumoto et al (1?B?) obserr,¡ed that the quåntities o{ N

mineral iEed fram dried and r.er¡Jetted soils u.ras closely nelated
to the quåntities Fl-egent in the --.oir biamass befone
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tneatment. The magnitude of åny changes in soil nutrient
di=.tribution r¡ill therefore depend on the quåntities o{

nutnients hel d in the biomasE, and the FFoFontion of the
pc'pu I at i on suscep t i bl e ta deçi ccat i on .

Ox yqen

It ie dif+icult ta sepanate the e{fects a{ r¡ater fram thoEe

of åe¡-åtion on P transfonmations and FeåctionE in soil {Dalal ,

lF77). Despite the {act that microhial activity is lowen in
ånaerabic than in aerohic conditicn=, t¡atenlogçred Eoiìs
generally cantain le=.E Fo than t.rell drained =ailE (Camphell and

Racz! lP75). It is dif+icult to attnibute lswer concentnation=-

o{ Fo in ånåeFcbic soils. tc, increased rates af Po

mineralisationr åË these nates are uçu¿.lly glower in ånåenobic

cqnditionE (Þick and Tabatahai, 1979). J"lane regearch is
pequired tefore the effect o{ åenàtian on r*eåctic'nE c'f P in
eail åFe fully under=-taod,

Soil FÊs,ction

Biological actitrity in soil is. depne:-sed s,t lar,,.r pH. ThuE

acidif ication r-rf Eoils faLrours. the build uF nf Po (Eatten and

osborne, 19Ë3) a=. plant nesidueç. are nat quicklr recycled. l'.let

mineraliEation of Po in acid ssilç. is usually etimulated hy

I iming (Thomp=.on et al ! 1F54i Hålstead et al , 1?óg¡ Anran, lgó4¡
Lucas ¿nd Blue, L?7?; Isìåm ånd Ahmed! 1973). The effect is
attnibuted tc, increased microbial activity (H-+lste¿d et al ,

1?63) and i ncnea=.ed sol uhi I i ty of seme phosphate eEters
(Anden=.an, lFg0). H¿nrisan (19Ê2b) necently demonçtrated ¿



stFong pcsitiue cÉFr-elation hetureen nates of minenalisation sÍ
lahile Fo and =-.oil reaction Guer- the rånqe pH 3.1-7.5. Sail
Feå.ctisn, hor,^reuer, algo ha=. a larqe inf luence cn inorganic
peåctions contnol I ing P auai labi I i ty in =-oi I s (Haynes, 1982) .

Bulk sail pH m+y not t'e an accunate nef lectian ol Eail Feåction
in close proximity to noot ot- clay =urface=, å.8 thege cån al ten

the pH of thei r' immediate enu i r'onmÉn t tMcLaren and EEtermann ,

l P,Jg; Hedl ev et a!_, 1982b) .

Tc, summå.l*i=e, it is. clean that micr'oarga.ni=.ms to a large
extent determine the Feåctians k¡hich ¿ffect P atrailabilit;v in
sail. tdhilE mycc,rrhi=aì fungi ha'¡e ¿. larqe effect an plant
nutritisn, micFsgt-_eani=m= in soil nst linked ta plant=. thnough

å =ymhiatir relatian=hip al=.o haue a laree ef{ect on eoiì P

tnansfonmatiorrs, and hence the F nutriticn af pla.nts. t4uch sf
the eerrly t,rnrlq which examined mirrst'ial I y mediated reåcticns
inunl uing soi I P ç,.r¿.ç qual i tative. The deuel opment af methr,dç

to meagune dinectly the a.mount:- of F heìd in :.c'iì
micncoFqånism= (-Qection 7.4.2J nc'r+ ål lor,tr=. a. quåntit¿.tiue
as=.eEement o{ the rale c,{ micrc'c'rqånisms in F cycling.

2.4 l4ethsds af =.tudr.i nq P cyc I i nq

2.4.1 l',ladellinq
Sef,:,r'Ê retrietrring the re=.ults cf studies utilising madelling

techniques, it ig pertinent to discug:. hcttr these techniques
help the =-cientific study of rrutFient c;r'cling.



3?

The construction of simulation models, aided by the adrrent of
parlenful computer technclogt, ha=. stimulated nesearch by

compl ex systems ånål yEis o{ envincnmental gystemE. Simulation
modellin-c aids the intenpretation of ìarge amc'untE o{ complex

data, faci I i tates the oFgånisstion of infonmation, and cån

dinect nesearch into åreåc- sf critical intene=-t {l,Joodm*nËee,

1P78). Anc'ther patential uEe of simulation modelç. iE far
prediction af si tuation.- that åFe di++icul t Gr impo=.sihl e ta
oh=erue experimentally e.g.future trends. A diçtinction =-hould

he msde hetr¡een simuìatic,n models. and nutrient budget mcrdeì=..

Simulation model ì ing inuolues the integnation af existing data

into mathematical exFlre=.=.ic'ng tc Fnouide a ==.ub,jectively
aEgesEed degnee af similarity hett¿een model F,redictionE and

oh=.enved euen t=.. Thege nel at i ansh i pË cån then he ex tended,

trti th å chGsen degree of uncep te.i n ty, to ner,.r si tuat i onE f on

t¿hich no data are atrailahle. Alterna.tirrelrr senEitiuiti"
¿n+l I=i s of the r.el at i ansh i ps i ncorponated i n to the model can

rEUeål gaps in knou'.rledge t.rhere mcre precise infr-'rm-+tion i=.

nequired (t,,rithin the conceptual fnametJcnk in r¡hich the model

t4åË detreìoped). Nutrient bud,¡et model=., on the nther hand.

int¡nltre the collectiqn af large a.mounts of da.ta. from a
panticular eca=.yçtem (and ane ther.efcre site s.Feci{ic år¡d

labaun intensiue), and their oFqånisation into srme conceptual

fnamer,.rsrk urlithc,ut the need tc' ualidate concepts sr* predict
euents. Pnecise mathematical nelationships need not he defined
{an guch mc,dels.. ås their main {unction is. an crqåniç.ational
one. Horle'..rep. nutrient budget models may =till demcn:*tnEte

inter'e=ting r'elatianship= hetu¿eer¡ comFc,nents af the syç.tem.
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Simulation modelE of P cycling have aìlor¡.red the integnation

o{ the ef{ects af w¿,ter. tempenatuner soil Fl.oFentiegr plant

phenologxn micnobial decompaçition of anganic mattert and the

effects of management c'n {lou.r=. of P in å s¡zstem (Stet¡art and

l"lcKercher! tF82), One of the firet eimuls.tion models of F

cycling wåE de=.cribed hy Bansdate et al (1F74). The model u¡as

designed to simulate P cycl inq in å ETstem sf detri tal

decompGser*s and i t uJå=. cal i hn¿ted agai nst meagured change=. i n P

{nactisnE in micnccc=ms. A mope comple>l m'rdel of P cycling in

gr'+zed pe=ture=. r^rå.E derrelcped by Elain et al (1F7d), Uanic,u=.

uE I ues f or r.eå.c t i on rateg of P tnansf ormat i cns and poal si zes

t.'Ér: t¿ken frc'm the liten-+ture for' incsr'peråtian into the

madel , and the msdel tralidated against nesults fr'sm a field
gra=ing exFeriment. Thrauqh =.ensititrity ånåly=.i=.r the madel

t,¡as ¿hle ta identi+y p+nts of the Eoil P cycle where

inf,rnmatiarr frc'm ÊxFerimental resea.nch t\råE lacking. These

included the turnc'.rer of onganic matter'a.nd the eubsequent

rel ea=e cf Fr årrd the rc, I e af hath mi crtrrrtr'ngumeFg and

må.crocençumeFÉ in minersliEatian and recytrling Frocegeeã. f:ole

et eì (.I?77 ) deueì aped a =imulation msdel f cn P cycl ing in

=.emie.nid r_Jr'ås=.land=.. They åFplied the mndel ta tt¡a gr-aEãland

siteE. and compared P f Ic'r..r=- r+ith f ield meåEurement. Tapic:. on

r¡hich lack c,{ infanmation rrrag identi{ied included
mineraì isation of Por reìation=hip of micrahial P tunnúvep to

mi cnahial bi c,ma=s, i n{ 1 uence of phc,=.phatageE on mi necal i çat i on

of For and morphology and ¿ctiuity nf rsotg. Rates of uptake

af P by F,sFUlation:- af decompoEet'E r,'Jene four to f ir¡e times

gneater tharr plant F uptake. For Po trs.n=-fcrmstisns in å
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{oreet sc'i I ecosystem, Mi shra et al ( I ?79) der¡el aped a

simulation model {rom urhich they Fredicted that thene utrould he

no direct mineralisatian o{ Po {rom leaf litten r¡ithout FtåEEåge

of the P thraugh a mi crobiaì bsdv. The model t'.rag {''er.r"

sensitive to changes in the efficiency facton used (the

fnaction of decompo=.ed t convented into cell t), hut thene iE

ç.c'me uncer'tainty about the relatian=hips çtenerated by the madeì

åE the cor-pelation betrrreen predicted and obserued r'ralueE wås

p OC'f .

In a number of =.tudies, nutrient hudgets. o{ specif ic ='ite=-

ha'Je been exåmined and ctr'nceptual modeìs of P crcling deueloped

far the eccs.y=.temç. åt the--e =.ites. Halm et al (197?) measured

the P ccrntent= of gPeen gFåËs, dead gnåç.s., furFb-=. litten and

noots in å native gråsc-. land ecc's.ys.tem. Thef als.a meaç'ured F!

and Pt extracted by 0.5f4 t|aHflüe {pH -q.5}, total and arganic P

in the ç.oil a.nd P held in soil {auna and micrc'crganisms. H-+lm

et ¿l found mane P r.rrss held in the micr¡-'bial t'ioma'-e then in

the s.ta,nding cFcF. Rates af tran€ier trf F among aì| the

u¿.r i ous cc'mF onen ts. af the gl'stem wene not aE=.eE=.ed hot.teuer .

Harnisan (1F7S) de=.cr'ited the F cycle under tttra temperate

unfertil ised Eys.tems {r¿.roodland and q¡åsËl+nd). and has given

bcth pool si zes and es.t ims.ted c'r measured net ånnuål tranç.4er

rate=. hetween sÊme r-,1 them. Althsuqh most of the F in the

bi trmag=. r.\ras i n the uegetat i c'n . the Ec,i ì {auna and

micnc'orgàniEm=. at Eo contained =igni{icant quantities. Harrison

empha=i=.ed the importance af r'ecrcì ing af P threugh

decompc'Eitian o{ pìant regidue='r ås'plant uFttake of P depended

ìargelr Grr thi=- proce=.=.. l.^lssdmarrçee and [¡uncan (l9gÛ] a, ls.o
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FreFåFed å nutrient hudget mc,del {ar å. qrå,sçland eccsy=tem and

HeFe abl e to est imate ånnué. I f ì uxes betr¡reen cemponen ts o{ the

syEtem. They confirmed Hanni=.on's. (l?79) {indings that
decompositisn of plant residues EUFIFlied the plants with mcrst

of their F nequirementE.

To summanise, madel I ing åpproache=. ha'.re Frcuided gre-+t

i nsi gh t i n ta the i n terrel ¡rted nature af mån¡ c{ the prcrcee=.eÊ

eaverning peåctions o{ P in =.c'il. The microt,ial hiom¿ss a.nd

the cnganic P in =ail åFe tr¡ro c('mt'c¡nent=. which ha'.re reFeåtedly
heen identif ied aE requining funthen exFeniment-el neEe¿nch

ef{an t .

?.4.2 Chemical methodE

The numer'tr'us chemicaì gtudie=. inrrtr, luing Pr and Fo in =.oiìs
må¡ be conveniently cla.=.=.ified as either çtatic op dl.namic.

Static =.tudie=- incl ude the myriad o{ irrueg.tigatitr'ns. inta the

chemi cal nature af both P1 and Po i n =oi I . reu i er,,¡ed E,y Lsns.en

i1þ-C,7), H+l=.tead and l4cH:Ércher (1F75). DaìEl i1Y77)r Ear.rsr.,.r

( 1978), Andersnn ( 1?75! 1990) ! -:-låmF l e et al t lFBü) r and þ,lhi te
(lPECI). l¡lhile a knotrrledge of the uariouç chemicaì {arms a{ P

in soi I Fpouides insight inta r'eë-ctian=. r+hirh caul d tel<e place,
it iE the nate of change in chemical {c'nm trrhich i=. mcst

intenesting in P cycìing studieg. Dynamic =.tudie=., aim tc'

relate change= in chemic*.l farm É'uep time, nr nrith uanisus
tr'eatment=, to soil Frcrcpssee. Techniquee de'.reloped to
characterise sail P haue beerr utilised in dynamic studieç. to

å.Ê.EesE P tranEfonmations in sail. Ster,.rart and l'lcPienchen (1FL12)

haue summåFised the analytical techniques uç.ed in P c¡*clinçr
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studie=., and haue Fecommended a v¿riety af methods to study

componentE of the P cycle (Table 7)' Application of

{nactianetian techniques, the direct measuFement a{ micnobial

F, and the app I i cat i on of nadi oi sotopee år-e penhaps the most

impartant develapments in this {ield.

Fractinnatisn techniqueg

Bath chemic-rl and phr=.ical {ractionatiorr techniqueg have

b'een used in P cycl ing studieç.
Moçt of the chemical {cactianation techrriques do not aim to

meå-=ut-È =.Fecif ic P trompounds, hut nathen grouFrs a{ compounds by

eualuating their Ê.uÉceptiEility ta =.oluhili=.aticn br uarÍouE

chemi csl ex tnac tan ts. Ean I y at temp ts to frac t i onate soi I Po

ueed neagents =-uch a=- Na.ûHr KüH, NHaOH and dilute and =-tnong

acids. ta extract r.raniaug Po cqmpaunds {nom ç.oil (ÊnderEon!

l9ó1 ¡ l"lartin, 19d4). The chemical nature of Po in the extnact=

could then be studied u=ing ion exchange chnoms.tognaphy.

Ec't.lman and Cole tl778a) deueloped a fractic,natic,n scheme {or'

Po in qråÉsland =.oil= r¿thich t',ra:. subsequently used b:t Chauhan

et aì (1F81) in the ç.erieE sf labonatary incuhatianE described

in Section 2.3.4. Eot¡m¿n and Ëale (1F7gb) suheequently uged

Ct .51"1 NaHCO- {pH -Q.5) å=. ån extractant ts follor.,-r tnansfcrmations

of cer tai n Fo substr'ates i n eoi I E.
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neccmmended by
the study of P

and l"lcKercher
in soilE.

5 t eu¡an t
cyc I i nçl

Ì"1e t h c,d Reference

Pt and Po

Ft plu= division into
Pr and Fo fractianE

P1 fnactisn= nnl;"

Po {r*+ctions anl}'--
EeEin-eHtnact¡.t'l e F

Ina=.ital P, lipid P and
nuc I eapha=.phate=.

t'.laHCt-t= ex trac ts.bl e
Pr
P..

l'licrahial F

l'1i cnc,hi¿..l ac ti r,r i ty
con tai ner=.

I'li cnshial bi nma==.

Saundens and l.¡li I I iams ( 1?55)
madified to use I E H=SÜa¡
Cìndenson i19óEt); Halstead and
f"lc[.lercher (1F75]

Hedley et al {1?82-+)

FeterEc'n and Corey ( 1Fd,5)
mtrdi f i ed {or cal car'ecuE esi I E by
Sadl er' and Stettrart ( 1?75) ¡ Hedl ey
et al (1?82a)

Hedl ey et el ( 1F82a)

f\mer et al ( 1:r55) ¡ Si t't'esen
i 1 977)

Ha I ==. t e-qd *n d t"lc Her c h eli I 975l

tllEen et al , (1P54);
Éc't*rman and tal e { 177[{b,i

Hedley and -stetçart (1PB?)

Ctl= production trapped in l'.laoH in eealed

bacteria
fungi
total
protozc'å

n emå t ode=

(rån Ueen +n d Fau 'l ( I 97F ]
uån Ueen and Faul (1P7F)
An der =.on sn d [¡amsc h ( 1 F7g ]
Ander=-on et al (1F79)¡
Clos.tenhni nl.r ( lF7tt) ;
Darhyshir'e et al i1?74i

Gerittse and t/an 0ijk i1?79)

Faul and Jahnçon (1977);
.Ienkinson and Oades (1?79)

Ph a=p ha. tage=

ATP
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Chemical fnactionation af Pr in soi I has al so been attempted

by many r*eç.eå.rchens. Penhaps the mo:-t t¡i deì y used FtFocedune i s

that o{ Cheng and Jacf:son ( 1957) cF modi f i cat i ans theneef
(Fif e, 195P - t?6?i Fetergon -+nd Car'ey I l?46 ¡ t^li I I iamE et al t

1967, 1PS0; Hedley et al, 1982a. 19BZEi. In one of itE recent

{armg t Hedl er et al , 1982a) . the {rac t i arrat i nn çcheme makes nc,

attempt to distingui=h bett.reen aluminium ¿.nd inorr bound P

(Figure 5), but incl udes measurementE of Fo {nactions. Note

that å ç.imi I ar çcheme gi uen recen t I :¡ by Tate ( l9g5h) di +f en=.

f nam the methad oi Hedl e;v et al ( 19Ë2a) i n that =.ai I pnetreated

v,rith resin ie used fon the =ub=equent {ractisnation, and nat

the chì oraf orm treated ssi I å:. neccmmended h)- Hedl ey et al
( 1?EZa) . Steu.¡ar t and l4cl¡.ercher ( l FB?) nc'te that s maj or

-+duentege o{ this technique i=. it=. ebility to distinguish fcrmE

af F1 commonl.y used in the descriptian of P ccrmpc'unds in goil.

r,.lhi le =-imul tanesusly pr'crvidin5-l in{ormatic,n crr labi l e and :-t¿bl e

forms s{ Por and amounte of microhial F. Hedìey et al (lPBZat

lFÉfb) ha'.re ghnt.rn the utílity af the technique in obEen'.ring

trsnsfünmåtisn=. nf F in sei I s subjected to inputs af organic

matenialç. Gr cultiuation. and in studyinq Feåctian=. in the

rhizs=_.Fhere.

Fhys.ical fr-r.ctic'rrati¡-'¡ ¡f '-=.,-riI= hå=. aì::-,-:, |:ÊË,Íi c-UF,enimpoeed

uFcn chemica,l fractianatisn s.chemes tc, as=-eEg the effect o{

cultiuation c'n the nediEtributitr,n af P in soil (TieEsen and

Ster,uan t , I ?83; Ti e=.s.en et al , 178-ì) . Ti e=.=.en et al ( 1983)

fractiorrated =.oil intc, uaric'u.- size categanies he{ore chemical

analyEiE. They fc'und that Fl lsst irom a sail due ta continued

cultiuation (^rå.s deriued rnainly fram {irrer (.i 2ltm) fnactisnE.
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SOIL

I
Dupllcote somples (0.5 g, <150 ¡im) ln 50 ml scre,¿l cop
centrlfuqe tubes. Add l0 ml deionised woter plus 0,4 s
resln ln nylon bog, Shoke 16 h, ztt"C, Remove resin bog,
Centrifuge ond dlscord supernotont.

RES I NO

Allow to sit overnlght ot 24'C wlthout cop. Add l0 ml f,loHCO

Shoke 16 h, 2t1"C, Centrifuqe ond filter supernotont.
Dlscord soi I .

iXTRACTb

Add lml CHCI / recop tube, leovelhwithshokins,3
Evoporote CHCI

Ext roctÞ
3 oVet'night, Extroct with N0HCO3 os for

Add l0 ml 0.1 t'i t'loOH. Sho
fi I ter supernotont.

16 h, 24"C, Centrifuqe ond

EXTRACT dr
Y

Add 20 ml 0.1M itlo0H to remoinins soll. Stond cen
tubes ln lce both or 0'C ond sonicote 2 nln, 75 w

t0 finol volume 30 ml 0.1 f'l NoOH. Shoke L6 n, Vl
Centrlfuge qnd filter supernotont.

EXTRACTE

Add l0 ml 1.0 HCI to remoi inq soil. Shoke f6 h.
Centrifuge ond f il ter supernotont.

EXTRACT r

Dlgest remoining soll .wlth 5 ml H2S0¡, ond HZDZ, Filter

RES IDUE

Fiçruce 5. Flot¡ chant of the fractianation of soil P

i n to van i ous Pr and Po fnac t i ons ( fnom
Hedl ev et al ' 1982a) ;(a) Resin-P: moEt biological lv available P'
(b) NaHCOa-P: labile P¡ and Po.
( c ) CHCì -./NaHCOa-P: mi cnobial P.
(d) NaOH-P: modenatetv labile Pr and Po'
(e) Sonicate./NaOH-P¡ aggnegate pnotected Pr

and Po.
( f ) HCI -P: basi c F mi nenal s and occ I uded

Pl.
(g) ReEidue-P: Etable P. and Po.

3

trifuge
otts. f.ioke

EXTRACTC

tiltr*¡g
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In both the soils studied. suìphunic acid extractable P

( thaugh t ta be mai n 1 y apat i tes) accumu I ated due to

cultir.rationr and the incneåEes Henp necoPded mainly in cc'årse

ç.i1t (5-5Cl ltm) {nactisns.
physical rrìeå.surement technique= Euch å.E 3tF-nuclean mågnetic

resonånce {s1P-N|.4R), di++u=e t.eflectance infra-ned spectrometry

( tlRI FTS) and photEt-åcoust i c techn i quee åre FrGmi si ng

deuelopmentg t.rhich cuuld be appl ied to Etudieç of P cycl ing in

soil=.. l"lost af the =.tudieE to date fall under the E.tatic

rlaEEification i.e. the¡'haue heen u=ed me.inìy to charactenise

f anms c,4 Fo c'r' Pl i n :.c'i ì (Neu.rman +nd T+te, 1?g[ i Tåte and

l.ler^rms.n, l9É2¡ f:andr'tr,n et -+l . l?Ë4). Hc'rareuen, quetntita.ti'.te

appliÊ¿tiurn sf 3rP-l'l['4R recentlT proued useful ts foìlav.t changes

in +orm=. of Fo in +lltal ine entnacts rtl {ertil ie'ed and

un{erti I iEed .-Jnå=.=.land =.oi I s (Hat.r[<e= et al , 1FË4].

fl critici=.m a{ 31P-lrll"lE ¡.nd the chemica.l an¿.1¡*Ei= cf sail

f r.rcticns. diEcugsed åhoue i=. that al tenation af the f onm:. of F

mår* tr'ccur during extra.ction frsm =.ail. 31F-l'll'lR af s'oil

extr+ctE Fequire=. high concentrations tr'f P in Eoìution to

attain -an åccFFtab,le =.ignal ta noise r;rtis. This cf ten

requ i res th+t Ec,i I ex tr'ac ts be trGncen trated bef ore ånål z*si =-- '

Such treatment may a, lEo allnt¡ rhanqe-- to cccun in the chemical

form r-,i P. l"lethods. r,Jhich gtudy chemically untneated =oilr =-uch

åe solid state cr-tr,EÊ-. polanisatian 31P-t-,ll'1R and ÞRIFTS, a{fer' the

mc,=.t potentiaì in tenmE af the charactenisation of P cc'mpounds

in =.oil r:L{illie.ms. et a.l . 1fËl)' If such methc,dE can be

deueì aped tcr a star4e r,.rhene è.ccun-+te quånti tatiue anal ysis. of P

r:c'mFc,undg in =.eil f,ån he -+chieued, signi{icant -+dr¡ances in our'
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kneu.rledge c'{ P cycìing in :.oiì r¡ill reçult.

I t{icnobial P

There haue been {er^l -=.tudi es i n urlh i ch at temp tg ulere made to
meåEUFe indinectly the amount of P heìd in the =-oil microbial
biomaes. Anderson and Ocrmgch (lPBLI) meas.ured the C cantent cf
2é agr'iculturaì goils and e=.tim¿ted the micr.ohial P csntents a{

the soils fnc'm C:F ratias ot'ger'.red in lahoratcn), qrc'r,.rn

oFgåni=m=.. They found that the micnohial biomass cc'uld contain
substantial amounts c,f P: micnnhial F contente. of the sailç
nanged fnsm t,7 to ?44 kq P ha-r (û-12.5 cm layen). Hor¡leuen.

due tc' the unceF tai n ty a{ mi crot ial tl:: F rat i oE determi ned i n

the laboratony (uan Veen and Paul, 1F79), these figures should
be treated trtith caution. tJith the ¡rdtrent nf direct method=. ta
meå-€.ure mi cnobial F i n soi I s, i ndi rec t methadE harre not been

u.ridelÌ, uEed.

The besi=. far direct measurement af micnohi+.1 P in Eoil=. is
the obserued incneåse in extnactabil itz nf P fram Ec'ils to
athich ¿ Eiocidal treatment haE heen applied, Bir'ch {1F.41) t^rås.

the first to suggest that nelease of P from s. måterial
fallou.ring treatment urrith chlc'noform rråFrour cnuld t,e u=.ed ås ån

inde:t f or the presence of uiabl e crrgåni=.mE. Bc't.rman a.nd t,f I e

': I F78b) c i te the uEe tr{ ch I orof orm uåpc'ur and ex tnac t i on r^ri th

0,5M NaHCüa (pH 8.5) to
I ahoratory i ncubat i ons.

indicate change= in micnobial P in
the 4 i rEt
mi cnobial

b,ut Chauhan et al (lF7F) r,,¡ene

to document F,roFerly a pnocedune for determination of
P in goilE using chlorc,f onm and 0.51"1 NaHf:û= ipH É.5).
Subsequently tu.rc, detailed FFcrcedunes far the detenmination a{
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micpobial F in soil r{er-e neponted (Hedley and Stetaant, 1982;

Brookes et al I I?EZJ. Both these techniques meåsune the

increåee in amaunt of P extnacted by 0.5M NaHCOc (pH 8.5)
folìot',ring chlorofonm tneatment, and nelate this to amounts

FpeEent in the micnobial hismass. The proportion (KÞ) o{

mi cnohial P nel eased ty the pnocedune i s detenmi ned u=.i ng

orgånisms {Brooke= et al, 1982). ThÉ use oÍ lrophilised
ßrgå,nisms is questionahle as the nelease o{ F fnam un{umigated

lrophiliEed cells i=- likely to be di+feFent than {nom

un{umigated liue cells.. ErganiEms cuìtuned in the leharatory
are alEo likely to haue di++eFent chemical ccmpc,sitions. fnom

thtr=.e occurring in =.ai I =-. Flr-rFeoueF the microbi*l {l urpå må/

våry {nnm soil to soil, so that di++ener¡t l(p factorE måy be

Fequired for dif+epent s.oils. Hol,,¡errerr until li'.re, undamaçted,

and untrünt¡rminated crgånisms cån be içolated frc,m ç.oils thene

åppeåns to be ns other =u i tahl e cal i br¿t i on techn i que. Thene

år*e di +f enerrce€. i n the ac tual Frocedure f nl I or,.red i n the tv.ro

published methadE. TheEe ane tabulated in Tab¡le Ë. The

methods heue conf inmed the f indin¡l= af Anderson and Domech

(1?80) ! th¿t å cgnc-iderable quå,ntit¡* sf P appeånË to be held
trtithin micrtr'spqänisms in çoiI.

A mai an aduan tage of the ch I onoform fumi gat i an techn i que i s
that the element unden considenatian ie extr'acted and measured

nather than est imated i ndi rec t I y. Th i E means that the

technique cån he used in cc,njunction r,.rith tracers to latel and

identify Feåctions occunning in the soil in uuhich the

micnecngåniEmE ane invclued.



Tahl e I

50

Di++erence=. in Fr'Gcedure between the methads c,f
Hedley and Stet,rant (1992) and Bnookes et al (1982)
fon the determination o{ microbial P in soil.

5si I

S+mple size
Ch I or'c,f or'm

Ex trac t i on
Sail:s.oìuticn
natio l:20
Per'i od l dh

Hed I ey an d St er.van t

Ai r'-dn i ed. gnound,
tter.{etted! åÊrohic
i ncubat i an ( ll days) .
Regin extnactitr'n Frre-
treatment
tr .59

Liquid, th expceuFe

Erooltes et al

Fi el d-moi E t . aenobi c
i ncuÞat i an ( l tr days)

lü.ttg
Uapour, 24h exFoeur-e

I :6tt
30mi n

Pr
l"leaEu n ed
p*.rame t er

Fi" rral ue

ETrt

Cr .37 hu t t¡ar iabl e
dependinq c'n EcrrF tinn

0 .34
0 .47

(Pr )
( Pt )

Sarption
trcrTl*ectiC'n 5i ngl e =p i [.te af Pr

u çed

Far exa.mple. Stet.rart and Hedley {198t1} uEed the technique in

=-hor-t term labara.tany studies tn mea.sur'e the mineralisation and

plant uF ta[<e af 3aF {nc,m 33F-label I ed ha.cterial cel I =. added to

soi I E.

Uçe c,{ r+di ni sotone=.

Rather than Ii=t all the inuestige.ticnE t+hich hacre utili:.ed
i-=otGFeË. in the gtr.rdf of P cyclinq in soil, most of r,.rthich harre

g,lready t,een nrentianed ahct¡er it is perhapE rrrGre åpFr-GFriate to

make a generåì camment. Fram the FFetreding Eections it cån be

:.pen that the uEe af the tr¡ra r'adi c,i =.c'topeE a{ P 32F and 33F
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has plared a maior role in furthering oul* knot.rledge o{ P

transf armat i on=. i n Eoi I . The uÉ.É of these i EotcFeç cån af ten

pnovide u¿l uable information unobtainabl e t.¡i th inueEtigation=-

using the stable i=.otope (3rF). The new technique to meaEure

mineralisation of RNA in fone=.t soils, usinQ szP-ìabelled Rl'lAt

ig a good e>lample (Hsr.rison, 1F82g). Eeaction Fatht.rays cån be

identified u=inq radioisctopesr tråthen than infer'r'ed fram

changes in ponl sizes (Ster.r¡srt and l'lcKerchen. 1?82). The maion

I imi tat i an af u=.i ng azP and 33F aE tracer=. i s' the shcr t hal {

life cf both these isatcrpe=.. 32F has a. h.+lf life af 14.3 dåv=.

and ssF has a half Iife of U5.3 dår*E. E>lpeniments' åFe

theref one I imi ted tc =-.hont-term =.tudieg. Large quånti tie=. a{

ÐzP cannot be uEed ts c'ueFccme the I imita.tion of --hont h¿lf

ìi{er åÉ radiation damaqe ta c'Fgånis.mE c¡n plants. måy c'ccur

(Ru=.s.ell et al! 1?5tr ¡ Blume. 1P5?; Ru=.=.ellr 1?53)' aE t.telì ås.

the increaEed ri=.k to FEI*=.ünål sa{etv. tJhile esF ie ç¿{er ta

u=e because a{ its lct.ler meån beta enen_qy! it is approximately

ten time=-. moFe exFensive than szF. azP ha,e the aduantage that

activity cån be neadil;v meaEured in =-olution hv Cenenkou

cc,unting {Ros.=. lFdF), t.rhile 3sP Pequires the uÊÉ o{ a.

s.cintil ìa.tion cocLttail (Eobinssn, 176?i L'Annunziate.t l?79J .

Éecauçe the radi oi satope,=-. c'f P are strungl y =.orhed tc' many

types cf sunfa,ce, special Iabonatory FFecåutions åne often

nece=.sår¡* i n the tneatmen t o{ =amp I e= { Hurlhe€. ånd M;rcFhee t

lFeS), ¿.nd in the t{rashing and decontaminatic'n of qlas.s.ware and

plasticç. Frauided the ìimitations åFe realiEed howeven, 32F

and ssP ane extremely u=.eful in tra.cing the f lot'r of s1P in .s.

=yEtem.
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?.5 Summany af ì i tenatune
tÂlith the csntirrued rise in the caçt af P as a fentilisen

nutrient, thene iE sn urgent need to identify, and quåntifr,
Feå.ctianE inuclrring the tnansformation=. of P in Ecil fnom

euai I abl e to non-auai I abl e f arm= and <.,ice {.'pr-q--1. Th i e

infonmation ig required sc' that uEep:oriented mr-rdel=. fsn

calculating fertili=-en Fequirement=- cån be further nef ined. and

extended to mnre trpes of fanming sy=-tems (Bennett and Eowden,

lFTd; Ëunnfarth and Sinclain, 1?gZ). t.lhile much infarmatian is
av.silable on the peåtrtianE of Pl in sc'iì. there is a la.clc nf
knc'r.,.¡ledge c,f the role cf decamposing plant r'esidueE ¡,nd

microengånisms in P cycling. Recent de'.relopment=. in tromFuter

msdel I ing of ågl-o-ecoÉ¡*s.tem=. haue identif ied the =hortaçre af
knor,,irledqe in this {ield. I'let,r technique= to measure P held in
the microhial hiama=.E¡ and fnactiÉnatitr,n FFtrcedunes which allaç,¡

meåeur-ement af å r,raniety of F paol= in =.oil, ha,,re opened uF rtpr4

åuenue= f c,r re=*earch i n to the turncr!,ep of P thraugh nrean i c

ma.tter.
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CHAPTER 3

I'IEASUREMENT C'F I"lICROEIAL P IN SCIIL

3. I Tneatmen t af soi I Eamn I eE

A diEaduantage c,f cunnent techniques {ar meåsupemÉnt o{

microbial P in field soils is that ån incubation period iç used

befc,re fumigatien. The methc'd af Hedìey and Ster¡rart (1992)

useÊ. smaì ì pon t i ons c,f dn i ed, çtnound, pe(,.ret ted e.nd i ncuhated
(?t d) =oils, t.rhile the methad o{ Enc'c,keg et aì (l?82} uses å.

1t d incuh¿tion period o{ sie(red field-moiet soil. chemical

analysiE of eail af ten rÉquire=. the s.oil ta he ain dried ¿.nd

qnaund before anê.lys.is, while bialogical an¿ìy-=iç of ten

requireE re{riqenation of the soil bett¡een såmFlirr¡r and

a.nalyç.is. An expeFiment rr¡a=- cannied cut to examine the effect
o{ Eail treatment af ten eåmt'ling on the f lu=.h of P cau=.ed Ery

{umi gat i on ,

3.1.1 l,l-<terial= and methods

Fiue sai I E c,f uaryinq FH, textuFe! and u,laten chan¿cteristics
r,rere choEen (Tah'l e ?). After heing =arnpled (tt-15û mm layer),
the snils (^rere s.ieued (<z mm) and suhjected to four tyFre=. sf
treatmen t hef or-e f umi gat i an .

Tneatment 1: the =sils rdere r,.retted to -dd kFa and incubated
for 2l d at 2û-t (Hedley ¿nd Ster,+ant, 1982).

Trea,tment 2: the goilE uJere gealed in drume containing beakers

a{ r+ater and sada lime, and incuhated at f ield
t,rater csntent far t0 d at 2t-ü (Brookes et al ,

1?E?).

Treatment 3: the soils r¡,ere air dnied.
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Tneatment 4: the soilE were Etored at -15't fon at least 14 d,

and then incubated at 2ü-Ë for ?4 h

Table P. Þescription of Ec,ilç

Rnseü{onthy- Ferris Unrbnae
l'1c[¡onal d

lrlorthfield Inman
Ual I ey

õ- - J .ì
Ðclf I U ./¡
sitt 1{
Ël ay i{
pH-( 1 :5)
Or,f . C :4
Org.N i4
Grau imetr i c
t,le.ten åt
_¿ I t,E-LrLr hl d /¡

ELI
1

E.l

0 ,73
0 .0?

nt

=,¿
l.ltl
0 . D[<

4d

lÊ
6. tl

ñ ¿aD

1l
4?
8.4

0.14

51
?8
?t
d.tl
2.gCl

22.4

0 .25

êr = nåme=. re{er' ta I c,cat i on=.: they are not tf pe GF ser i es
nåmeg.

Sni I =. tJepe f umi gated t.ri th ch I artr'f orm and ex trac ted tui th

t.5Þ'1 Na.Ht--Ete (pH 8.5) àccopding ta the method of Ënookes et al

il?82.Ì. except th*t 5 q (instead of tú ._-r) =amplee o{ Eoil r¡.¡ere

uEed, and the EåmF I es. r,¡ere =haken end-c,çrer-end i nstead of

orbital ly, A sail :=.alution ratia of 1:ZlJ t.raE ueed thnauqhout.

Alì tnea.tments t.¡ere replicated three timeE. As theEe studieE

r/JepÉ trc'mFå,råt i çe i n natune, and ahs.al u te ttal ue:. af mi cr'ohi¿l P

t.rere not rÊquiredr fiG coFrection far EorFtion of nelea=-ed P u.ras

attempted, and the Fesul tE wene not ccr-t-ected f or incomplete

Fetrcuer¡* sf mi rrahial P.

F1 wå=. determi ned af ter + i I trat i on sf the ex trac ts (l,rlhatman

Na.42) and acidif ication ta Femcue Etz, and Ft ({aE detenmined

af ter digestion åccot*ding tc, the methc,d of Brc'ukeE ånd Pot.tlsen

t1981). Pr in the extracts and diqe=ts tr,råË detenmined ty the



ammonium moì ybdate

{: I FdZ) as msdi f i ed

ËE
-l *J

- åÉcorbic åcid methad cf Munphy ånd Riley
by .Iahn ( t 970) .

3.1.2 Resuì tE and diEcus=-ian

The Fr r'el eased hy chl orc,{c¡rm uåFour wås. å uariabl e

pr-oFtortion (7-?7iL) of Pt {Figure d). These resultç contnast
with thoEe of BrooLteE et al {1?82, lFB4), u,rho found that in
most eailE the FnoFanticn of Ft neleased hy chlonofarm uåFsur-

ås Fr wås genenally gneater than 9ú'/,. Fon ¿.ll .-c'ils, t,retting
to -6é kPa and i ncuhat i on bef ane {umi gat i c,n produced the

largest fluehes of Pt on fumigation. Incuhation of the eamples

at the water content faund at EåmFling in the field qenerallr
pnaduced I c't¿.rer f I ushes of Pt on f umigatien. H-Jr{ever r mnst of
the =.oiìs þJeFe såmFled af ter å prolnnqed dny epel I ¡ EO th¡rt the

water cantentE at s.ð.mFling r,Jere low tTabìe lü). Ain dnXing

decreaged the Ft f lush compa,r.ed ta f ield mai-=t incubatian in
al I s.c,i I s exceF t the Unrhrae I nam. r^ri th the decreå=.e E,ei ng

çtpeåtest in thase =.oils having hiqher t.rater coFrtentE at
EåmF l i ng. Freez Í nq ås å pretreatmen t had nc trGng.i sten t effec t
on Pr f I ush , al though ual ues u,rene di ++Èren t than thoEe f c'n

i i el d moi st =amp I e=.

Table 10. [.rlater.cc'ntents o{ soilç at =.ampling.

Soi I Gnarrimetnic u.rater content
I

Eoset,ror t h y
FerniE l,lacDon¡..ld
Unnbnae
Inman Val I ey
lrlar th{ i el d

'=r

1.
4.

I
1

7
û
I14.
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CHCI¡-released P
(psg-')
5.O

4

3

2

20

16

12

4

10

I

6

4

2

l INCUBATED
2FtELD MOTST
3AIR DRY
4 FROZEN

Ë
P¡
P.

f Standard error of
mean difference

o

o

o

321

1

432I432I

8

Roseworthy

lnman Valley

I 3

Urrbrae
(permanent pasturcl

Pr and
våpGUr

Ferris MacDonald

Northfield

42

Po nel eased f nom soi I s b)' CHCI t
as affected by soil pretreatment.

Fi qure 6



Hedley and Stet¡ant t1F82) recammended that the soiì be ain

dnied, enound, and incubated at a water potential fauounahle

{an micnohial actiui ty he{are micrabial P is measured.

Houleuen, air dnying of =-oil kills a large pnoPortion of the

ÊîgånismE (Lund and Gok=-oyr I lgg[t). and the resuì tE pnesented

aboue shsw that this t.rill be nef ìected in ualueg obtained for

micrahial P. Eroakee et al (1982) alEa demon=.tnated that ain

dnf i ng of soi I cån =-ub=tan t ial I f decr€å-=.É measured ual ue=- f ar

micrabial F. A:. shortrn abcue hcrr¡etrenr the extent af the

reduc t i on t¡i ì I depend on the r¡.+ter con ten t of the soi I at
EåmFìing. Subsequent incubatian c{ the =-.ail at a w¿.ter

potential fauourable fan microbial activity t'.rill stimulate the

Grgånisms to multiplrr e.nd thi.- t.rill again be cef ìected in the

tralues obtained for micratia'l F. The method o{ Hedley and

Stewart { l9gZ) therefGFer i=. unl ikel y to Frouide an accurate

asses=.ment of the micnøbiaì P content af the goiì at the time

a{ É.åmF l i ng.

f"lethod=. af chemical and t'iochemicaì ¿.nalyÉ.eg c,f s.oiIs of ten

requine that soils he kept fnszen for the peniod hetn¡een

eåmpting and an*.lysi=.. The re=.ults obtained here :.uçtçtest tha,t

this. is not å. Euitable storage method befane meå=.ur'ement of

microbial F in -=oil. Indeed. s.lternate {neezing and thatling is.

a{ ten uEed i n mi crobi c'ì ogi cal pnqcedures to rup tune cel I

membraneg. and fneezinq iE Iikely to h¿ue s lange eifect on

onganisms in the soil.
It wauld appear that i+ the ualues obtained {op miccabial P

år*p to nef lect thsse pertainin_e in the soil st the time of

såmpling then the methad c,f Ecaake= et al {1?82) Ehould be



used. This t+ill Ee discussed further in section Sectiorr 3,7

3.2 Eual uat i cn af hi ac i de=.

l'4easur*ement of å.ny el ement contained trri thin microbial cel ì s

in str'il u=ually inualves killing the cpgåni=.ms. to releaçe the

element under ccnsider¿tisn. Puhli=.hed methods fsr meå->urement

of micr'chial F in EoiI iEroake= et al r l9gZl Hedley ¿nd

Ët*war't, 1FE2) utiliEe chl¡r'crf+rm a-= the biocid¡.ì å.qent - -¡.

feature ccriitrrc,n t* n'¡.¡n¡- technique= de=içrned to measur'e nutrient=.
held in the soil hiamass (JenkinEan. 1F7É; Jenftinson and

Powl--.sn, 1?7ói. Hc,r,,leuer, unlike mer=.urement=. c,f hiamass. Ll and

l.'l I¡here the s.c'i,ì must t,e inncula.ted r,.¡ith c'Fq-r.nigm.-. aften it haE

heen fumigated, meå€-uremerrt€- o{ hic,ma=.e. F a.rrd S da nat require
that all trace=. of biocide he remorred fram the s.ail b'efore

extraction. Indeed. Ë(s ErankeE et al {lFB?i point out, åny

biocide FËmåining in the soil r¡lill help pre'.rent micrc'hial
growth dur'ing extnactiqn. ThuE å, r,rride rå,nqe s{ highli'
e{{icient clinica't and in,lustrial tiocides coul,l t,e use,J {or'

meå=.uremen ts. af mi cr'abial F and 5 i n s¡i I s.

3.2,1 t'laterial=. and methodç.

The RoEetrror'th¡* and Inman Ual ì e:.. =.ai l:-. h-+uing r,,r ideì r,

di++ering FFEpertie:., wer-p sel ected f sr =creening potential
biccidee. The =.oilg t'.rere u.¡etted ta --46 kFa u'.rater patenti-r'l end

incubated at ?0-L: for. ?1 d befsne uÊ.e, to maintsin å high and

rÈFreå.tabl e I euel af hi ol cgi cal ac t i u i ty hetr,,reen di +f enen t
batche=. af ssi I . A rå.nge c,f r¡è,pcUr.r I iquid and gås hiocideE

r¡Jepe u=-.ed ch I arc,{srm ( CHCI s) , ethansl { C=H=OH) , F rc,Fån-1-ol
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(CgH?OH), hexan-1-ol (C¿HraOH), F-Fnopiolactone (GzH4Os) !

{c,rmal dehyde (CHz,Cl), gl utanal dehyde {tsHetz), ethyl ene axi de

(t2H40) and methyl bnomide (CHgEn). Ethyl ene oxide and methyl

hramide, being ga=.e= at nocrm tempenatuFe, r4ene introduced into
e(rå.cuated desiccatorË containing the çoilE to be treated
(Allissn! 1951) (Plate la, FtågÊ 164). Lìas FreEsupe r/.råE

adiu=.ted to ?û kPa. Gìutanaldehyde u.ras combined r,.rith NaHtfi=

extnsctant àE å.n 0.25:{ åqueous =.olutian (Bonic!: et al . 1?d4).

The remåining hiocide=. (+ene used both in våFour form accarding
tc, the method o{ Bnookes et al (L?g?J, c'r- åE I iquids (2 cms 5

g-r G(ren dny Eoil equirralent], The ttrs.ter miscih,le alcohols
(ethanc'l and Frc'Fån-l-ol) krere diluted to giue 7ü1,,. aqueGUE

=-c,lutionE thi=. heing the mas.t e{fectiue concentration again=t
trq-rniems. in their uegetatiue on restinçi s.tateE (Hamiìton,

1F71). All EoilE wene fumigated for 36 h at 20'C. Uapaur and

gåÉÉEuE biocide=. r,'.tene remotred f rom =.oi I s hef ore extraction by

r'epeated euåcuation c'f the desiccator u.rhile çnilg cc,ntaininc
Iiquid biacides uJene lef t for 24 h in å fume hood to allor+ the

hiacideE to eqråt'orate t'e{ore extraction. Amaunts of hiacide
and t.rater pemå.ining in the s.øil befone extrectian uJeFe

detenmined gr¿.uimetnicaìly. In the initial exFeFiments, the

f Iush of glPr and =tP* Gn tnestment of the =.oil r,.rith biocide
t,rrås meåÉured. E>: tnac t i on and anal ysi s a{ nel ee=-ed P ur¡ere dane

ås deEcribed Fneuiou=.ly (Section 3.1.1). As some of the

immiscihle hiocideE could not he comFletely nemc,ued {rom the
soil befone extractionr åFr¡* P di=-salued in the Eiocide uirag

assumed to be in equilibrium tr¡ith P diggolved in the extnacting
solution. A 1,3 h extraction period u.ras uEed throughc,ut.
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To ensu¡-e that åny f lusheg af P me¿.sured by a panticulan
bic'cide cauld be attrihuted to P held anly within sc'il
micnoor-qånisms, an incubatic'n technique using t=P t,rå.s adopted.

Ieotapicslly Iabelled tnyFtic soy bnoth (TSB) t.ras added to 500

g hatchee c,f field mc,ist sails at a nate urhich supplied (per g

euen dny s.oi l) 6gú ltq C! ?2= ltg N, d0 lt_q P! 5 kEq 32P and water

Euff icient to bning the t.rater potential to -éé kPa. TSB was

chc'sen ås this medium i= -..imi ìar to .-oi I extnact media in terms

ûf micnobial responÉe il4antin, 1?75). Soils were fumigated and

ex tnac ted r,.rhen mi crc,bial ac t i u i ty reached i ts max imum - åni*

delay cnuld incneåEe a.mr-runts. of azP-labelled genegcent cells
pre=.ent - =.c' that the f I ush oj 32P cE,ul d Ee attributed =.ol el y

tc' lys.is. and extnactisn of F fnsm li'.ring =.oil micrsürgåni=-mç.

in situ. t'licrsb,ial actiuity wåE å=.Eumed to be nel¿ted to
amcrunt=. o{ Ct= prc,duced. In å. pneliminany expeniment, amounts

af Cfiz F,noduced r.,.rherr TSE s.sl utian r¡as. added tc' 5ü g b¿tche=. af

s,iilE at the ahoue rate r,Jpt-p detenmined aç {sl lnws.

Immediateìr ¿fter the addition of TSE golution to the soil, the

såmFle t.r+=. pla.ced in Ë( eealed jar in ån incuhaton at Zü-C.

\Jial=. cc'ntaininq 1Þ1 NaCtH Eolution rdeFe placed in the jrr to
tnap t[= produced. The u ial E v.rerÉ remorred euery 12 h and

replaced with vialE containing fresh tlaEtH çalutian. Étl= in the

l.laüH sslution Hås determined by titration age.inst HCI .

Micrabial acti,,rity wå.s found to FÉach a maximum ?4-36 h a{ter
addi t i an of TSB sol u t i an ( Fi gur.e 7) .

Amoun t=- of 32P i n the ex trac tE were determi ned hl. Cerenkov

ccunting. Al I count=. r,.rere cc'rrected {c,r quenchinq and decay.

All treatments r.*lere repìicated three time-=. fl completeìy
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Fåndomi sed deEi gn t,'-råE used.

3.2.2 Res.ul ts end discue.sic,n

Fl uEhes of srPr and "F. f ol I at,ring treatment of the =.oi I E

sre Ehor¡¡rr in Figures I and ?. Liquid biocides wene genenallx

more effective than \råFrun fonmE in the Ros.et+orthy soil t¡ith nG

euch trend heing euident {or the Inman tJalley'soil. The

ttrûFrortion af elPr åÉ å Fercentage ol =tP*'ranied from 7I fan

ethanol uapaur tc 77l/ {or hexanal r,åFcur. úhlorafonm releaçed

=7'¡, of =tP. ,as srFr in this Eoi 1 . Thi=. tral ue is I ar¿.¡en than the

åueråge ualue found hy Braake:. et al (lFE4).

Ëlutanaldehyder formaldehyde a.nd ethanol uåFÊun all produced

=.maìl flu=.heE af F. Fc'rmaldehyde h+=. Freuiau=.ly heen {c'und ta

be ¿.n effectiue s.teriìant in Ec,ils iDaìtc,n and Hurr,.¡itzr 1P4Ê)

*lthcugh Phiìlip=. t1F77) t¡e.r'n=. that {ormaldehyde ha=. Fc'or

penetration into prr-c'u=. surface=.. Fonmaìdehyde ga:. a. lsc'

hydrc,ly=.e=. rea.dily in w-+ten therefsre it=. F'enetr'¿tion inta
mc'ist soilE cauld he Fonr. G'l utEraldehyde i= tt.¡ent¡* times. as

e{{ecti'.re a=. farmaldehyde as a hactenicidal <nd €.FGricidal

Àgent (Hami I ton ! 1971) . Ho(,.rer.ren gì utanal dehyde may I eatre cel I

memtrane ånd r¿,r¿lì =tnucture= intact (Labedr et aì, lF75)

thu=. protecting the cell contentç eqainEt release E,y the

extractent. Thi=. could-explain the rreFy small F fluehes
chsertred i n both sqi I s when gl u tanal dehyde rrras used ag the

hiacide. l'lethyl bramide is çrridely used åE å sterilant in

harticultur.+l soilsr :1'et thi= biscide r.eleased çmaller
quåntities of P than chlono{c'rm. Eath l{alt' and Schnecter
( l94F) and l'4unrrecke et 4l ( 1--/59) demonEtrated that methyl
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brcrmide iE an effective hactenicide and funçricide.. EG that its

pc'on perfonmå,nce in thiE gtudy cauld he nelated to ite F'oGn

Fenetratian into -ail Hcrweuen. Cuany et ål (1985) r*ercentlv

demanstnated that methyl bromide is ueFy effective in

Fenetnat i ng euen mc,i st eoi ì ç. Hence the Foc'r FeccfveFy c,f

mi cnobial F r¡hen methyl bnomi de and sc'mÉ of the othen bi oc i des

r,{ere uEedr måy he due to the failure of the hiocide=- tc' lyse

the cell memhnanes and releage the contents for extraction {nom

the dead cell=-. Fhillip=. (t?77) EtateE th+t ethi*lene nxide is

ten times mor-e ef{ectiue again=t ÉrFqåni=mç thsn methyl brsmide.

É11 thnugh ethyìene axide induced a lar'ge F {lu=.h {rom the Inman

rJallef soil, it wås. less. effecti'.re thafi methvl bromide in

neleasing P from the Raseworthy scil. A number c'f r¡c,rker's have

f ound ethyl ene oxide =-.ui tahl e as. a Eteri lent {er ç.oi ì ç (Dal tnn

and Hurt+itz, lF4g; Glank, 1F50¡ Alli=.onr 1F51). Hexanol and

F-Ftropiolactone produced f lusheE o{ P t+hich exceeded that oi

ch I arof orm i n both =.oi I =.. Hesanol has nst heen t'.ri del:' u:'ed ae'

er bactenicidaì or fungicidal agent a.ìthough it i=' recognised

that the ef{ecti',¡ene=.g c,{ aliphs.tic alcohols. increase= t+ith

chain length and Feåches a maximum åt 5-g Ë atomE iH¿mil tc'n '

1f7l). This trend in e{fectivene=-=- t4å.8 evident in the data:

obser'ved P flushes decneased in the onder hexanol ) propanol

,. ethanol . Hedley and Stet,rart (l?8?) tested the ef{ectiueness

sf Fure ethanol and pnopanol ag funqicideE in s'oil and found

them to be lesç' effectiue tharr chlona{onm' F-Ftropioìactone iE

highly active again:-t uegetatiue bactenia, bacteri¿..l spc're=.

{ungi and r¡iruges (Haffman. 19711 Phillipst L?77i.

Because af their qener.ål actiuityr måny a{ the biecides m-¡'y



algo peåct t.¡ith complex compoundsr so that non-micnabial P

cculd åls'o he eeleased. The incubation technique usinçt ozF

labelling r,^ras adapted to ascenta.in t.rhich of the biocide=' tlreE

mc'=.t e{{ective in r'eleaEing micnobial F onìy'

RecouenieE cf ezP fon the (råriouE biacidal treatmentE in

hoth goils. -+re Éhc,tJn in Fiquneç 111 and 11. Siqniiicant effect='

c,n recoveF'/ af szP ueing the di++eFent biacides rÂrer'e c'b=.enued

fc'n bcth soilg, r,,lith F ualue= being =ignif icant ¿tt the 0.1U

leuel for the Eoset.rorthy sail, and at the =l leuel fon the

Inman Ualley goil. Lor,.ler. gzP FecGUenies fram the Inman U*lley

soil than fnom the Roser¡.ronthy soil cån be attnibuted ta the

Inman Valley sail hauinq å greater 3rP -e-cntent and f iner

textune giuing inc¡e-+sed isotopic exchange ånd EGFFrtian

reEFec t i uel y. I n can tna=.t ts the data {c,n =t P, no I ançte 3zF

f lushes otrcunned utrhen F-FnapioìactanE [4åE uEed. This suggest=.

th¡rt .=( larçre F,rc,F,antian of the c'hgerued 31F f lu=.h cåme {nom

souFceE othen th¿n the micnobial F. A=. F-propiolactane

hydrclyseç. rapidlf in vJåteF to ianm hydracrylic ¿cid. å

FtroFantion c,f the s1P nele¿sed may haçe oniginated in baEic

FhoEFrh¡.te= and been releaged by dis=.nlution. Ethvlene oxide

ånd methyl bromide t{ere bsth less effecti'¡e th¿n rhloraform in

renderinçr micnohial P extr¿ctahle. He>ranal and chl onc'+onm qê,qre

the I angest f I uEhes of =tP, r,.ri th di ++er-encps betr¿'reen the tt.¡o

and betr¿reen uåFrGUn and ì iquid iarms teing in=içrnif icant
(P(0.US). Liquid chlc'roform -+nd hexanol rÂrere thenefore chosen

åE the hi oc i dal trea.tmen tç- f or eval ue.t i an of ex tnac t i ng

aqen t=..
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3.3 Etraluation af e¡ltr+ctant=- and extnaction periad

ftnce orgê,niç.ms. have been [:illed it i=- nece=.Eå]*y tc extnact

a.nd meaEune the amounts af P r¡¡hich tJene held r,.rithin the cells.

Hot,,rever, the extractant mugt not he E'c uigonau=. that it t¡ill

ki I I and extnact P f røm orgånisms in unf umigated s.oi I . Ïhis ie-.

particularly import*.nt l+hen long extractian times are used.

Seueral mild extnactant=. wene te=ted, in can.iunction r,'rith

chl ana{c'rm <nd hexanol , f ar their ahi I i tv ta extract P f ram

killed =ail micrnoFganism=.. The effect of the biocides and

extnactants on microc'pgåniEmg gr'trt'rn fram ssil isolate'- in

r.ri tro r,.raE al s.¡ int¡esti gated.

3.;1.1 l,lateriaìE and methsde.

RaEet+o¡thy snd Inman Ual I ey çai I s weFe used f on thi=- etudi'.
Tc' te=.t the ability a{ uaricrus e:*tnacta.nts. tc' neleas.e P from

ki I I ed sc'i I rl.gånisms in =,i tu, the 3zP Iabel I ing technique rÂråË

emFl ayed as de=ccibed FFeçinu=.ì y (Sectian 3'2.1 ). A fectanial

de=ign uf tt*¡o hiocides. * Éet,err entractants trtås uEed, The

e:ttracta.nt=. rr.rerp tl .5f.1 hlaHCElg{pHÊ.5}. L'l .1l"l NaHl:tl=(pHE.5), ß.tl5l'1

l.la0H, t.t1[ Catl=, tl .tlsE Hz5fi4, û.ff:]+t1 l.lH+F + Cr .11'1 Htl (Era.y and

l{unt=, 1F45}! and dis.tilled rrJåteF t.rith an aniorr er:change re=.in

i n the hi carbcrnate f orm { Si hbe=en , 1P77) .

The e{fect c'S extractant and =.h-+[<ing pericd tn the nele¿r=.e

of F fnsm bsth liuinq and fumigated =oil olgåni-=.m='- u{as alço
inueEtigated. Sail bactenial FnFulatian=- uJeFe cultured h,y

adding I cms a{ å 1t4 =.oil dilutian t': 75ü trms ll ,3:{ TSE

rnnts,ining ltlCt mçt cyclohe>timide. lllreanismç. r.{er'e cultured in

the dark {or 5 d at lg't in unghakerr f laskË ånd harrrested h}'
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centnifugation (10ú00q) {or 2û min at 4-C. The or'qåni=.ms were

repeåtedly waç.hed in dilute =.al ine, e.nd t.rere nesu=.pended be{one

{umigation and/sn extraction. Soil fungal populations t(rere

cultured hy addinq I cms c,i å lCll =.oil dilution ta 750 cmg

salution containinç (pen dms) óÉtr mg ['.laNO-, :{30 mg KHzPfi4r 1ds

mg l{Cl , tt5 mg l{9-ËEta7H2ft, S.d mg FeSCr¿, 1c,5 mg r*eå,st extnact,
10 q sucrose, lOCl mg =tnep toml'c i n su I ph-+te and 5 mg

tetnacycline hydrcchlaride. ftr'gani=.mç t,lrÉr'e cultured in the

d¿rLr for 3 d at ?t-C in unEhaken f laE[<E and harueeted bv \,å.cuum

+iltnatian thrau.Jh 2.5 ¡t¡¡ Nytrel Ti faEnic. Af ten being

tharaughly mixed rnd u-raghed in dilr-¡te E¿line the funqal mat was

bl of ted dny be{ore f umi,_=e.t i on and'r'ar ex trac t i an . "A fac tc,r'ial

de=.i gn af 3( tneatmen tE) +4( ex trac tan t=-J+2{ e:r tr'ac ti on peri ade)

t4å.É used. The treatmentE. wene: unfumigated. chlan¡{onm

f umi gated, and hexanoì f umi gated. The ex trac ta.n tE r.deFe ü .5M

I'lr.Hcfre ipH É.5), [.11-l l.laH[t-r= ir,H 8.5], ü.0:{1,1 I'IH4F + Lì.ll,l HCI ,

-+nd an an i on exchage resi n i n the bi carhonate f ,lrm. The

ex trac t i an pen i c'd=. r¡ere :r0 mi n and 1d h .

Total P in the hacterial sr funga.ì cell=. çtr¿s determined

sf ten dige=.tian u,rith concentrsted nitric and Ferchlonic acidE.
Al I othen anal yseã rÂrere perf ormed ag des.cn i hed FFev i ouE I y

{Sections 3.1,1 and 3.?.1).
All tneatments t,.rere replicated three time=..

3.3.2 Resul ts and di=cusEion

The amounte. o{ szP retrouered by the diffenent extnactants.

fram Raç.eworthi'and Inman Valìey çails are shcwn in Fiqure l2
and 1I't. Both tl'Fe sf extractant a.nd ticcide exerted
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Eignificant effects (P<0.05) on necoveny of tzP fnom both

soils. Thene wåE å signif icant interaction betr¡een effects due

to biocide and extractant {or the RoEewonthy soil. Obsenued

'zP +lushes using 0.0IM CaCl2 wene small oF insignificant.
t^lil I iamE and Spanl ing (1984) necently found CaClz to be a poop

extnactant fon detecting P fluEhes from fumigated mineral

soi I s. Mi crobial P nel eased by the bi oc i dal tneatmen t cou I d

not be detected in the 0.058 NaOH extnacts of eithen soil oP

the 0.05M HzSO. extractE of the Inman Val ley soil. This mav

have been due either to poon extnaction of P fnom killed cells
or' to too vigonous extnaction of P fnom living orgåniEms in the

con tnol tneatmen ts. I n v i er¡ of the stnength of these

extnactants the latten explanation Eeems mone likely. Spanling

et al, (1985b) found lU H2SO4 to be lethal fon bactenial cellst
and the 0.05M H2St. used in this study may haue had the same

effect. This extnactant also Euffened fnom the disadvantage of

extnacting lange amounts of non-micnobial P (i.e. high contnol

values) thus decneasinq the pFecision of micnobial P

meåsut*ement. The extnactants 0.03M NH4F + 0.tM HCI r 0.5[ and

0.tH NaHCO¡ (pH8.5), and HCO¡- nesin all gåve nelatively lot¡

contnol values and lange incneaseE in P extnacted on tneatment

t¡ith chlonoform on hexanol , Brookes et'al (1?82) tested foun

extnactants for thein ability to extract P neleased fnom soil
by ch I onof onm våpour' , and conc I uded thet 0 .5L! NaHCOc ( pH 8.5)

wes the most suitable neagent. Hedley and Stewant (1t82) alEo
pecommend 0.5!! NaHCO¡ (pH 8.5), although they ueed a 1é h

extnaction with HCO'- nesin (Sibbesen, l?77> prior to the 0.5S

NaHCO¡ (pH 8.5) extnaction. Howeven, the nesin extraction
technique has drawbacks åE microbial activity
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durinq extractian coul d

the un{umi qated samp I e,

nre-aeured. This could be

decreåEe the amounts of

and increase the amounts

enroF in EoilE v.thich had

{ c,nrecen t I y nÉcei ved i npu ts. c,1

P and other nu tn i en tE.

the stimulated demand

The ef{ect af biocide. extnactant, and shaking period c,n

releage af F fnom live bacterial and fungal cellE iE ehot\tn in

Table=. 1t and 12. Anal:/siE of t¡ariance (ANOVA) re=.ulte.

indicated all tneatment=. (biocide, extnactant and period c'f

extr+ction) and interactianE tc' he siqni{icant at the Lr.tll}:

lerreì far hoth bacteris end fungi. Éì considerable increae.e in
-'the nEl ease af F f csm I itring Êpqåni=-m=. c'ccurred whene I anqer'

=haking period=. tcrere used. Incnea=ing the shaking period {nom

:10 min to 1.i h, {ar exa.mple, increa=ed the Fecovepy c'f Pt Jram

I itre f unqal cel ls frc'm t?.2+7.O'¿ to 3fl.Ê12.5T of total cel I P

iu=.ing t-1 .51"1 NaHtltt= (pH 8.5)). Similarly {ar bacteria the

incre-r,Ee r,.rå=. {nom ?Cl ,9+d.'."}{ ta Stt .7+?.?U. The e{iect o{ shafting

per'iad c'n extn¿.rtian of P {ram dead cellE {i.e. hexansl sr

chl arcrf¡-1Fnr treated) uJå.É ine.ignif icent . Puhl iç.hed methodç. far
deter'mininq microhi¿l P differ in the length of e>ttnaction

per i od u=.ed. Hedl e>' and Stewar t ( 1?82) {ound i ncreas.ed damaqe

tc' liue or'r-_-tåni=-.m=- at lurnger extr'e,ction timee hut this t,-re.e

oi{=-.et hy ereater rel ease of F f rom ch I arcf arm tre¿.ted

Gl-gånism=. arrd therefore Fecc'mmended s 1ó h extraction peciod.

Éracke=. et -+l {19F2) found nG incnease in P {lush by extendin_e

the extracti'¡n time beyond Sfl min. A 3lJ min extraction v.råE

u=.ed {c'r all further investiqstitr'n=- heceu--.e: ta) longen timeE

increa=ed the damage and extrsction of P fram ìir.re celì:-l

P nemoved fnam

of mi crahial P

.i. significant
C, due to
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anìon exchangeresin 16 h

30 min

30 min

3.39
20.87
9.55

50.70
0

3. 18

8.93
52.16
2.46

16.36
2.37

15.00
5.54

3.92

55.06
93.36
56.44
92.70
60. 06

89.99
63. 33

88.45
73.43
78.05
72.r1
75.07
55.79

52.69

P

P

P

P

P

P

P

P

P

P

P

P

P

j
t
'l

t
i
t
i
t
i
t
I
t
i
'l

ND

ND

ND

58. 13

!
tn

P

SED

Coefficient of Variation
3.09
7.s%

Table 11 Release of P from soil bacteria (expressed as % total cell P) in the

absence of soil as affected by 1) extractant, 2) shaking period,

3) biocide. Values represent the means of three replicates'
ND = not determined. SED = standard error of difference between any

two means.



Extractant Period Control

Fungi
% Recovery

+Hexanol

13. 10

48.16

17.76
53.46
20.14
50. 83

23.5r
51.91

8.93
27.98
9.84

32.89
15.76

19.01

+Chl oroform

27.85
44. 03

28.34
45.43
28.69
45.53
29.53

49.64

ND

ND

0.5M NaHC0^J
pH 8.5

16h

0.1[ NaHC

pH 8.5
16h

0.03[ NH4F + 30 min

0. u Hcr

16h

Bicarbonate 30 min
anion exchangeresin 16 h

Table 12

30 min

03 30 min

Pi

Pt

Pi

Pt
P.l
Pt
P.'|
Pt

Pi

Pt
P.

1

Pt
P.l
P.'|

0.99
19.22

3.20
30 .80
3.16

23.94
6.36

35.75
1.88

20.46
2.t8

22.86

3.06

6.92

!
o.

ND

ND

26.54

28.35

SID

Coefficient of Variation
1.69
8.4%

Release of P from soil fungi (expressed as % total ceìl P) in the
absence of soil as affected by 1) extractant,2) shakjng period,
3) biocìde. Va1ues represent the means of three rep'licates.
ND = not determined. SED = standard error of difference between any

two means.
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(b) longer time=- incneåse the backgrsund against t¡hich

micnabisl P i=. measured (Bot;man et al ' 1978h) ¡ and (c) in

f reshl y sieued {iel d soi I s there is a gneaten ni=.[t c'{ microbial

ectiuity {s.timulated by =ier,ring) inf luencinq amsuntç. of F

extnacted fnom control iunfumigsted) tneatments t¡,hen lonqen

extnactian time=. are used.

The Feco(repy n{ P f ram f umigated bacter'ia t{a.s ccn=.iderabl y

greaten then {rom {umi gated iungi . tJi th -a Sfl mi n ex tnac t i an

pen i od and hexe.naì ås. the {umi ga.n t r åFÞrox im¿.tel y ?Ú7: bac ter ial

F and 511:4 f unçral F t.ras r.Écouered as Ft hy b,c,th Ct .l14 and Û,5U

NaHGOg ( pH g.5i . Fl ushes. of Ft wepe csn-=i denat'l y gr'eaten than

{lU=_he_=. c,{ Pr.

Hexanal praduced qneater szP f ìu=heE than chlarc,form

elthough the di++epence=. rdÉre not conEiEtently =ignif icant. As

chlarafonm i=- cårcinnqenic årrd requine=- mcre cåre in h¿rndlirrçr

than hexanol , the ì at ter t¡'råE rhosen åE the bi c'c i de {or al I

f ur then i nve=.t i gat i on=..

:?.4 llalit'na.tion {úr inccrmnlete r-eccuerv of micnohi¿l P

The calculatian of å calibratitrn factc,r {l{tr} is. nequired. as

extnaction of micrabial P by the fumigation technique iç nat

Éc'mFr'l ete,

3.4.1 Materials. and method=

Eactenial and funçrel paFulatians fnom e¿ch Eail t,'trenÉ

cultured a=. Fre'.riougly deEcribed {Section 3.3.1). Fnesh

b¡rcterial ceì I s. r.\rere added to =-oi I g at å. rate of åFFroximatel y

L7 ltg P q-1 =oi I end f urrgal cel I =. r,,.rere ¿dded at rate=. ua.rying
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frsm 40-óú ltg P q-1 soil. Preliminary expenimentE revealed that

in=.iqni{icant amaunts of micrabial P r¡rere relea='ed from

unfumi gated soi I +ongån i sms. The recoueFy of added mi cnobiaì P

wås. theref ar.e cal cu I ated f nom the di +f erence i n F reccvered

from fumiga.ted sail+Grqanisms and that necouened from fumigated

sc'il anly. The furur* extract¿nts identi{ied in Section 3.1{ ;t=

being suitable fon rËco\rer'y o{ F from Eoil on-Qånisms in Eitu

r,.rere used {on agseç.=.i nq the necGUÉr'y f nom soi I c'f added

mi c¡obial F. Al I ex trac t i ons and anal yseE t.rere penf ormed as

deçcrihed Frreuic,uEly (section 3.3.1). A {actori¿l de=.ign af

l(=.ails,t + 4(extractant-=) trJå=. used. All tres,tmentE t'tene

r'epl icated three time=-..

3.4.2 ReEul te and diErus=ic¡n

Fencentaqe Fecc'ueries of added micrc,hial F in the Ra=.et¡tc,nthy

gnd Inman LJsl I ey s.c'i I =. are =.hct.rn in Tat'l e 13. ANOVÉì resul ts.

Ehau,¡ed that g'll treatment=. and interactionE tÂreFe eigni{icetnt *t

the ü.ti': ler¡el fcr ¡oif' bacteris and fungi. t'Jith the mi:xed

FoF'ulationE n{ =oil Grgånism:., 0.5Ì1 NaHCOa (pH 8.5 ) aF,peared

ta be the mogt eff icient extnactant fsr recoueninrl added

micr'nbial P, i+ Ft in the extra.ct=- [rråe meåÉuned ;rnd ntr,t Fr.

HCte- anion exchange resin gåue Ftor rÉÉQ!,erie-=. of added

microhial F as. Fr, pa.rticularly in the =tnanqlr* gorhinq Inman

Ual I ey Eai I . Fo desorhed and Fecs!,ened h¡* thE resin t.råg

a=-sumed to he negl iqibl er åE neFor*ted by Hedl ey et aì t 19S--¡a) .

The ú.tlllfl þlH4F + ú.1t"1 HCI u.r¿g alEo eff icient in its retrtr\,er-,v '-rf
mi crohial P, r¡.ri th moE t c,f the nel e.=sed P bei ng i nonçian i c .

Usinq tH[ì. and 0.51"1 NaHCt. ipH 8.5) the r-eco'.,ÊPr* sf Pr and Pt
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fnam bactenia wag 34.0+t.éi/. and é9.?+2.77. reeFectiuely in the

Rc,s.erÂrarthy =.oil, and 4..q+tÏ and 4?.7!l .4'1, FeEFrectively {ar the

Inman Uaìley Eoil. The ¡ecotreny of Pr and Pr fnom fungi using

cHCì, and 0.51'4 NaHCOa (pH 8.5) r^råE 23.9+0.77. and 34.5+2.li1

resFectiuel'¡- in the EoEeu¡anthy =.oil, and 1.q.O+Ll .7'l ¿.nd 21 .d+1.4'/.

reÉpectiuely in the Inman tJaìley soil.
It Ehould he ncted that Tahle t:{ dc,e=. not indicate the

hackground ual uec-. ågåi ngt r¡h i ch mi cnobial P must be meaEured

i.e. the amaunt=. o{ P extracted by the vaniau= reaqents from

unfumi_eated goil. By coneidening the amount=. of P neleased

frc,m un{umigated =ail, the {lu=.h of P releaEed tìy f umigatian

f ncm =.oi ì mi cnoongå.n i sm=. i n ei tu , the pecovery f rom thase grÊuJn

in uitra, and the FecciueFy fnsm those qrctdn in uitro end edded

to =oiì, it t.rauld apFeår that both tr .18 and Û.51"1 NaHCÜr (pH

9.5) åFe the mogt Euitable reagent=. fnr extractinq micr'r¡bi-+l P

nel eaEed by f umigatien. I t t¡,åE decided to u€.e 0.51"1 l'laHCCt=, ipH

9.5: å- the extractantr åe the Pr e>ttracted {rom unfumiga.ted

Esil is a meåeure af plant auailatrle F (ftl=.en et al ! lF54)

r,.ridely used in Australia and elsewhere fon Eoil teEtinq

F UrFo=.e8 .

The technique adopted in this studv of usinçt mixed

FoFUI¿.tions crf Gngånisme divided broadly into bactenial and

fungal gnouFc- di{fere from Fne\riouE inuestigatione where dead

(lfophiliEed) enqaniems (Bnookes et al . 1F82). on indi,.ridual

specieg t¡ere cho=,en (Saggan et al , lg-9I i Hedl ey and Stetlant t

1YBz¡ Stnick and I'Jakas, 1994). The micnof lsra of each soil

were etimulated, harueEted, and r'eintraduced to the sc'il. The

uEe c'f ã. soil inaculurn, b'noad sFectnum nutrient mediå årrd ìot.t
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Extractant

Bacteria

Roseworthy Inman

Valley

Fungi

RoseworthY Inman

Valley

0.1 M NaHC0^ P.J1

pH 8.S Pt

0.5 U-NaHCO, P.

pH 8.S Pt

HC0 Resin P.
13

P

O.O3 M NH,F4

+ 0.1 [ HCI

Percentage RecoverY

4.4 t 0.3 L9.1 ! 3.6

66.t ! r.4 37.7 ! 6.8

31.6 t 1. B

70.5 t 3.5

36.4 ! L.0

85.0 ! 3.4

31. 1 t 0.6

ND

76.6 t 3.0

83.5 t 2.3

9.2 ! 0.5

61. B t 2.0

3.9 t 0.1

ND

20.1 + 1.0

26.2 ! 0.4

32.4 ! 4.3

48.1 t 6.1

23.8 ! 0.2

34.8 t 0.8

8.1 t 0.3

9.5 t 0.4

17.6 t 1.0

19.4 t 1.8

33.5 t 3.0

32.1 + 2.L

20.8 ! 3.0 t6.3 ! L-2

ND ND
t

P.
l-

P.

Table 15. percentage recovery of P fron bacterial and fungal populations

added to soils and treated with hexanol. Values are the means

of three replicates 1 standard deviation and are not corrected

for sorption. ND = not deternined.
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incuhation temperatuFeE encounaged a vaniety of ergå,nisms to
f I our i Eh . For examp I e. the bac ten ia hanvegted fnom the

Rosev.rorthy =oil cultune contained a mixtune of both gr-åm

positiue and gråm negåtiue nads and cocci. The fungi
stimulated werÉ identif ied as Feing Fredominantìy lfuccrn a,nd

Penici I ì ium sFF. The FFcFortions of each species in the

F,úFUlatian wer'e unknc,r¡,¡rr and it i=. e.ss.umed that the micnabial

Frcpulation responded (qualitatiuely) in each soil ås it u,rouìd

do in the field af ter input=. of nutrients. such åË plant
neEidues oF gub,stnate=. neleased on Fer.{Ètting dry soil. This is
å, more real i E t i c å.FrF,t-o-r.ch than c,ne wh i ch prcrduces l(" val ueE

obts.ined fram one c'F tt.ro =perie:- only oF from arithmetic meå,n.=

o{ å I arçte number of =pec i es, måni, af wh i ch may not h'e pre=.en t

in the sc,il in queEtic'n, A disadr.rantage is that orgånism=. frsm

each s.ail mu=.t he cultured, ånd å separate l.-" detenmined fa¡*

each =.ai I .

In calrulatirrg +n truerall Ko {actor, å prablenr cån

aniEe fnom F+rtition of gnil ongånisms into b¡rctenial and

{ungal groups. I+ reccueny af F fnam the two gt-tr'uFE is.

eignif icantly dif+erent. ås found u.rith the sailE uEed in thiE
study! åccount muEt be tsken af the relatiue contnihutic,n of
e+ch group to the totaì hiom¿E=. It is geneFålIy agneed that
funqi ane the dominant grtruF in mogt s.oils irr terms c,i tatal
biomass (Clarf: and Paul. liv7t). Howeuen, natioE sf {ungal to
bactenial biomags. (F:C natiog) cån uåFy r^rith both Eoil txpe and

s.eåson itlark End Paul, 1?7rl; Shielde et al , 1P73¡ Faegni et

å1, l?771. Ualueg ranging fram l:l to 1l:t have been repor.ted,
Ijenerally F:C ratioç. åre åF,Frc'ximatel.r 2zL Gr 3:l (Clark and
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Paul, 1?70: Andengon and D

hauinçr =l ightl y highenF:C

soi I s (4. [,,legt pensonal

fan calculatic'n o{ l{o fact
and 2:1 {on the Inman t-rall

obtained {on the Raser¡rorth

and llt .I+3 resF ec t i uel )'
/

1975). trrith arebìe soilç
than pa=.tune GF gnasEl and

icatisn). The F:C ratios used

r-e 3:l {c,r the Roset¡orthY soil

I and the Kp factors thus

Inman tJal I ey Eoi I s uJeFÊ 0.57

omscl-r,

rat i as

commun

or- I uJe

ey s.or

y/and

3.5 Cc,rrertinn Ír-'r'c-or*trtian of released F

The f{o f ac tors determi ned aboue i nc I uded a. coppec t i on {ar

=.üpFtion a{ nelea=.ed Pl and Fo. Sorptian o{ Fr and Fo relea=-ed

fnom micnotrial celt=. by fumigation r,.r ill decrease the recouePy

c,f Pr and Ft hy the extracting =.alution' Erooltes. et a.l i1?É2.

l:?S4) mai n tai rred th¿t å I arge F,FcFan t i an ( )tüZ) ,={ the Ft

rel ea=-ed is Pr r g.nd rec,lmmended that å coFnection be made f or

Pr =.orhed. TheT rråint¿ined that the degnee cf EÉt*Ftian a{ Pi

f r.nm the Ct .5U f.laHClla scl u t i an r.r,åE i ndependan t s{ F

cL-rncentratian in the 
=.c, 

lutian i.e. the Ec'PFtian isotherm wåe

ì inean. Thus Pr =.srhed coul d he aEsessed f r'am the rectr'r-.,Éry of

å. :-inçrle additic,n of Fr added to the unfumiqated e.oil bef,f,ne

extractic,n. Hedley and Stet.rant (ltgZ) recommended that å

ccprection {or ec'rFrtisn o{ both Pr and Fo be included in the

l{o factor. t.¡hich mu=t then he detenmined =.eFåråtel y f on es.ch

soil. A =.tudy t.ra=. thenefane undertaken to determine the mogt

ef f ectiue method of coFr'ectinçt f on EoFFtion of neì eae.ed P.

3.5.1 Materials and methc,ds

Three methods ts cc,nnec t f or scrF t i on of nel ea=ed Pr t'rene



8:{

tested. In the f in=.t, å "Ëpike" of 20 ltq P e-1 =oil wag added

to the Eoi I immediatel y bef ane ex tnac t i an t¡i th 0 .5M Ne.HllO¡. and

the Fercentage Fecouery of added P determined (Brookes et aì.
1FË2). In the seccnd, a Få.rrge oi P addition=. (0.3 20.tr Ég P

q-l soil) tdà=.used and a serFtion isothenm conc-tnucted. In the

third methadr ltl kBq ezP both with and r+ithcut carrien 31F (tr .?

Itg cm-s) t,¡ere added to 0.51',1 l'JaHf,û. su€.penEions. and labi I e ='P.
(Ec,l id+=.alution) calculated (Tal ibudeen. 1957). Ta minimiEe

micnobial uFrta.ke of F in unfumi_oated soiìs a 7 h =.haking per'iad

r4å=. us.ed u.ri th the i =.atc,pe bei ng added I h ¿f ter sha[t i ng heçran .

AF'F,ropriate contnal-=. uJere prepared tc, cunrect for FúËËible
EÊrFtic,n af 3zP tc, the pla=tic battle=., {unnel=' and {ilter

F-+FìerE l+hen szF r¿,laË u=.ed r¡ithout canrier €1P. ll 311 min

extr.+ction peric,d r¡a= u=ed fon the elrFeFimerrts meaç.ur'irrg

recsuery a{ +dded s1F. A=. mi crohial P i e. mea=uned age.i nst a

hac[cground nf un{umi çrat*d =.ai I , an I y unf umi '1ated =.ai ì r.!tåE used

fur this =.tudy. Él ç.oil:sc'lution natic' c'f 1:?i-t trtå.s. us.ed

thrsuqhau t . Al I c,ther anal ¡*s.És r,.rere perf c,rmed a==. descr i hed

Fre'.,iausl y (Sectian 3.2, I ) .

:1,5. Z Resu I t= and di scu:-si on

Attempts to correct fc'r Eor-Ftion oi neleased erFr usinr--r 32P

dilution v.reFe unEUcce=-.--fuì. At the :.hort equilibration timeç.

uEed (1 h), t=F. t,trs,=. found to hatre a greaten aff inity fnr the

=.onbinq surface than =tP.. Thiç. t.la= euidenced by GvÉr-es.timates

of labiìe srPr u=.ing mea=uned pecouenieg of added ttP.

=-tandar'ds. Far examFle. the Fecc'very a{ å "=.pike" ai ZLI ltq P

q-1 sail added tc' the Inman uaìley =oiì calcuìated by the
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isctope dilution equation wås 113.?:{. This may be due to 32P

being i.ni tial I y hel d at å higher specif ic activi ty on the sol id
eur{aceE å.rrd not in equilibr'ium with the ÉuFpaundinq ç.alution

ås discussed by t.lhite (197d). Longer equilibnatian timeE could

nnt be u=-ed because of the n i sk of mi crabial uF take of s'lP i n

unfumigated goils leading tn Guer*estimates of labile grPr and

hence ouerest im-+tes of mi cnat'ial P.

There rÁrå.8 no signi{ic¿nt adrrrntaçie in cc'nçtructinq a

EcpFticn i=.ntherm tn cc,nnect {or sorbed sr1Fr in the=.e Eoil=-.

The relationship= hett.reen P added and P recovered fon the

Rc,:-et.rorth:,.+nd Inman tJs. lìey snil=. rr-rene f,:'und tc' be ìinear.
Y - I .234{X-é. É'É} + 7. ç= F.:= = ú .1p?-** R'='-+er,¡cr'th}'

ï - 1.715{X-3.F2} + d,-qtr Ez = fi .F-F?-*- Inman ualley
t.rhere'r = P ¿.dded, X = P netrclrered and **r denotes eignificance
at the ü.11: I errel .

In sc,i'l =. t+here a larr-¡e FrGpartiorr oi the relea=.ed Ft is. in

onganic forme.r åE found in this Etudl,. thiç. conFection trån he

regarded only å=. å minimum ualue, Sorptian of Po depend= tr¡n

the amcun t=- and nature c'f the orqan i c comF c,unds r¡+h i ch

themEeìue=- cån t,e expected tc, uåry deEendin!-¡ c,n the micrabial

FoF,ulation Freçent in each sail. Sarptic,n of rele¿=ed Po cån

best be accomFlished by including this unknot.rn intc, the

FircFtortic,nal Feco\reFy {actor (HFi åE ç.uqqe=ted by Hedley and

Ster¿.rant (lFSU). Éì= each soil must he calihr,+ted fc'r f.io, this
cåuËes nc er:tr'g, incc'nt¡enientrs.
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3.6 Releage of P fram ç.oiì P- bl'fumiqation

AE f umi gat i on mi gh t al ter the ex trac tahi I i tv c'f

non-micrahial Po fnom =c'il, this å'sFrect t"ras inuesti-oated'

As Fointed eut tìy Braokes et al (l?g2), the effect af Po

compound= i n =.ai t on meåsunemen t o+ mi cnohiel P cannot þe

=imp I r eual uated by studi*i ng the e{f ec t o{ f umi gat i on c'n

particular Po comFoundE! åÉ å lange pnoFìortion of the Po

comFoundç in c.ailç. haue ypt ta be identified. Indirect

åF,F,rAaCheE åFe thenef ore neceEEå.nr-.

3.d.1 l'laterial= and methads.

Rosewonthy, Inman t'¡al I e; .ånd å third ç.oi I f rom t'1al lala,

sau th Austr¿l ia (Tahl e 1É, t'åge F7) r/Jere u=-'ed ' The eoi I E tdere

t^ret ted tc -dô kFa ¿rnd i ncubated f sr 14 d at ZÛoC. The =-oi ì =. ( 5

q =amples) þ.rere then sealed in air-tight cont+iner=. end sent aE

Eurface f rei gh t tu Þlel haur'ne. HE I f o{ the soi I =. hrere

stenilised by r-inra.diaticn from a óof:s sc'uFce (5ü ktiy). befor'e

all the s.oiì-=. r,.rer'e returned ta Adela'ide. Tstal time in trs.rrEit

tJås 7 d {or' E,oth =.teri I ised and ntrn-s.teri I ised Eoi I s. The

:-oil=. rÂJer'e then extraclgfl e.rith 0.51"1 tlaHCO*, or fumigated t.tith

hexe.nal úF chlorofanm. and extnacted, ÉxceFt that the

Ê.uÉFren=.ic'ns. r,.rerÊ treated tc' +. mild ultna=.anic dis.pers.icn (75 ld.

6D s) hef sre ex tn¿.c t i c'n . Al I ather årrål ygÉs t4ere perf anmed ag

deç.crihed Freuiously (Sectian 3.1 .1).

3. ó. ? Resu I t=. and di Ecus.=.i un

Recc,uery af Pt f ram the three :.c'i I E t.¡hen hexanoì t{åÉ. used aE

the {umi qan t are s.hc,wn i n Tahì e 14. The re=.u I t'- {ar



ch I orc,f srm-{umi ga.ted =-c,i I =- r/JeFe eimi I an ( data nat pFeÉen ted) .

Hexanoì caused a significant incneåse in the extnaction sf Pr

{rom }-innadiated ssil anlv in the Inman \iallev soiì.

h=- di scusEed by EnoakeE et al ( 1F82) amsun ts o{ Ft ex trac ted

from l'-irnadiated soils may increåse becauge (a) fumigation

e.ol uhi I i seE nGn-mi cr.ahial P. crn { b} l'-i rnadiat i on dc'es nst

effect the cc'mFlete lysis uf s.oil c'ngånisms. Brookes et al

{1-,Jgl} ançrue that (h) iç. the mare lil.tel¡'expla.naticn' åE

T-ir.rs.di¿tion ki I I s. cel I E hy damaging their t)tlA but I eaues. their

cel l ular. structure intact. Indeed! seuen reårç earl ier Labeda

et al ( 1?75) di rec t I y ohserued the f i ne =.truc ture af

T-irradiated =.oil micri-Jc'Fqånis.m=. in ç.itu. åFrd {aund that
T-i rradiat i on di d not al ter cel I =truc ture ' Fumi qat i on t"ri th

chìar'c,{c,rm, nn the ather h;rnd, ha=. recently heen Ehc¡r,,.tn ta

Tahle 14. Émr-runtE af =tP. extnacted fr'sm T-irradiated and.¡or'
fumi qa.ted Eoi I E.

Str,i I Tr'ea tmen t E Fr Ft f I u'=.h

-l. -i rradiat i c,n Hexanol Itg q-1 =.si I

+

+

+

+

+

+

+
+

+
+

+
+

Ro=.et'Jor t h y

I nman
l-J¡ I I ev

t.1e.l lala

4 .,1
7q

',3 , tl

?4.4
7?.2
l-? q

14. tl
z?.4
¿..+. J

FJ '-J1

lt ,-r-
'f A-

lCt .1-
lü.4-

I

LI

4-
l¡

¿á

l¿l ithin s.oil=.r uålues in å cc'lumn follc'r,.red by di++er*ent lettene
åre =.ignif ica.ntlr di++eFent s.t the =:1 leuel (F J u.C'5).
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tràuee complete lysis of micnobial cells in soil (Mantin and

Fc,s.ter, lFES). ThuE it might be expected that fumigation t'rould

release P from T-inradiated sails by campleting the lyEis of the

miccoorganísm=.. I t was aEsumed that the mi I d uì trassnic
disper=icn sf the soil EUEpensicn-= rÂrould disnupt cell membnaneç

in rngåniç.ms t<illed hy Ï-radiationr /et leaue intact the

memhrane=. of or-qånisms in r.rnEter'ili=.ed unfumigated soils, I+

thie å,sgumt'tiorr i=. cer-FÉct. it i=. trrFcnq to asgume that the

flush of Ft on fumiga.tion Ei the Inm¿n Ualley çoil cåme

exclu=.iuel>'fnom the =-oil hic,maç.=. HorderJeF, fumiqation of
autoclar¡ed sc,il did not increåse the amaunts o{ P extracted
(data nct ghsççn). Autocìauing r-r{ sc'il iç. kr¡ c,t\rn tn di=.rupt

microbial cell= tat+lì1, (Laheds et El, 1975). Ain drring haç.

al:.r¡ necently heen shor¡.rn to cåuËe death c,f å lançre Frc'Ftc'rtion
af the ç.oi I hi c,maç.s a=. meagured by substnate i nduced

t's=.FrinatÍon iSparl inq et +l . 1P85b). Spanì inq et al , t lF.+Sb)

¿. I so f ound good åqFeemen t hetç,.reen amc'un t=. of Pl nel eEç.ed hy a.i r'

dnying, and amurunt=. of F Fne=.ent in the hiamass befsr'e air
drying È.s determined hy f umigatian. 14tr'r'e recentl l' Spier et al ,

t 198ó) =.hotrred th¿.t the amcun t cf Pt nel eaEed by f umi qat i on tr'f

s.ai I expa=.ed tr-r mi crc,trråt'e radi+t i nn i 245t1 t"1Hz ) , decreased trri th

incr'ea=inq time af exFc'=.uf-e! until no siqnif icant incFeåse tÅrå€-.

obs.er,..¡ed cìn {umiqatian af ter 5Ct ç c'r moFe exFcìEupe ts microwåue

r¿diatiun. The decreåse in f I ush of F due ta f umigation (ÀråE

c I o=.el'/ rel ated to decneåeeÊ- i n mi crobial f, detenmi ned by

subgtnate i nduced resF i rat i on and numhens of cngån i Ems

determined hi" plate countirr'¡. Thuç. it åFFeå.rE that {umigatic,n,

air drrin-e. autocìarrinqr and micnor+srre innadi¿.tion all cåuee



rel eåse c'+

that this
in :.ail.

P {rom the

scuFce c'f F

ÈÉ

såme soiì compGr-r€F¡t. It Eeems unlikely

i=. anrthing othen than the micrc'el-ganism=

3,7 Release of P fnom r'l¡rnt material hv fumiqatisn

Binch (1961) tÄråe the fir-st to necognise that fumigation

cauld a{{ect the e:xtract-rbility o{ P fram Iiuin-q plant

material . Hence i+ plant rasts or {{reEh nesidueE) are pne=ent

in å sail =ample, ernorç in the determinatinn a{ microhial F'

cculd re=.ult. As later exFepimer¡tç. uere to inçregtigate change=.

in micnc,hial F in Eoil=. r,.¡hich had recentlr receir.red inputs a{

plant me.terial (Chapter'=.5 and É), the extent to t.¡hich plant

mater.iaì might affEct the ualue=- ahtained {or micohial P t.ta=.

inue=.tigated.

:{.7.1 l"latenial=. and methc,ds.

[rJhp+t seedling= t^rEFe grGv.rn in å. culture Eolutian hg.Eed on

that of .Ic'hn=.c'n et al (1-,r57] - Flate 1b, Fiåge 1é4. The

solution =-uFFlied l',1 (li. mmol), F i2tltr F.mol). l{ ió.t1.4 mmsl)I ta

{4 mmali, t4g {l mmal), 5 {l mmc,ì) and all eçsential

micronutrients. Continuc,us Etirninq r¡,r¿E e{fected thraugh

åeråtion, åFrd sc,lutian pH wa=. adiu=.ted d¿,iìy ta ó'tl t,.tith

Ëa.(üH)=. 3zF-lat'elled plant material t'ras sbtairred br adding

??5 kEq car¡ i er f ree 32P dm-3 to the =.al u t i on at the =.tar t o{

the gror.rrth period to give a ËFrecif ic actir¡itv s{ 14P l'4Bq 32P

q-1 srP. Plants wene qr-ctJn at å Êongtant 1g'C.

Phc,tssrrrthetic:tlly åËtiue r'¿rdiatian (FAR) wå=.50Û ltmol quanta

m-:È s-!' {or' 15 h da:r-r. and relatiqre humidity tiraE 75i: (da;'¿) årrd



9t'¿, (night). The plants were haruegted af ten 21 d gnot'rth.

A{ ter haruest , p I an t=. were =.eparated i n to noots ånd shsatE.

The shoot material u¡aE cut inta 15 mm lengths, washed with

waten {ar 5 min and hlc,tted dry. The fresh matenial vJåÉ eithen

{umigated å,ccording to the methad of Bnoake=' et ål (1P82)r or-

¿dded ta 5 q aamples a{ f ield mcrist =.oil (Treatment 2t Section

3.11 at s. nate a{ 20 nrg q-r Eoil befare {umigation. l¡lhen this

F,rc,cedur'e (,.tåe us.ed for FsotEr the uåFiahility r¡ae' larçre.

Accordinçrly, indiuidust intact fresh roatE tJeFe counted tlith

the nsots. -€.uEFerrded in deiani=.ed u.r*+ter (Martin €rnd tunninghamt

L???1 . This methc'd mea=.ured ?11 .1!4.3:/. of the total noat 32P

,leter.mined hf nL-rFmål t.ret dige=tion FFocedure=.. Thus the exact-

¡.maunt c,f azP in each =.ectir-rn a{ raC't t.råE Llnnçtrn. Immediately

a.{ ten azP determi nat i an the par t i on of i n tac t raat (,JåE

{umi¡-l*ted sr. added to s.cril and {umigated as. descrihed at'oue.

To determine the e{fect c,f dn¡'ing, ËeFåFå.te FortionE o{

ÈzP-lahel I ed Furtrrt and =.hoet m,+terial (,JeFe dried ¿t 5Ll'C f an E4

h be{ore bEi nq treated as descn i hed abor-re f ar f neEh çhaot=.,

The rate=. oi addi tian (,.repÉ :1 mg dry shaat, c'r' I mg dry raat
q-r soi ì , These exF,er imen t=-. t,rere cc,nduc ted u.ri th ch I orof orm a.=.

the fumiq+nt: later t/.rcrk shnr,'red that he:'canol behaued

i den t i c,:.1 I y.

Flant materielg and amerrded s.oils were extnscted {an 30 min

c¡r- 1,5 h as de=.cnibed Fr'euiouçly (Section 3.1.1).

3.7 .7 Reçu I tç and di scu=.Ei on

Fumigation increa=-ed 0.58 l.laHCO- extractable P from both
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{nesh Ehoot and fresh roat materiaì pegardl esE of the

entracticn periad uEed (Tahle 15). The abgence of åni- release

o{ P fnom fumigated ghaote u=ing the 30 min extnaction peniad

*ppeared ts be due to the hydraphabic nature o{ the plant

cuticle, t.rhich Freuented the extractarrt {nom effectiuelv

Fenetratirrg the tiç.sue. Longen extractisn times ç.eemed to

G(rercame the pnoblem, ås. the plant ti=-sue t4å.s. fully "ttretted"

af ter. the 1ó h extraction. Extending the extnactic'n time {nam

3tt min to 1-4 h c-¡used a lanee incneåEe in the smount af P

extnacted frc,m fre=.h unfumiqated rssts.. pr'obably due tc, d+mage

and nuptur'e of cell=.. The:.e peEUlts agree t+ith thtr'=.e af

Sparling et ¿l {1F.45a), u,lhn recently demonstra.ted that the

F r.eEence of p I an t raots trån i n ter{ene r,,.li th the detenmi nat i on o{

micnohial P e,nd ATF. Martin and Foçter (1?95] u='ed electr'an

micnc'ÉcGFìy to prouide rris.r.lal euidence cf dsm-+qe tc, roat cell=-.

Fan f ield Eoils. the Errc'rE årising {ram the FreEpnce c,{ pìant

material årÈ large enough to cåuse cc'ncepn, Published ualueç.

fàr ncrtrtinq dens.ities under trrcìF=.;rnd {ar'ests. uåt-y frtm 0.1 tn

1- L I 
- 

I Et4LÌtti r*t. Effect n{ time tr'n e:ttnaction r-rf 31P hi' tl .5U t'l'=HDfie i:{
trt-+ì plant F) lr'om fumig*ted (GHCI--) and unfumigated
fr'eshly cut pl:.nt me.te¡ials. Stand¿rd detriatiun of
mÉån ualue-= in pårentheç.es..

l4aterial

Rc,c t ç

Tr ea tmen t

Unfumiqated
Fumi gated

Unfumigated
Fumi qated

Extractien peniad

Stl mi n Id h

')l I J'J 'J t¿Lr . ¡ \ sr . ¿.,

ó4.6( L 3)

0t0)
18. tr( 5. I )

6?.5( É.5)
gF.3( l . ,Ji

6.3( I .4)
82. û t 5.2)

E;h oa t 
=.
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l2.t mg dny roat q-1 sail (Luptan et al,. t?74; Lynch and

Panting, lFgtr)! but generally the ualues fall r,¡ithin the rå.nge

tl .3 to ?.0 mg noot g-t' soil (Tnoughton! l?57i Pereson, 19Ê3).

A=suming that plant rc¡cts cantain ü,1H F. the upFer' ìimit fc'r
ncrot-bc,und P in sails r¿;ould he appnoximately 10 ltg P q-1 soil.
If t¡¿e åEc-ume that å måximum of 4O'¡, af thiE is released by

fumigatiun, then 4 ttq P g-1 =.c,il r^rould b,e the maximum el-Fc'r'

i ntrol ued. Puhl i shed r¡al ueg of tstal P i n Ec,i I hi omas.=. uåry

frcm 5 ts lfltl l-tq P q-r gail (Pereott and Sarathchandra, l9É2¡

Erooke=. et ;tl , 1îË4) r r¡.rhich equateE r,,.ri th 2 ta 4tl Fg P q-1 Esi I

for F neleased hy fumiqation (r.EEuming -+ l{" factor of tl .4}, I+

F relea=ed b:" +umi,¡ation fr.om micrc'orq-ìnis.m=. and plant=. i=.

=.ort,ed ta the =.åmÉ e¡rtent durinq e:.{tr+cticn. then Eiqni{icant
eFpc'r==. in me¿suned ualue=. of microhiaì P are likely in Ëome

Eail= i+ glant m<terial i=. included irr the Eê.m[rlg.

In the e:¡(Feriment u=.ing szP-l¿.telled pìant m,rterial=., drying
increa=.ed the F extractahilitr o{ un{umigated material:.. Aìl
:.hoot 32P s,nd tt.rcr-thir'ds shoot 32P r,çaç extractable follc,t"ring
the drying tr'e-¡.tment {TahlE 1.{J. Rscr-rr.,Ér.}, af ?ËF ir''-rm fre:.1-r

pìant meteni-+lç t,ras. =l ightlf di++epent from tl-r¡.,t ¡,i,r:,ì;¡ eui ir-r

the pretritru=- exFer'iment u:.inr-l unlat'el I *d mater.ial =.. Recr-rr.'er.y

of 31P {nom fre=.h root=. r,,rås =.i_eni{icantl¡* higher than sz9

r'etrcupry {c'n bcth {umigated -tnd un{umigated tree,tments, Thi=.

måT haue teen due ttr the raotg hauing been I ef t intact f c'r the

exFeFiment r.rrith 32P-l¿.trelled materi¿.ì=.. There iç. alEo the

FoÉ=.ihility that the plant materi¿.1 t.¡-+e. nut unifarmly lahelled
v'rith s2F. [.Jeuertheìe=.=. the effect nf fumiqation c]n incnea=.ing
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Tat¡l e 16. Ef{ect af dnyinq Gn extraction n4
(pH 9.5) (l total pìant 32P) {nom
and un{umiqated plant mateni*lE.
p er i od t"la=. u sed .

?zP by ü .Sfl NaHDft=
fumi qated { tHCì ê}
A lé h extnactian

l'4eterial
Treatmen t

Unfumi gated

Fumi q¿.ted

Fnes.h root
{intact}

¿tlJ I ( ') '-r ì

-41 .:7i:J.2)

Fre=h Ehoot
( cu t )

'¿4 .F { 5.3:
-Ja af-r .?1
¡Jl . f \ L. L:'

Dr i ed root
{cut}

d6. =( 
4.2:

É,1 .8(.4. I )

Þried shoat
{cut}

lLl:{.4(7.3}
I flE.4( 8.3)

the retrcruery sf P frc'm freç.h ple.nt matenial t.ra.s ccn-=iEtent far

bath exFFt-iment=.. Funriqatian had nÊ =.iqnif icarrt effect Gn the

relea=.e s{ F f rom dried plant materialE. This ne=.ul t s.greeE

t.rith tho=.e of l"l¡.rtin a.nd f:unninqhe.m (1F72] t.rhc, faund

de=.icc+tion t'-r t'e the majar factan inf luencinq the r¡laten

s.oluhility ef F in plant rant=.. Thein re=.ultç. indicated

åt F,p':'x imatel f SLlt: root F hecs.me t.rater ex tr-¡.c ta.t'l e Ên drf i nç.

Simi larl ¡*, Bram{iel d r.nd 'lËneÉ. i l?72) f c,und trraten s.ol uhl e F in

=.hsots. to be uF t¡ E0:.: nf the tr-rtal P in "[¿;vsd-¡ff I' pastur'e

=.pecie=.. As [.=tl tl.=.Hr-][< í=. -+ slightlr stranqen er:tr'actant tl'¡ån

r+s.terr Èãpeci¡.1ìf fnr le.bile orqanic P cLrmFounds., Ú.58 þlsHCtr=

t.rauld he e>tpected ta e:ltract mr-¡r'e P than t.rater'.

Eecentìy Sparlinr¡ et al ilFESa) chserued that the

i n terf erence of p I an t rstr'ts on me¿=.uned traì ueg. o{ mi cnsbiaì F

cËuld be minimi-=.ed hy suh,iectinq the :.cri I ts + 7 d incuhatian

before fumigation. Hot.re\¡err this iE likely to alten the ualues

ahtained for microhial P ¿s the crgånisme may respand durinq

the incuhation periad both qualitatic¡eìi'and quå,ntitatil¡ely to

ç.siI diEturb-+nce during =.åmFìIing and :-ietrir¡9. Tc' tee.t i+
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incuhation cf fneshìy =ampled sail before {umiqation affected

the ual ue=. obtai ned {ar mi cnahial F. Mal I al a s.oi I (ÁJå= iumi g-+ted

.and extracted at vanyinq timeE after såmpìing. The -oil wåE

stÊred mai=.t sueF Ead+ Iime in Iarqe =.ealed ccnt;1iners at ?0'C'

Re=-ultE ¿.re pre=.ented in Tahle t7. Signif icantly lotrren tralues.

t+eFe obtai rred {or hexanol -rel ea=ed Ft t.rhen the eai I =.amp I es

',,.rq!-'--j incuhe.ted p.ricn tn fumiç;.ti':n. Thi=. r'es.ult åqÍ*ÉeE t'.'ith

tl-rat r-ri l¡.le;l g_.| 1-i i: 1';'-i1É]. r¡lho {ound th-¡.t incutation c'{ soil=.

a. l tered me+eur'ed ual ueE sl ssi l PeEF iration s.nd bic'må'sE C. l'l . P

¿.nd ATF ctr,n ten t=.. Thes.e r¡c,r'[<er'E åt tered the t,rater paten t ial nf

the =.ail befare incubation. By incub¿tinq the ç.c,il st it=.

f iel d t.rs,ter pntenti*l and at ?tt-f, if iel d ç.r-1i I temper-r.turÊ åt 5il

mm ê.t =amplinq t,ras 14-f:)t it t¡,rå.Ê hnped th¿t the effect of

F,pe-incuhatian u.lauld te minimi=ed. Htr't'reu=r', it å.FFPårË th¿.t

the =.oil must tte fumir-¡ated and extracted immediately af ter

E-it'rrprling if the urlues abtained far'mÍcrabiEì P -rre tc reflect

those r.trhich pentain in the field at the time af E-+mFìin'¡.

The dr'yinçr, grinding and Fre-incub+tion a{ :.oil be{¡¡ne

meå.=.ur'Emen t af mi crot'ial F, s.s nectrmmended hy Hedl el' and

Êtet.l¿.rt (l--/g?), r,rrill crueFtrome ernc'rE åÊ.=.Êtriated r.r.r ith

T¿ble 17. Ef{ect c'f FrE-incutation Bn the me-r.=.ur'ed f lu=.h af
sl Ft caused hl' f umi g+.t i an af the l'1al I *l a =.oi I .

I{tandard eFror cf mÊån di ++er'=ntre çhot.tn i n
f'år.en the=.es..r-" '

Time of i ncuhat i nn
(d]

L1

12
-1-¿.

Fr f I us.h
l-l _q g- 1

10.1rÚ.:{)
-+.9(0.?i
7.d{tr .:-1}



incl usian of plant matenial in

i n me-+sured ual ues of mi crc,bial

but leads to changes

3.1 ). Al though

?4

the

P

sampl et
(Sectian

extending the entnaction period decneåEes the ef*rsr- due tc, noot

material , it incceåç.eÉ the ÊrFc'n due to shcat material included

in the sample. Extending the extnaction pericd to tó h iE also

nct recommended fsr the reå=.ons pre\riou=. l)'r¡ated in Section

3.3. PhyEical rPmouål of plant materiel before iumigation is

the prefenred c'ptian. The magnitude c,f erFc'rs t.rill then depend

cn the eff iciency t¡.¡ith t,.¡hich pìant matenial can he remcued fr.om

the sample t'efore fumigatir-rn. llhvitruEl¿*, the greater the

amount af f ine root mater'ial in the =.ample, s.s in gråE?ìand

str'ilç., the çrreater t¡ill he the pr-,tential ErrGr.

3.9 Ef{icie rrf-¡/ nf handnick fi il t fì r-Étrrû(¡e noc,t m¡.ter i¿. I

Pc,t -+nd {iel d e}iFeriment=. r¡i th the l"laì lala =.oi I ktere

undertEþlen ta inrrestigate change=. in micr'at,i¿.ì F a=- ¿ re=ult Ê'f

the -+ddition c'f {ertilisen and pìant re=.idue.-. iChapterç.5 srnd

.4). The ef{iciency af handpickinQ åE a methnd nf remc"'ringt the

interfenence cf rc,at ma.teri¿l in the determination nf mirrat,ial

F t.r¿=-. theref one i n'.regt i Cated.

3. -R. I |"l-rter ial =-. and methad=.

azP-l atel I ed u-rheat root=. tr-rere abtai ned as de='cr i hed

FnÉuic,u=.ly (Sectian :C.7). Fresh ozP-lahelled u+heat rtrL1ts. (470

mq) r.{e¡e intimately mixed v.rith å Hei-eht of fre=.hll' =.a.mpled

t'1allaìa scil equitralent tc, 1üCt i--r úuen-drv t.reiqht. The

=oiI+roats t;ag then Eieued ({? mm) and the n'=ots piclted aut.

Ëutsample-q þ.re¡e then extracted directly, cl- fumigated and
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extrå.cted ag de=.cnihed pFevious.ly in Section 3.7

3.8.? Reç.ul tç end di=-cussion

Sieuing and handpict<ing ts remfiup naotE from the sail
el imi nated eFrcr'8. åEsGc iated u.ri th the i nc ì uç.i an af nc,ot

material in the sample. The pencentaqe reco(rer'y of 32P inam

unfumigated eoiì (1.7+0.87:) rrrå=. nst =.iqnificantlr dif+er'ent fnom

the Fecc\rery of szP f nom f umi gated =.ai I (.7.7+O .é/,1 . Hc,t¿retrer r i t

=.hauld he r'ememhered ths.t c'rgånis.ms coloni:.ing the rhizapla.ne

it=.elf , e.g. endo- and er:tntrophic mycc'rrhi¡4. a-- t.¡ell ås

Fc'FrUl¿tians c,f bactenia, V,riìl b'e nemc,'.red hy thi-= treatment.

Al so, the I ahel I ed rcot= t,.rere *¡.dded ta s.oi I and nnt gPcrv.tn i n

eitu. Thue. none o{ the lahelled rnat m¡rtenial had Fenetrated
åggt-eeates less thsn 2 mm diameter t.¡hich t.rould ncnmal l>' contain
(a{ten sieuinq) rnot mater'ial impas=iEle tc, r*emoue hr hand.

3. P Summany and cnnr I u=.i an=

Fnom a r,.lide rånge c,f Eiacides arr d extnactantE he:'(arroì. in

conjunction r^rith tl .5M I'laHLlOs (pH 8.5) r r,JåË selected aE the most

ef{ectiue cambinatian 4or extracting micrtr'hiaì P fnam ç.oils. A

3Cl min extractir-rn perisd r,.ra=. chosen, Stara.ge a{ moiEt s.c,iì or

al terat i on tr{ the sai I r,.r¡.ter paten t ial pr'i ar to {umi qrat i an hed

å ler'qe effect sn meåEured ualues oi mÍcrobial P. Èalibratian
of each Ecil due to incamplete r-eccuery a+ microbial F is
FecGmmertded. The inter$erence of plant ma.tenial is best

avaided hy F,hysical Femcrrål c'f the materi¿.1 {ram the =ample
prian to fumigation, but the eff iciency mith urrhich thi=- cån be

-+chier-red mu:.t {inst bre åecentained {c,r the =.;v=tem under' s.tudy.



CHAPTER 4

TRANSFNRHÉ\TIEINS AND I"IIIUEI''ÍEF¡T frF F IN THE RHIZOSPHEEE

4,1 Introductinn
AE bacteria ¡.nd funqi are ?lt to 5t times mc're abundant in

the rhizo=.phere than in t'uìk sc'il (l.let-rman, l?78¡ Rotrira. I?7?),
and a=. rcat:. t,¡i thdrat*l F f ram the s.ai I =.olutic'n and may al sc'

exude oF leak F hack inta the soil iFedenous[ti, lPSg; Emment'

1P57; [,Jord= and Erc,clt. lFd4ì H.+rr'isan, lPTS], the rhiza:'phene

ig a. key Eite for P transformations.. Plantç ha'.re a ìarge

in{luencÉ Gn reåctic'n-=. takinç¡ pla.ce thrc'ugh uptake a{ F {ram

the soil =.clution, and the Etimuls.tisn c{ micrabia.l ¡.ctir.ritl'in
the '.ricini ty af the rc,ot=. (E1a.ir. and Bol¿nd. l.77Eri Helal and

Sauerbeck, 1FB4i.

Él ìimit-+tic,n c{ the {umigatian technique for mÉå=.ur'ing

micrtrEi+l F in sail-= cantaining åctiuelt, çtror.rring plarrts iE

interference a{ ìir.¡e r-c¡Ért m¿.terial {Chapten 3i. L.Jhile the bulk

of the r¡ot=. cån be remo'.red by h¿nd, there Femê.ins an unde{ined

e.mount a{ f ine roat r,,rhich may lead tc, c¡uÈnegtimate=. c'{

micr'chi*+l F.

Th i =. chap ter deEcr i beg e, techn i que tc, meas.upe mc,uemen t o{ P

bath intc' and out nf plant roots, and the form=. oi F in =.oi1,
includinq micrsbial F. åÊ.Ec'ci*ted r,.rith them. The technique

ÊFr---ur-ÊË that s.c,il =ampled frc'm the rhiza=.phere i=. entireiy fnee

{ram I i'.re ra,-Jt mater'ial .

4.2 l'1ater'ial =. -+nd methsd=.

ssF-lahel ìed r¡lheat plantç. u+er'e grc't.tn

trea.ted trri th szF-lahel I ed ferti I i=.er'.

in thin layers a{ -=aiì

RsotË. r¡.rer*e eeparated
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f ram the =-ai I try qnot.li ng them t¡i th i n Fonous membnane enuel apes

(Ecar,.rn and Anr.t¡e.r-Ul-Ha.q. 1984) centrallv located in sail in

FersFlex boxeg meaÊuring 125 mm * 13Cl mm + 6 mm (Figure 14 and

Pls.te Ic, F,åqÊ Id4). The memtrå.ne material uråÉ palramide. tt

had +pertunes of 5 ttm: thus the rast system, includin-O noot

hair=, t{åE entirely conf ined r'irithin the enuelope. Howeuen,

t.!rå.tEr. ånd nu tr i en tË t.rene f ree to motre åcFoEE the membnåne.

Gror,Jth of p I an t=. i n the membnåne enuel opes wae. simi I ar ta that

of plants t';ith uncsnf ined noats (Plate 1d, F'ågP 1É'4)' Each hnx

contained 1Zü q {c,tren-dry equi'.rerlent} of air dryr ç.ieued ((2

mm) soil {tl-lCtü mm layen) gmended t.rith 32P-labelled fertilisen
r;¡!8.5 m,l=tF k,l-t r 2.d,5 l"lEq32F kg-t). The Ì"14.llala sail r,¡.råE used

fsr' thi:. etudy (Table 18).

Tahle lEr. fiescr'iptian r¡f l'lallala =.oil.

:iìan d (:{ )
:ìi I t (i':)
tlI ay t:{)
C'H { I :5}_ l.¡.1

Gnd.-rr imetr i c t,r¿.ter
csntent (]4) at -dS [:Fa

tr.qa.nic C (:{}
ftr gan i c t'l t:.4 ]
L+nd U=e

Sai I cla=.s.if icatian(USDA)

-l-l

?4
-t- L

1 .Stl
ß.17

tul tiuated
t.lh ea. t'lp-+=. t u r'e

Cal cixenal I ic xerochr'ePt

r¿if ter. the EoiI t{åE incubated for 7 d at ?0'C ånd -dó ltPa t'.tater

patential, qerminated r¡he+t seeds Þ.reFe planted t.tithin the

memhrane enueì r-,pe, The Eeedl ings t¡.leFe laheì I ed wi th 3sP

(canrier {ree} hy foliar åpFtliratisn at F and 13 d af ter'

plantinq. and hr* iniection inta the stem +t 1? ¿nd 21 d ta gitte

å tr¡t.El aFtp I i ctt i on af 25lJ kEq 33P p I an t-1 s.t hanues.t ' 5oi I
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S

5pm
pore

diameter
membrane

tt P labelled roots
(by translocation)

t'P labelled soil

Figune 14. Design of perspex box and memhnåne technique
used.

ttP labelled top
(by injection)

È.

..... ,,
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v.råteF poten t iaì t.ra= adj usted to -66 kPa dai I y. Pl an ts tdeFe

qFc'(,Jn far 2? d at 2t1-C t'day), l5-t (night), PAR trras 5Ll0 ltmal

quånta m-z E-l for 15 h day-lr and nelative humiditv was 6Û7:

(dayi and -trJ:.(, (night).

The plantg t,rene han'.rested Ey diEmantl ing the FerÉpex boxes

¿nd remot¡inq the intact memhnane en(relope from the sail. The

mc,i=.t Eoi I r,'.rå= f ractic'nated urli thout dryinq. A{ter being =-aaked

in deioniged t.rater far 2-3 mín the =;oil-{ree noot systenr Wås

peeled å,(¿.råy from the Ênuelope. Plants t.rÉre =.eparated inta

rsat=. a.nd tops, a.nd r,.reiehtE t.¡ene detenmined af ter the material
r¡.lå= dried {ar 4E h at 70'C. Êmcunt=. o{ 3rFr 32P and ssF in the

ple.nt mater.ial=-. r,.rere determined af ter u.ret dige=tion t,'¡ith nitr'ic

and Fertrhlaric acids.
Top=. o{ p I +.n t=. r,.rere hanueEted f r'cm a çecond s.er i e=. a{ hoxeq.

-¡nd the t'or (includinq soil e.nd intact roots) Nå=. then dried at

511-L1 f c'r 48 h. The soi I and roÉtÉ (Àrere Fe(getted ta -.4É kPa

waten patential . and incut'atEd at 2['Ë {sn 48 h. Thi=.

treatment is =.ub=equentll'refenned to as the dnied./ret¡etted

treatment. Each treatment þ¡as replicated Eix times.

Duplice.te sub=+.mple=. of sail fram e¿ch hox rÁ¡ene fractionated

åtrctrrrdi ng tc' a modi f i c+t i an of the method o{ Hedl e>' et al

(1?8?a). l"licrabial P ura=. detenmined as described FPE{,iou='lv
( -$ec t i an 3.7) . A Ho af [t .4 waE obtai ned f ar the sai I u=i ng

mixed FcrFUlstisnç af s.oil cìrgå.niEms aE descrihed in Éection

=,4. 5u=.penç.i l-rns t.rere trerr tr-.i f uged {sr' 10 mi n ;.t 2ll I llr¡ bef or'e

+iltr.*ti*r' i. l"liil.i;.åii ¡'Io.4ã), The amaunt c,f extnact nemainina-r in

the residue r*r-q=. determined grå\rimetnica.lly aften each =.tep in

the Fncrcedure.
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The tt .1t',1 NafrH extracts urrene åcidif ied to f lscculate orqanic

materials. Tntal €1F (s1Pt) in the e>ltnactg t.¡åE detenmined

e{ter. digestion tÂ'ith perchlanic acid {Bnookes ¿.nd Pct¡ìs.on.

l?81).
The ¿maunts sf 32F and 33P u.rere detenmined t'y I iquid

grintillation courrting usinçi the e:xternal Etands.nd channel=.

ratic, method iL'Annunziate.! 197Fj. The ú.1Ì'1 l.l+tlH e:¿tr-+ctE t{ere

either acidif ied c'F digested pnior to countingr to minimise

chemiluminescentre, All csunts t+ene csrr*ected {on quenching and

der+.:" and tronver ted ta Bq .

4.É Regul t=. and di=.cus.=ian

4.'3.1 F flu:: frc'm cle-nt raat=.

A çiqni{icant Frc'Fc'rtian of the =-P s.Fplied tc' the plant

top=. trra:. trsnsl çicated to the r'oot sy=-tem tTebl e 1P) . tl{ the

ssF tr'sn:. I oc+ted ta the noc,t-e', ü . F:{ to 4.:77{ r,'Ja=' r'e'cctr..lered i n

the Esi I . :flf the ssF Fecouered f ram the sc,i I , the 'lreatest
prtrFior'tic'n td:ì.0+5.9:/:.¡ v.råE fcrund in the fumigated,/N+.Hf,Lfg

fra.ctic'n¡ the ne=.t t.råE necsuered in ths HÊl fn¿.ctian.

In =.tudie=. of root enude.tic,n. sc'ìutic,n culture has' -Jer'eråìli'

heen u=.ed tu facilit¿te Es.mpìing and analysí=. {Rouire.. 1:?6P).

Repart= tr'{ I c=.=- of P hy rc,ots (c,ther than E}' transl c,catian ta

the shoc'ts) heue alç:.o heen confined mainly to quaìitstitre

=.tudi eg o{ I ssEeg to aqueoue- media (Akhr-c'mei ko and E;hestakova.

1?58; Emmert, 1F$Pi Rottina and Eot.renr lF7Cr : $mith. 1P76). ånd

tc, the u=e c{ pl-+nts. u,rith exci=.ed taps {t'Jc,ads and Brc,cLt, 19d4).

Ritz e.nd l'.let,rman tlFgSl shot.red indirectll' that loss o{ 32F hv

bath i n tac t and dÏi n-{ r'aot= c'f pasture p I an ts ma¡* he
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Table 19. Distribution of 32F and Ð3P .gt haruest (before
dryi nglcewet t i ngi . tJal ues. are the means o{ si x
nep I i cateE ( standard deu ist i on of meån ual ues i n
pår-en theses) .

i'i f etr Crv en ed

32P s3F

5Gi I

Tc'Ft

Roo t

ïotal

l'4i cr'ahial bi c'ma=.=.

-qË. tt( I . --l)

7.4f. L-l . F)

4.óttr .E)

1tn.ü

14.1( I . S)

r-l .7( u .4)

71 .5{:6.7i
,f I L.t t Lr tLa.r-t lU.r'¡

lCrLl .0

Lt.li!].1]

trc'nEiderable 1s=. =.hourn t'f szF upta[": e af adjacent pltnt=).

l.leuman and Ritz ':1FËdl recentli'shÊ'wed that ml'cot-rhizaç. are

unimpc,rtant in facilitatinq the tr¿.n=.{en o{ 32P bettrreen plarrt=..

Fedonavski (1PS.q) used a split raot technique t.tith maize one

h-+l{ af the rac,t e.Ts.tem r,JåË =.uFiFilied r,'.rith 32P-lat'eììed

fertili=-.er' - -¡nd found that 1û to 2'31/: of the szP t¿[<en uF tÂrå.Ë

exuded into the Ec,il cnntaining unlahelled fertiliser'.
Hnç.,reusr*. lass. o{ s¡F hy lir¡ing nnotç. cå.rr rr Ért t'e neadily
calculated from the ìo=.E cf radioi=c,tÊFer åÊ ån unknc't^.rn

F,rcFortion af åny meå=.uned lass o{ radic,isotape p.¡ill te due to
i=.atc,pic exchange (t'.leigl , 1F'{E.t rather than net las= {rc,m the

naot. It seems lil,tely that ànJ'' inc,rganic arP leaking fnom ¡.

r.oot t,rc'uld he quickl;.' reutil ised hy the noot, and ¡..,-rcruld not

di++uEe åwåy against the concentr¿.tic,n qradient r¡.rhich u=ua.lly

preuail= in :.siì åFound actit¡e nootE. Thus.. årr¡ mG(!ement of
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5rF awa/ fnom actiue noots is likely tc, be confined to that
cantsined in cempl ex onganic ccmFounds in noat exudates. Thene

iç. the pcEsibility that F may he lo-=t throuch the extension of

mycclr'rhizal fungi å1,\råy from the FoËtÉ. althaugh the shont

period of gnar.,.rth uEed hene makes thiç unlikely in thi-=.

exFeriment. I{ mi-cc't-rhiza had cau=-ed e.ignif icant amourrts. c,{ P

tc' morre år,.rå,¡* {ram the root, siqni+icant e,mounts of 33P t+ould

then have t'een detected in the =oiì bioma=.=.. In thiE studyr the

meaçuned las.s af 33F by ìitrinq r.,,lhe+t rocts uJå=. =.mall and the

i=.otope lcr=.t r/.ra.E faund predc,min-rntly in the l'.laHl-lüg extr¿ct.
The dif+eFencE betr¡een amc,unt=. af 33F peciluered fr'om the

uniumigated and {umigated s.ail=. r.rrs.=. insignif icant. Ec' it cån he

asç.umed tha.t ml'trcr'rhizal tranEFc'r-t of P at.r-+y frsm the rootç. in

thi=. e-.tud:y r.¿.ras insign!{icant. Thi=. suçrçie=.t=. that mtr'st af the
ssP lc,s.E f.r-r= due to i=.atopic e:rrhanqe and that lo=.e of P by the

nc,c't=- tc' =.oi I thr'auqh e:rud.=t i an rr.råE negl i gi hì e. Any F i n

indif f usibl e exude.tes. t\roul d harJe r*emåined cl oEe to the root sr'

inner' Euriace af the memhn-ine. ånd r,.Jsuld haue been included in

rL-iat F. Hence ln=.=.e-=. of F {rr-Jm unr's=.tnicted raotE miqht he

qr'eetpr th-+n enÉùunter'ed r.tr ith the tecl-r rr iq.-.1 + -----ed here.

The ËFÉtrif ic a.ctiuity c'f 33P in the NaHCü= e:rtract ¡f
un{umigated sail i1.tl4 Bq 33F Fg-t 3tP} (Àr-r=. sigrrificantl¡* r.F /.:

L'l . LìCr1 ) greater than the l.laHCCts ex trac t of f umi gated eai I { lJ .77

Bq 3sF Fg-t s¡ Pi . The F rc,F r-rr t i an sf 33P rÉccruered i n the

microbiaì bic,masÊ. r.\rås insignif icant. Thi=- indicates that most

ur{ the F in the microbial t'ic'maç.= ariqin*+ted irom the s.c,il. and

v.rå.=. rrc,t deriued from P t'einq enuded frc'm. sr' leakin-o from. the

fc'ots.
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4.:1.? Distrit'utian øi 32P ¿.¡=ti,.titl'

Recouert'ur{ 32F hy the soil fr-rctitrnation Frocedure emplaxed

r,,r-tÉ Il--11.4+5.3¡; c'{ tatal =.c'il 32P. The latter (Â,ås determined by

perchìcnic acid dige=.tic'n c,f the unplanted eoil a.nd repnesented

luË.:{+:1.é:/: of 32F added. rlf the s2P lahelled fentiliser
applied. 7.4."'. r¡rs.=. recorJened in pl+nt top=., 4.6:/: in pì+nt nsot:.

-+nd t4.lï in the micrc,hial hi¡msss. ([.íe = û.40) {Tåble li;).
E:ane must be taken in intenpr.etino the regulte af 3zP

di=.tributiÍn. å=. B=F å.trti',rit¡- is affected hoth h¡* ic-c,f¡pic
exche.nge. and t',.* hialoqical and chemical FFoceç-EeË in the sail.
Èl I n{ the s1F and 32P in ÈzF-ìabel Ied f ertil i=,er r¡¡ould

initi*'ìly he Frpsent in r,later Eslut, le fr-rrm å.Frd hence

e.qtract¿ble t.r ith I'laHf,rJ= sslutian. Htrr.(reuer 31F r.r.louìd becsme

ads.srhed t¡.-urfaceE and Frecipitated sr=. ccmpìex Ec,lid phasee.
32P ttrc'ul d undergr, :-Ími la.r Feåctian=. å.nd t.lnuì d al =o exchange

r,,r ith sc,il 3rF. These reåtrtianE v.¡fluld he mtr:.t r+pid in the

f in=.t f er¡.r dars. ¿f ter ini tia.l =.oi I -{erti I iEer' cc'ntact (Ru=.=.el I

et s.ì . I ?54) . ås. i =otop i c e>rchanqe cån otrcun r,.ri th =.¡i I

{r.=ctic'n--. rÂrhich åFe not plant a,-raiì-+bìe (l4achold. lt-"JZ}. the

FrcrFtartian of fertiliser 151F enterinq the plant t.rill be

undere=.t im¿ted hy 3?F dat¿ i Russel I et al . 1954) . Thus. the

ahc,r.re mentioned ua.lue=- of l2.ull{ and 14.1:1 for fertiliEer azP

entening the pl-rnt and microbial bioma.sE neEFectiueì¡' indic¿.te
the minimum åmûunt o{ f erti I iEer e1P enteninq thes.e paol s. The

ualue c'htained Sor the FrrEF,c,rtion of f32F labelled fentili=.en
found in the micrahial biomasg depend=. on the u¿lue cf the

ralibr+tinn {actar tKÞ). Euen allat',ring fan eome eFFRt* in the
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HÞ uålue because ongånisms -Qrct\rn in vitrc have tc' be u='ed in

its determination iSection 3.4)' it is clean that å

c'='nsiderabìe Frotartion of the appl ied szP tla=. inconponated

into the biomesg. I+ it iE agsumed that the microbial bic'maEE

does nat h;rue é(ctrËçÊ ta =.oil F t.rhich is isatc,Fic¿lly
exchangeabte but not atra.i lahl e ta plant=. (e.9. 31P hel d t.ri thin

ct-yEts.lline =.alids Gr in fi==-.ures in cry=.t¿..l lattice=' {Russelì

et al . lY54)) ! then the bic,maçs and plants t,lere equally

effer:tiue in ohta.ining P {nom the applied fer'tiìisen. The=.e

rEEults =.uppur't the h¡-F,Gthe:-i=-. s{ Hedley et aì (198?a) that the

micrnbial t'iama=.=. is a majar Êc'mFonent and dniuing force of P

cyclin,_t in =.c'il.-. In thiç. exFeniment the micrshial hioma:.E

FeFre=.ented onl.r'5.É+0.7:{ af the tot¿l P in the =.y=.tem. r'et

pl-+r'ed a ma-ic'r'role in the actrumulation af fertiliser F. The

Fe€.u I ts aqnFe r.rri th tho-..e tr'f Hel e. I and Sauert'ec[t ( l:?Ë4i . t,'rhc'

noted an irrrreå.=e in the E-Fecif ic a.ctiuitr' trf onQanic F

fnsctians cl,crE.e to r'n,lts qrc't,,r ing in 32P-ls.belled =.oil. Thei'

=.ueqeEted thi=. may be due ta an increåÉ.e in micnahi¿l F. oF ta

ån enh+nced ex trs.c tabi I i tr oJ Po cßmFound=.. The re=u I ts

Frec-ented ahtrue lend =.uppnnt to the hyFtothesi=. th+t the

microbi-+'l hiamae.=. å=.sc'ciated t,rith roats i=. effectir.re in

åccumulatinq {ertiliEer.F. Brnolte.- et ¿l {1Fß4} heve sh,:rt¿n

the.t å s.ubEtantial quåntity a{ F ma}' be held in the hioma.E=- oi

bath .sr'ahl e and p-rsture Eai I s.. From å knc,t.rl edge o{ the

turnouep o{ micrabial C in the soil-= =tudied, they r/.rePe able to

eç.timate the tur'ncuer ci microbial P in the ssils. They

e.-timated f I unes af 7.7 to 40 k,_r ha-l year-li the hiqher' rateE

r.\reFe å=.eûtrirted r¡rith pa.=ture soils. Fnom Tahle 1?. it cån he
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ç'Éen thet the biomags e'='eimilated apFl'oximateli- l4'/' af the

applied {ertiliEer P. Thi=' equ.rtes ts an uptake oi about 7 Ltg

F ha-1 ouer' the 2'2. d grotrrth peniad. I+ this uptake is. extended

to the \rEqst-+ti(re _Qnowth period of r,thea.t {dÚ-gLl d), the Ìlux af

F thnou-Oh the hiomass is appnoximately 2= kg ha-l veåF-l. The

f iqune=. ohtained a.hcrçre relate to nhizo=phene saiì Lìnly, a'nd

t¡;ene ahtai ned under {suaur-+b, I e cÊndi t i on=' i n å' çrrot'rr th chamher '

LeEs {enti ì i=en P r¿roul d be expected to Fra<-=- thnou-oh the bioma='s

in the f ield.

4.11.:{ F r{i --.tr.i bu t i nn inllnr.rrina a dn no./ner,.ret ti na cyc I eI

l\'=. the P content af the roo!:. in each bn:t juç't pnior to

,lntinq¡/Fev.rÊttin-a csuld ntr't be measured. it (r.tå=' calculated {rom

å l<nowledge sf the P content af the taps and the mean roat'/top

r+tÍc, far P in the EsilE anal¡*s.ed heiare drvin-Q./rev.rettinq.

JP-oot = JPtop ,i R

rÂrhgre E = mean JPtoe /'F-oo. he{'=re dryingrre(¿.¡Êtting! ånd i -

atomic r,.reight {31 . 3? Er 33}. The Fer'centaqe n{ root P ìn='t tn

the s,li I wå.=. cal culated aE {ol I ot^r=':

.','.L¡ss. = i1-r;JF-oot(neo¡lntng> ti JP-oot<c-tcul-t'd> )i + 1ü0

AE e:tpec ted {ram the the re=.u I tç a{ t4ar t i n and l-unn i nqham

(1?72)' the.lnring.¡ãrev.letting tregtment after hantlest nf the

taps raus.ed cc,nsiderable mor¡ement a{ F (i.7.St4.31':} out a{ the

rootE ernd intc, soil fnacticn=.r ås e'.ridenced by rnc't 3rP dat¿t.

similar Feeult= r¡ere obtained fnom 32P data. Hot.leuer

cgl cu I <t i on=. {r.c,m 33F data =-.hc,v.red that EI . ?+4.1:{ roat P maued

ou t ai the rc,LÌt=. ! i ndi cat i nq that raot 31F u.råë- not un i {arml y
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Tahl e :"8 . concen tråt i ans Gf 33F i n soi I bef ane ånd a{ ten å
dnying./wetting tre¿tment. (l"l = beiore
dryi ng/"Pet¡et ting, E! = dr i ed'/uletted)

Eq 33F ltg-t s.oi I

f"l t) LSÞ
( P{0 .05i

0 .5U NaHCfi'

Hex¿nsl releaEed tl .51'l NsrHCCt=.

L1. tÞl garlH

Son i ca t e,r'ft . 1l'1 N¿tlH

i .0t'.1 Hcì

Resi dual

1F. tl

0

ú

tl

I Ë5.7

-4. I
127. 1

l.? q

95. ü

Í

17. ü

zl .Í

111 .é

0

'lahelled r.,.rith sgF. The troncentratians a{ 3ãF in all Eail P

fr.actionE we¡e =ignif icantly highen a.{ter dr'l'inqr''Fet'.retting. In

the sc,ils. r,trhich had heen dried and ret.retted, the amtr'unts c'f 33F

in the fumigated NaHCü- ey:tnact=. r,.rere Eliqhtly Eme.ìlen thsn the

amcunt= in the unfumigated eittr*ct=., ¡nd qå'.,e rise tc, the

negå.tiue ualue in Ta.ble ?iJ. The di++erenÉe in 31F

contrentr'ation due ta fumigation (.{åE not =.iqnif ic¿.nt hc't.,euen.

0+ the s=F releeEed hI the r.r¡sts. the largeet per'cent-+ge (4:::l'i)

r,.rå=. {ound in the un{umigated I'l¿.Hf:t= e::tract. Althauçrh large

¿nd napid incnÈåses in micnabial activi ty åctrompån,'- rÉt'Jetting

a{ soil, rrtr' ir¡conForåtian af rc,at deri"red P inta the hiomasç

u.rå.s ohserued (i.e. nú gsP t.¡as detected in the bioma=.s). The

microbi¿l F content of the sc'il folìau+ing drying"/ret.rettin-c wae

7.1+4.1 Fg F q-l str,il companed to ??.P+2.5 Fg P q-'' befc'ne

dnyi ng'r'rer,Jet t i n_e.

Þi stni bu t i on o{ 31 F ¿nd eFeciiic sctiuitv oi 32P in the soil



Ifi7

Table ?I . Distnibutian o{ slP follsr¡ing a drying/tretting
tre-+tment {l"l = hefcne dryinq/rewetting, D:
dnied./r,.retted).

E>: t ra.c tan t Itq q-r
ttP. =tF.

1"1 D t1 D

Ll ,514 NsHLlOg

Hexanal rel eaged t:t .5M l.laHf,fi=,**

tf .11,f Ì'leüH

5sn i ca t e¡'ú . 11"1 Þ.latrH

I .trt"l Htl

Re=.i du¿.1

1.4.5

4.é
nd

7?.4x**

I . ?-*-
33.2.-

¿) ?***

nd

nd

18.6

74.,J

:ltr.2

25.9**'
F) ¡:'ÉËt

-lF) -ru

a:, ,¿ **

I I I .,5**

21 5.1 --

I

nd

i *t. *tr dgnatg=.
nat =.i gn i { i can t ,

=ignif icance -å.t the 5, I and t.1!.{ leuel , n=.
nd : nct determined.

T-rhle ??. Specif ic actirrity of 32P fol Iar.'.ring a dnyingru'.rettirre
tr.eatment {l'4 = he{are dryinçf'ret.rettinç, f) = dried,/
t.ret tedi ,

Ex t rac tan t Bq==F l-(g-t srP

Ì.1 t) LSD
{P{tr .r:15}

cl .5Þl N-+HICt*

Hex¿.nal rel ea=.ed Ct .5t"1 N¿Hf,Ll=,

rl . 1l"l I'JaüH

5c'n i c+ t e'.lj . I l.l NattH

I .üf"l HËl

Resi dua I

Ll ..=Èl

4 .14

3.49
r ¡ÊI.ÌJ

ct ..42

-1 ¡ -lU

{E-I . J*a

u . E-L

it.lg
15.1**

ü.13

0 .2:1

0.15

0.111

xx As hena,nal -rel eaged F
modif ied T-teEt vr-+s used

is itçelf å meån di++eFence! å(Appendix 1).
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r,.lere ål -=.c, aì tened by the dnyinçi./'ret,rettin-o cycl e (Tabl es 2L and

22). The lanqe incngåse in 31P extracted bv NaHCtl- ctn

drying.r'net,retting the Eciì ruaç. msEtly inorganic. A pt*oPsrtion

o{ thiE P r.'-roul d h¿.ue ariqinated {rom dxinq noot=- (Msntin and

l--unninqham, L?7'-¿) a=. r¡.lel'l ås lyEed micnoopqåni='ms (Sparling et

sl , lF'35¿r'r. That the microbial püFUlation u'raE Euh'-tantia'l lv

derne¿.sed Ey the dnfing tre-+tment a.nd had not recguened bÌ' the

time meå=.Urement= tlere made is clear frc,m the decreåge in

he:.ls.nc'l rel e¿sed 31P. The oh=.erued decreåEeE i n å.ggl*eq¿te

prc'tec ted { ç:rrn i cate¡'FlafrH} 31Pr -+nd =t Fo Gn dryi nçr/reu.let t i ng cån

be ¡.t tr i t'u ted t¡ the rel ease si sub=.trateE Frev i ouEl y pratec ted

v.ri th i n åa-tErreg+te= 1:Adu and ûade=., 1?7É) . I rrcreåÉes i n the

1 .1:ll'l HCI e:< trac tabl e er Ft and s.m¡. I l i ncr'eåseË i n neEi dual =t P.

c-i.n he sttriEuted to r'el,rer'Eicn c,f P tc' mc,ne ç.tahle {orms.

That microorgåni=.mE ar.e impontant in P cycling has clf ten

L'*en inferred frÉ,m ah=.eruaticns a{ net rh-+nç¡ee in ãrF poal:. irr

=.silE. =uh,.iected to incuha.tinnE in the labor-<tary (Chauhan et

å] . lF.ql) tr'r tc, culti'Je.tian (Hedìey et al , IPEZ;I). The uEe,:,f

radi tr,i =.atcpee of f er= -+duan tage=. ouer th i E åpproa.ch r åE f I ot'r-=

cån he identified n¿.ther than in{err'ed. ålthau-oh intenpret-+tian

o{ the data is ctrmFlice-ted by ie.atapic er:chanqe neåctions' In

e:{å.nrining the data in Table 72, three pa==it'le cåueee cån be

con=.ider'ed for åny change in ËFecific a.ctiuitv sf the P

{ractionç due to dr¡*ing/'reçrtetting¡
(11 isatopic exch¿.nge u.rith unlahelìed Esil s1F.

(?1 incneåEe of EFecific activity due ta a f lor.rr of highlr

l,+helled P inta the fraction. -aFrd
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(:1) decreåse of sFeci{ic actiuity due ts a f lotrt o{

unlahelled (on lc,r,.r actitrity) P into the fractian.

I=otopic e>lchange, bcth during the dnyin-o/ret+ettinq period and

dur.inq the extraction. t¡ould cåuEe azP to be rediEtrihuted

åmong the sail fractions. ThuE 32F r,.lould tend to moue {rom the

mc'Fe labi I e f ractiong (0.5U NaHrlrle and ü.11'1 l'la0H) to the more

=.tehle iractions (l.tll"l HCI and regidual F). Þecreå='es. in

EF'er:if ic acti'-rit¡ c,{ 32P in the fsnmen åre thenefÊr'e å

cr-rmhination ai il) and (:+) -ahoue, and increå,ÉÊs' in EFreci{ic

actir.rity in the latter åFe å combination of (1) snd (2)'

Hc,¡,JeLreF. the la.rqe increå=.e in =.Feci{ic actiuity ai the her:¿nc'l

releaEed fnaction is unl iLlely ta t'e due to (1) ' The neåEonE'

ior' thie incrÉå-=e åFe unclear. It is Fc'=.=.ihle that i+] *i. paol

of ,.,,er'I highlr Iabel led P L';ras u=.ed bT' the recol'rni='ing
tr'rqåni=.ms, on (b) å highly lahelled {nactic,n tr'{ the hic,maE=.

€-ur-uirred the dr¡'i11 Ç./rÊþ,rettin-c c:rcle. It r.,.rås. troneideeed thet

i-+) cc'uld FÉFre=.Ént the dead rcEt material . Eut the specif ic

actiuiti' o{ thi'=. mster'ial trå=. nst :-uff icientì¡'gPeåt (1IJ.4+0.?

Eq 3=F ltq-t srFl tn account {or the uÉFy high ualues a{ =.Feciiic
.:rctiuity cf 3zF found in the hexanol-neleased fnaction. The

1-+tter explan+ticn {b). sÉems mcpe lilrely. and it csuld ;tlso

explain the large decneåse in Et'eci{ic acti'.¡ity of the NaHCOe

fracti¡:n. The ûFÇ-trrismE kil led wauld hatre a- lot.r sFecif ic

actir.'ity. ånd would cauEe the lange diluticn s{ i=otape in thiq.

{naction. It måy be concluded {ram the data that there iç a

lint< hetr^leen the =uruiual åftd'''ot'dynamicg c'i grav.lth of

micr's,t'ial F,opulatisns. in the sc,iì (due tc, t.Jetting.ldrying

tr:"cle-.]. snd thein ah,ility tr-¡ take uFì F, Currently thene i'- no
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other euidence in the ìitenature to suppert this' hvpothesis.

4.4 Su r;- and cûnclu=-ic,nç.

Losse=. c,+ P hy i n tac t , heal thy gnou.ri ng rootE of tr.rheat

through dif+u=-ible exudation wepe minimal under the conditions

used in this etudv. t'licrosrganism= in the nhizospher-e v'rePe

{oun,J ta cnmFete with pìants {on fentiìiser P. Úuer the 22 d

gpor,rth periad, plants toak uF 12.tlT and the microbiaì t'iomaEs

14.11': af the {entiliEer ==F ¿Fplied to the çc,il at the =.tart o{

the experiment. ün drying and rewettinq of the ='oil a{ten the

t,.rheat tops tJer.e harue=.ted, a large FrtrF,nrti¡n sf raot P moued

into soil fractions. trthile 32P a.ppear'ed tc' accumulate in the

biomass and stahle forms uf F.
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ËHAFTER 5

TRANSFc¡RI"IÊTItr.llq üF F lr.l CROFFET) StrIL - PÜT EXPERIMET'IT

5,1 Introductiorr
I'Jheat crap=-. ohtain thein F {rom added fertiliser', and {rom

arganic and inorganic {or'mE cf F in the soil. As mentisned

earlier, most af the research effort ta date cn the nesidual

effect of ¿dded ferti I iser ha= csncentnated sn PeåctionE

inuc'luing inor,¡anic P in Eoilg. However. where pa=.tuFÉs. in å

treFeå,.l r'pe.sture rotat i an åre fer t i ì i Eed ¿ cc,n=.i der'ahl e

F,ropsrtian c'f F may he carried r-JuPr' ta the cerÉål pha=.e in

ps=ture reçidue=.. ttlhile therp åFE månu =.tudie=. in trthirh F

minersli='atinn s.nd decompc'='iti¡n u{ tr'r'qanic materiaì:' in ='oil'-
h¿.ue been exåmi ned e. g. kie.i I a t 1F54) i Thamps.on et al ( 1?.44) ;

E-+rr'ow ( l:?ÉL-l¡; Birch t lFdl ] i Fl a¿te ( lF7tta) ¡ ttlhi te ånd Aytr'uE

{1FË3}, mo=.t haue nst inuol',¡ed plant=.. The r.e=.ultE urf Elair
and EÊ,larrd t1F7i1,t and Helaì and Sauerheck (t?84) ha'.re indicated
the need to incìude qnot.rinq plants Ín the sTEtem under Etudy.

Fertili=.en P t.ra=. nat included a=. a treatmsnt in tlre s.tudieç. o{

Ele.ir and Eoland itF78) and [tala't (1?7?). in r,.rhich upta[re oi F

ir'c,m re=.idues br plantE t.r,+s examined. In the {ield, P i=
nor'målly added rrrith the cereå,ì crop at =.otrr ing, s.nd the crÊp and

the sc'i I mi cr'abial hi amas.ç. cån at tai n P f ram hath the neE i dues

e.nd the f erti liser å.e r:,rpl I ê.Ê f rom the =oi I . From the resul ts.

of Chap ter 4. i t åFFreår's that the mi cnahial hi c,me:.= i =. cagatrl e

sf asEimilating larqe amounts iff fentiliser P. aìthough the

situa.tion in the rhizas.phere i=. likely tc h'e di++er.ent irom the

bult< soil t.lhere micrabiaì pÊFtulationE å.Frd .s.ctir.rity åre lc,r¿rer.

The aim af th i =. ÊxFter imen t . theref rne. wå=. ta eual uate the



112

nelåtiue impartance of pasture nesidue=. and f ertil i=-en as

=.Gurce's' c+ P {on wheåt plant=.. The role of the microbial

biomaEs. in competinq t.lith plant= for å(,åilable P t'ras- alsc,

açse=.sed.

5.2 t"1åteniale. and mEthadE

The e,xFef*iment r^la=. conducted in å gral.rth chamt,er and

inr,rnl'.red a =.har't-tenm r'atatic,n Eequence due ta the s'hart

hal f-l iueE of hnth rådioisotnpe= af P. 33P-lstbel I ed medic

(t'1e,li ca,to tr'uncatu I a cr, . Fanaggi c') nesi dues and ezP- I abel I ed

mcnocå.lcium phnsphate (t'lËF'r v'rere added to ¿ sail Fr'euisusly

crc,pp*d to medic. ånd å crcF a{ u,rheat tTriticum ae:.tit¡um cu'

l,Jar. i ga I ) tùrå.E qF E(r.rn .

The l4all,als. s.oil (,JåE u=.ed ic,r this. exFeriment {T¿hle 1.q)'

l'1tlF v.ra-= sdded ts the goil ås å s.slutian to bring the ç.r¡il tc'

-Éé, kP-r t.r¿ter' patential and add F at 7.7 ttqt q-r =.ai I (equiual ent

ts 1[ l,tg P ha.-1). The =.crlution tr.råË. thc,naughly mixed ints the

sqil uEinE å metrhanical mixer tc, enEUFe unifc,nm distrihutian a+

fertiliEen. Sail equitrålent t'-r 13011 q ouen-dry u.teight t'.tas

ad,led to eåÉh of 1? F at=- ! ånd ei gh t germi nated medi c E-ÉÊd'= t'JeFe

p I e.ced .i ust Eel ou'r the sc'i I ='urf a.ce i n each F c't' Pl an t= t'.rene
i

thinned tc 5 ='*edling= Fer FtGt after' ¡ dav='' Sail u'rater

potential wa= adjugted daily to -É6 kPa. Plant=- t¡ere grÊu.tn far

53 days in å greu.rth chamt'er at UO-C (day,t, 15'C tnight)t

relatiue humidity wa-= å=I (day), F5:,{ (ni-oht), and PAR t¡aq. S[tl

Itmal quå,nta m-2 5-1 {on l5 h da}'-r.

A second serie=. ¡:,{ pots t¡Jå=-. =-.imilarll' treated., exceFt th'¡.t

canrier' {nee 33P rdå=. added tc, the t'lt:F =-.Êlutian ta giue a
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sFecific actiuitv of :{.48 GBq q-l 31P.

l'1edi c tapÊ. t\rere harve=.ted hy c l i pp i n-O at the ç'ai ì s.unf ace.

Rsots tdeFe separated fnom the scil by hand picking. É.8 the

root=. from the seF-labelled =.c,il and the nost-free unlabelled

esi I weFe ta he reuçed f ar the t,,rhe¿t ph+=.e s{ the rotat i on .

There r,\rå- no di ++eFerrce' i n grou.rth hett.leen un label l ed a.nd

33F-lahelted pìant=. Pl¿nt me.terialç. t¡ere dried at 7í-C and

gFcìund to Fåss å 1 . tt mm si e(re.

Sai I {nc,m the pat= containing nc' s9F ( i.e. unl-rbel I ed medic}

r,Jå=. åir dried ta s.pFìt-oximateìy 5l'i Qråuimetric r{å,tÉP cantent

c".,sp å 4E h per.ind. FnLlm the pl-+nt meteritl qrot'\rrr in
s€P-label I ed =.ai I , a mixture a{ 3sP-l¿.bel I ed meditr reEidues wa-=

pr.epared frr¡m the tap= and nc,ctç. in the r¿tio l:?. The medic

residue=-. rr,rere then mixed into the unlabel I ed soi I at å rate a{

:1 .4d S kq-t tc,',ren-dr'y) soil. r.+hich r,+ould equate ta + cå.Prr*tr'uer-

c,{ 1.5 t top=. + 3.11 t nc,nts hs-1 at the end of the pa=.ture

pha=e c{ the rata.tion. The re=-idues. had a P csntent o+ U.11}: P

-rnd a EFecif ic actitri t¡- c,f É? l'1Eq 33P q-r ='Fr and added :'{'B ltg

F q-1 =.oi I . The =.ai I v.rå.€. r,Jetted to -,5'5 kPa t¡¿ter potential and

irrcub¿ted for 7 dsy=. at ltl'tl. A{ter being air'dnied for 4'g h

at the end af the incubation perind. the soi l t4åE Pev.rÉtted tur

-C,-4 kF:t t.rs.ten patential wi th å 32F-lahel ì ed t'ltP :.,:il utian u.rhich

=.uFrFlied 15.4 P.=q 31F q-1 {crçen-dr'¡*.r ç.c'il. and had ¿ EFIEcif ic

acti'.ri ty o{ 5PE tlEq 3?P f-r-r s1F. t'li tnoqen (as. NH.Nü=} t.rås

added at å rate o{ 3tl .E ¡tg Fl q-r =-cil ta -+l I pots' Tt,ro re='idue

treatments. ir,¡ith and t.rithaut ne=.idue additian) t.rere csmbined

u..rith tr¡.rc, fertiliçer tne¿.tment=. (utrith ¿.nd t.rithrut Þll]P addition)

1n å. ?+l iactc,ria.ì de=.iqn t.ri th three{ol d nepl ic+tic'n. The Eai ì
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in each Fot wåE mixed thanoughl r to enEUFe uniform distnibution

of iEotopes thnoughout the soil, Five geFminated wheat seeds'

wene placed in pct=. containing 1 kq soiì treated as degcnibed

aboue. The pots wene placed in the gronrth chamber maintained

under the eåme conditions ås given Pneuiously. A{ter emer*gÉnce

r,\råE cúmFìete, plants were thinned to 4 Fer Þot, Êf ter 7 days

gror,.rth , p I an t=. gror,.ri ng i n goi I åmended tr¡i th resi dueE =.hor,'.¡ed

signs of S def iciency. Accondingly åll plants t.rere hanr-¡ested

and s b+Eal aF,pl icatian af 7.7 mg Sr 2.4 mg Mg and trace

el ements ttras added to al I FotE bef sre FeËotding u-ri th wheat. Al I

pote were haruested 34 dayc. af ter nesor,,.ring and plants s'epanated

into tops and root=. The roatÉ uJere =epanated by gentle

agi tation under urrater. and waehed f ree af Eai I r¿.ri th å Epl-åy o{

r,,rater o\rer'å f ine sieve.
Ple.nt materials t4ene r,Jeighed af ter being dnied ctuer* '24 h at

70-t. The plant matenial was grcund and Ü.1 q sårIFìes tatene

di ge=ted r,.ri th É cms HFIL-1¡¡ ånd I cms 7Û,Ì. HCI El4.

Subsamp les tr'f soi I (ÂJere ta[<en f ar anal Y-=êc- both bef or'e

planting and eiten harues.t c'f the r,'.rheat taps. Af ter haruest,

but befone nra=.hing to nemove roots, subsamples c,{ sail (4ere

remoued {nom each FGt t+i th å l4 mm diameten tuhe ' Roats were

remsued fnom thiE =.oil by hand picking. Soil eåmples r¡ere

fractianated and other analyees carried out ås descrited in

Section 4.2, except that the fumiqated sails were placed in å

{ume hctc,d {an 12 h i nstead of ?4 h to al I ottr e(tåFonat i on of

hexanal.
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5.3 Resu I t=- and di scussi on

5.3. I Dry r¡ei qh t and sr P up take

Addition of fectilisen P increaged both drx weight and

uptake of r¡heat plants (Table ?3). Addition of residues

depressed both dry weight and Ð1P uptake a{ urtheat, both in

FreEence ånd e.bsence of added fentiliser slP. Amounts úf

held in the micnobial biomass t\rene signif icantìy increaeed

bsth res.idue and fentiliser P addition: the {ormer had the

I argen effec t .

srP

the
srP

by

Tab'le 21. firy urreight and erP uptake of t.¡heat tcps ånd noatst
and amounts of micnobia'l F in the e.oil.

Tn ee. tmen t Dr'y trre i gh t
( g Fct-1 )

Tops RootE

F up take l4i craÞiaì P
(mg F ct-r ) ( ltg q-r ç.oi I )

Tap= Roc,t-= Soi I

Csntrcl
+ Re=-i du es
+FertiliEen
+ Re=. . + Fer.t .

1 .5d
0.Ëó
2.7u
2.4ú

2. 13
L .27
4.42
3. gt

Fr lê

r .86
5.30
4.35

aE-

1.ó4
4.68
nÊ4ct . -r¿

L?.2
25.0
21 .0
¿J. Ì1

E;ignificant
e{{ec t= ( F
( P{t] .05i

te=.t ) Re=.
Fent.

Reç.. +Fer't .

Re=..
Fent.

Res.
Fert.

r'. u È_. .
Fert.

Res.
Fert.

The decr'eåEe in dry u,reight and F uptake o{ wheat in the

F f-eEence of reEi due-= appe<red ta be due to csmpet i t i nn hetuleen

the plants. and the çcil hiama== fc'n a',railable F. The S

def icienci' ir¡itial ly observed in wheat plants growing in soils
tc' which medic reÊidues had heen added was the finst euidence

that å. fluEh of microbial actitrity had occunned. S

def iciencies a.re nat rrormålly encountered in the fieìd Grr this
s.oil t..*F,e, pPeËum¿b, l:¡ because P i= UEUå¡ly added aE



1ló

suFepphosphate r¡hich t¡ould alleuiate both P and S limitationg.

tJhile no meåsurements t¡rece made of the dynamics o{ microbial

growth and P uptake duning the cou¡se af the expenimentt it cån

be sÉÉn {com Tahle 23 that the amounts o{ ? held in soil

micnoonganisms at the end of the experiment wene ccnsider¿blI

hi-chen in thase gaiIs r¡hich had neceiued medic nesidueE.

Supponting evidence is FPGçided by the nadioisotope deta.

5.3,2 szP and ÈaP uptake

Of the tstal F in pìants. and microbial biom- ssr the

Ft-crpantion denived fnom the plant neEidues and.fertilisen v.råE

cal cu I ated f rtrm nadi ai sotape data ag f ol I c't¡s.

Z - SA* / 54., (.{here

SA, = s-F,eci{ic activity ef P in r,,.rheat tapr Fsott or

micnatiial hiomassr a,nd

SA, = sFecif ic ¿ctitrity of P in plant residue or- {ertil içen

added

Reç'uItE ane F,Fegented in Tahle 24. Addition af reEidueE

significantìr'decneased the Frtr,Fsrtion of fentiliEer P in the

plant top=', and increa='ed the Fnoportion af microbial P

urhtained from the fer'tiliser. âddition qf {entiliEen had rro

e{{ect an the proFortic'n of plant F taken uF from the ne=idue=t

but significantly incneased the Fropc'r*tion af biomaEs P derived

f rc'm res.i dues.



117

TaEìe 24. Pencentaqe=. of total P ccntained in r,"rhest tops and
rcots, and in the biamas:. derirred from plant residues
and {ertiliser.

+Ferti I is.er +Re:-idues +ReEi dues
+Fenti I iser

LST}
F=f] .ft5

Top 
=.3ãP{Reeidu*)

32P{Fenti ì ie.en}

Rao t 
=.3sF( Ée:.i due)32P{Fer'ti I is.er)

l'1i crobi¿ì bi ama.=.=
33F( ReE i due.r3=F(Ferti I i=.er']

4L'l . I

1-a.F

0.7
[.d

?¡

1.4
/.-l

07

fi.3
0.F

-ìt

'>t FJ

t]t. 
-l

7.n
I Í .J

The distnibutic'nE s.t hs.r'.re=.t nf 32F ir'üm the e.dded

{*rtiliser. ånd 33F frc,m the r'eç.idue=.r årÉ ='houun in Tahle ?5.

In the;rh=.ence c'f res.idue=., a :.imil¿.n amcrunt a{ 32F {iram

fertiliser) t.raE faund in pl+nt=. a=. t.r¿.ç. fnund in the sail

mi cnc,hirl hi ama.-ç.. b,li th res.i due addi t i an . the t i anr-+sç. appeaned

to accumuls.te szP +t the Ê::(Fìenee c,f the plants. B¡* far the

gr'Eå.te=.t F,rcFc,r'tic,n af 33F {frc'm re=idue=.} t'.raE nscG'.,ened in the

hicma==.. bath in the ab=.ence ¿nd Frresence af fertili=er P.

Fertiliç.er F appea.red tn =.timul¿rte pl*nt uFtt¡rke af 33F {nam the

reEidues.
ËhoEhal (lF75s.) {c,und the.t the addititr'n c,{ å C EcuFce to

soil decneased the uptake of fentilisen P by FyÉ plants. e.nd

trGncluded that é(n increåse in micnobial actiçity had caused

immobiìi=.+tian c'f fertiliser' F. Pìant reEidue-= Fr-ouide a

Etrunce a{ C. F and ather nutrient=-..
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Tabl e ?5. Distribution a{ isotopes at hanueçt expressed
FeFcentages of the amc,unts applied.

e(h

+Fenti I i=-.er +ReEidues +ReEi dues
+Ferti li=-en

LSÞ
P=0.05

33P

3?P

Tap s
Raats
l"licrohiel

b i am-+=.=.

Tap 
=.

Rc,o t 
=.Mi cr'abial

hi ama-e.s.

tr .3
1.07Ç

a,L
-4.7

I.C'
tt .6.q.4

de.4

"F.?
1.n

{4E
I-4.-l

111 .û

2:l. ¿,

Preui¡u=. =.tudie:- h*+',re {ound that the F cc'ncentnatic'n nf the

residuÉ= må1.. he Gnp af the mo=t impartant fs.ctsrs af{ecting the

u¡take o{ F hy plant=' grat'ring in :-trils åmended r¡'rith plant

ne=.idue=.. Fuller' et al (1?56) found th¿t natit¡e =.oil P mar E'e

immc,hi I i=.ed r.r.rhen the -+dded re=.idue=. cantain I e:.s. than L] .21: F.

Ther, {ound tha.t P f ram rqat regi due=. t*ra.E I es=- nea.di I y ar.rai I ¿hl e

than th+t f rr-rm tape.. D-+l al ( 1F7F) . trn the ather hand. f c'und

the 32F in labelled cl':,trer root=- to he mare åuåilahle th;tn P

{rc,m top=. ¿=- mes=.ured by ezF upt,+t<e by cate., tlalal mea=.ured

h i qh rateE af Feco(reFy {+ 40}:) of 32P {ram nesi dues. tt:' the

plant, :tlthough the F cantent af the cl,f'.rer re:*idues u=.ed t¡as.

hiqh (ü.55:{ F). In thi=. Etud}'. an attempt waç. made to simulate

the canditi¡rrs. Fre'.råilinq in the field under medic-u.rheat

rotatian='. The fentiliEer rate used åF'Fraximates tn that t*rhich

t,rc,uld he added tr= a -=.r-'il ttr ith medium-lcrt.r F =tatus' Eocts and

top= of medic nesidue= r.r.rÊr'e comt,ined in a mixture. and a.dded at
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à nåte, which t+ould repregent the åFpt'cximate pPsFtc,ntions, and

ðmGUnt=, r-rf thege plant parts remåininq åt the close c,f seåscn

in å gnazed pa=ture. The medic {nom u.rhich the nesidues wePe

ohtai ned t'.ras. grtwn i n the såme Eoi I ås the f al I ot¡i nq wheat

cr-op, and the reEidues had a P concentnation (0.11t{) similan to

that found in the field (unpubliehed data). Hcwetren¡ it should

be remember'ed that becauge of the l imitation imposed Ey napid
radiai=.otope decay, immature plants had ta be used far reEidue=.

in the expeFiment. In the fieldr ffiåtune plants r-emåining

a{ter grazing cantrihute the plant material which is. carnied
c'uep ta the cereål phase of the rotation, and these may nat
inf luence the turnoueF c'f P in the e.ystem in exactly the såme

t.rå;r'ås found here. The nesults presented indica.te that onry
sm-+ll amc,untç. of P from the medic Fesidues uJer.e utili:.ed hy the
follutaring wheat cpcF! e\ren whene no fentilisen p had been

added. Frsm Table ?4, it cån he es.timated that the
contnibuticrn of ñieditr r-EEidueE to the P nutritisn af the r,.rheat

pìant was ahaut a fi+th of that contnihuted by the fentilisen.
This pr'oFortion is similan tn the relatiue amountE r¡{ P aFplied
to the sai I hy the tr,.¡s ËGUrces - medi c nes.i dues euFrti I i ed

å.pproxima,tely Gne quarter af the amount of F aF,plied as
{entili.-en.

f'l-+ntin and f,unningham (t?72) Ehau¡ed that the nelease of p

from desiccated r¿¡heat rootE wås mainly thnough autolytic
actiui ty af the plant enzymeg, Thus r.rri thout any micnabial
activity a large amount of irrorganic p cauld enten the
plant-arr¿ilahle pool r,rrhen the dry soil h,ås rer,.retted. Birch
( 19ó1 ) r ún the othen hand, f ound rap i d growth of mi cnoÐrgån i ç.ms
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Gn Fer.,.retted plant matenials FFevented the nelease of inorganic

P to salution. Incnqanic P t^rag detected in si-Cnif icant

quåntities only af ten å decneåse in the micnobial populatiorr'

The results pne=.ented hene suppont thsse of Birch, ås' å larqe

Ft-oFsrtion of the P from nesidues t*laE found in the microbial

bicmåss euen af ter 4tl dayE in =.ai I cantaining P f erti I iser and

activel y gnot'-ring plants. I t is euident that a coneideretl e

Fr-c'Fc'rtion af the applied szP waE inconponated intn the tricmsEE

(Tat'l e ?=l I erren i n the absence of nesi dueE. Addi t i an sÍ
re=.idue= cauEed the FrGFartic,n a{ azP entening the tiomass. to

increåse, r..rhile the frro1ertion entering the plant t.rå.E

decrea=.ed. These re=-ult=- suFFont the cc'nclu:.ions. drat¡n from

=.imulatisn model I ing (Êlair' et al . lF7,J; tül e et al , L-!77), end

I at,c'ratany :.tudi e=- ( Hedl ey et a.l , I FEZa) . I t remai rrE tc' te
detenmi ned v.rhether gimi I ar FeÉu I tE r.çou I d t'e obEerr¿ed under

field condition=., rrrhere ent¡ir'onmental Etres.=.eE such å:.

des.iccatisn (Sparling et al , lFggt') and predatian (Elìiatt et

ål , l?Ë4) wauld fa'.raur release of P {nam the hÍamaç.s.

In Fne\rious studies t.rhere the tunnc¡ueF and plant uFtake of P

has teen traced ur¡ith ra.diaphc,sphc,rus (Fuìler et al . 195¿,; Blair
<nd Eoland, 1978; Till and Blair. 1?7Êi l,.lhite and åyout', 1F83;

Sharplef r 198é), i=ctopic e:<change neåctions åFrFeår. tc, har¡e

been discnunted during interpretation af the nesult=., Hc,v.reuerr

åË- scc'n ås r'adicFhÉsphoFuE is nelea.ç.ed in insrganic {orm fnc,m

labeììed plant material tnegåFdless c,{ the pr*scess invalved),
it teccmes Iiable ta isstopic excharnge. Thus uptake a{ p hy

plants from bnth reEidue and fertiìiser sour-ces trill be

underest imated hy r'adi c,tracer techn i ques, å--- di gcu=sed
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previousl:¡ in Sectian 4.3.2.
A large prcFrartian of the 3sF recoltered i,Jas {aund in the

microbial hiumagE. t.lhile fumigatian cån cå.use signif icant

rel ea=.e of P {rom f nesh ttrheat raots and shoc't=., euen a mi I d

dnrinq treatment (Stl'Lì for' 24 h) cåuseg the fìush due to

{umi -Oat i an to di eappe-r,P . due to ex tenEi ue damaqe *.nd rel ease c'f

P fncm unfumigated materials (sertisn :1.7i. Hatrreuen' to check

i+ fumigation cåu=.eE =-.i-qni{icant nele¡.se a{ F fram dried arrd

ground medic plants, tl .5 q =ampìe:. sf unfunrig+ted and {umiqa.ted

ne=iduee. uJeFe extr,¡.cted with 1fllJ cms tl .5þl l'¡åHL1[s. A-=. the

fumigated såmF'les must stand {ar å tata.l af 4g h a{ter t'eing

r.rretted r.'.rith hiocide (Ëection 5.1i, releåEe cf Po throu-oh plant

enzyme actiuitT iE pa=-=.ihle immediatel¡* af ter the dried

rne.teni*l i= r,iretted. ÊccardinEly some un{umi¡-lated re=.idue u.råÊ.

treated =.imi ì ar I :" tn {umi gated samp I es, extreF t that i t wè.='

wetted t,rith 7 cma de-ic'rri=.ed t';+ter in=.tead c,f he:¿+ntr'I . Alì

É,ther år¡ålfEÉ-= tdere å.=. de'=.crihed FPe{,iau=. lT (Secticn 5.1}.

Re=.ultç are pnesented in Table ló.

Tabl e I.4. Per.cen tage=. urf tatal F i n dr i ed medi c re=.i due=.
Feceuered by t--l .5t"1 l.laHCO= a=. Fr å.nd Pt.

Treatmen t I tc't-+1 plant F

Pr Pt

Unfumiqated

Un{umi qeted {t^ret ted)

Fumi gated

LËû (P: tt .rl5]

-'f t)

74. I

g. tl

E

gtt . L]

77.u
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Almost all c,f the P extracted fnom the plant matenialr whether

{umiqrated c'r- unfumigatedr uJåÉ in inarqanic fonm. The

obsenuations that å lange pnoportion ol P in plant matenials is

soluh,le in t.rater Gn hicarbanate foìlowing drying suFport these

resul ts (Bnomfiel d and Jones I L?72; Mantin and Cunningham,

l?72; t,lhite, l?Bl). There uJås an incceåee in the amount af Pr

and Pt extnacted fr'am unfumigated residue t+hich had been t¡etted
tçith (.{åter åE descnibed ahaue. Actiuity of errzymeg in the
plant matenial is ¿ possibìe mechanism r¡hereby cÐmpoundE in the
dr'ied material , {ormer.ly insc,luhìe in t.5E tlaHCOr, could he

extracted hy this neàgent af ter r.'.retting. There Hås nú

=igni{ic;rnt incr*eåÉ.e in the r-ecoveFy of P fram either' the dr.ied

or t,retted res.idueE due to fumigation with hexanol , Thuç it i=-

un I i kel y that the {umi gat i on techn i que cau=.ed rel eaEe af ssF

fnam the plant reEidues in this etudy. The high Fr-cportÍon o{
33F faund in the hiamaç.s m¿ry in pant be a ref lectitrn of the

spatial lqcatisn ef suhstrates in the =-.c,il. ssF wauld t,e
c I oseì y e.sssc iated tai th souFceÊ of C and N used by the

micrÉtrr'gånismc. fan gnorath, r.trhile szP r¡auld he phrsically
nemnued to some extent from thege micncEite=.. On å langer.

s.cale, the cÊmFetition hetr¡reen plants. and the =.ail t'iomasç {on

auail¿.t'le P may be aJfected by the spatial distnibutions of the
fertiliser and plant re=idues. in the:.oil. In the exFeriment,
the P sGUr-ces r,.reFe mixed thnoughout the Eoi I . In the {iel d

plant res.idueç. t¡rauld become mixed intc the soil r,.rith

cultil¡ation, Hc,r,.reuen, fentilieec P is normally placed in å trand

close to the gun{ace duning =.awing, and thiE may decpeé(Ee the
ccmFet i t i r:ene=.= of the soi I mi cr'obial hi omass f or up take of
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fentiliEer P

5.3.:ì f:hanoes in slF di=.tribution
A=- expected, additian cf fertiliEer F cauged large

incneaseE in 31P extnacted by 0'5U NaHËOa, and subsequent plant

grnt,rth decreae.ed tl .58 NaHËOr extnactaL,l e P {T+hl es 27 and ?gJ.

t,lhile srFr extnacted tìy 0.51",l NaHDO- in the contnol and +r-esidue

treatment=. incr'eased ÉueF the plant grar¡lth peniad, there t.rene

decreå.seg in organic F (s1Po = srPt =tP.). Small decneåÉeE

due ta plant growth in ='P, and srFt extnacted Ey Cl .lE I'laüH ¿nd

û.1t"l t'latH follot.¡ing sonification rr'Jer-e obsertredr although the

di++eFenceç. r,JeFÉ not consisterrtl y =igni{icant.

T¿hl e ?7. Changes in =tP, contrentnation in soil ås å nesuì t sl
u¡heat grct.rth. I = initial ualues, F = af ter t.rheat
ç¡nou.rth. l"leang follat¡ed by dif+epent lettenç. indicate
å signif icant (F{0.ü5) di++eFence hett'reen initial and
{irral ualueE. F. in 1.Ctl"l Htl End reEidue fr'actian=-.
not deter'mi ned.

Ex tre.c tan t Con tnal +Fer t i I i ser +ReEi due:-

FI
Fg g-r e.oi I

+Re=i dueg
+Fer.tiliç.er

FI F F

r'l .5t"1
I'laHCttc¡

He>r¡.nol -rel e+=.ed P

t.lM
NaCrH

Sonic¿.ted
0. 1l'4 Na[tH

fi .3- Z. flb 9.0* 3.3Þ 0 .3- I .9b Ë.4- 2. Bt'

lCr .4- 7.7é 7.-/- 7.9- l1.d- Ë.08 lCt .l- p.5-

15.d- l5.l- zfr.?- lF.2Þ 1d.3- 15.6Þ 20.5- lS.4Þ

2.?- 2.1- 2.7^ 2.4É 7.-¿* 2.4Þ 2.6- 2.6-
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Tabl e ?8. Ëhanges i n s1 Pt concen trat i on
wheat growth. SYmbal s aç. f c'r

in soil ås å resul t of
Tatl e ?7.

Ex trac tan t Con tral

I F FI
Itg g-1 Eoi I

+Fen t i I i ç.er + ReE i dues +Re=.i dueg
+FertiliEer

I F I F

Hexan o I
rel eaEed
F g.l- 7.7- g.S* Ë.4- 12.2^ lcl .0- lct .5* 1fl.3-

û .1t'1
l.ls.OH F.4.S- 53.tÞ -43.5- 5-4.3b C,Z.¿-- 5-+.lt* dl ,4- 57.F-

t .51'4
f.l¡rHCüg

Sonicated
t:r . I 1..1

tlaüH 7

1.tt4
Ht::I

Ee-=. i du e

4, F- Z. Sb l tt .6- 3. ÊÞ 4.?- 2..ab ?. ?- 3.5b

5- -{.7b .q.4* 7. I b 7.5- 7. Ê- 9.0- 7.4-

I F7- 199- 2ü7- I SËt' 197- I FF- I gg- 19É-

Él . F- ËE. p* g?. U- Z[-{.,jÞ gt , É,- 7--J.:{- g:{.4- l-{4. S-

In sr-ril r,,rhich h+d Feceiued c,nl;" {ertilis.*r'. there tr.rÉre

=.ignificant decFeåËe=. in the grPt extcacted by 1.Ül"l HLll (no

=1Po cauld he detected in thi=, frtcticrn), ¿nd in the residue

f rartian. The resul ts. in Tabì es 27 and Z.q ca=.t ÉGme doubt an

the e.uitability o{ the terme. cc,mmonl, u=.ed to de=cribe the

relatir,e ¿vailebility af P {ractians. =.eparated hy the technique

used in this and other studieg. In Eoil t.rhich had receiued

{er'tili=.er c,nìy, plant grst.rth depleted slFt in the residue

f raction and that extracted Er 1.ÜE Hcl . Hedlev et al ilFezb')

¿.ì ç,= f aund that plant.- t.rere ahl e ta dralu F {rom the 1.tll"1 Ht:l

f ractian r ïÊt thiE f nactian hs.=. heen tenmed "moFe =tabì e
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inonganic phoephonus composed pnobahlf af apatites" (Stet'lant

and l"lclr,erchen, l?F'¿l . The hasiE for this intenpretatian stems

{nom the resul ts af t.Ji I I iamE et aì ( 1?80) . Ho(4eveF r these

wockers uç.ed a slightlf di+feFent extractiorr scheme to thst

FroFssed by Hedley et Èl_ (1FÊ2a) and used here, in the.t a

mixture af gadium dithiorrite, sodium citrate, and sodium

bicarbonate at 85oC t.raç empìoyed a=- the initial step in the

{nactionatisn scheme. Thi=. mixed Feågent (DCB) iE deEigned ta

extract dical cium phosphate dihydrate (DCPD) r CaHPO+.zHz[t, and

r.rras ElEo found tc extract most o{ the P contained in

hydnoxyapatite (HAlr Caro{Ffi4)¿.{tlH)2 (t{illiams. et al! l?8tl).

Eold 0,51'4 NaHCOa (pH Ê.5) is. not ss rrigsrous ån extcactant ås

ÞCE at Ë9-C hc,urreuer, and wi I I extnact ,=nl y smel I amc,untE of P

cr:,ntained in DtFCt ËF HA (de Eu=.setti et al" 1180). It is
po:-siEle that å t{åter* + HCúe- anion exchange reEin extraction

F t^Ècedi ng the t .5E l.laHCClg ex trac t i on r åE rerommended E,y Hedl ey

et al (19S2a), trrould dissoltre the mone s.,-rluble Ca pho:.phates.

such å5 EICPE) (t.lagar et a'l r lFg6). de Eu=.setti et al (lFBtl)

found that Cl- anian exchange nesin wåÉ effectir¡e in partially

dis=.olving FUre D[:FD and HA. Hou.reuer, the initial pH a{ this

unhuffered system r.{s.E 3.5, and extensit¡e diç.solution ulould be

expected. Anion exchanqe resin in the HCCI=- fonm tends ta

increå,Êe the pH of acidic soiI susFeneions and huffer the pH of

alkaline sc,iì susFensions (Sihhesen, l?79), sú it is unlikely

to cåuse complete dissolution c,f DËPD cn HA in Euspensions of

calcarecus. soil. The subeequent 0.lE l.la0H extractions wauld

cauEe little dissoìution of calcium phosphatee due to the hiqh

pH a{ the extracting sc,lutionç. Thus the 1.01'1 HCI ealutian
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trJoul d extFåtrt some sl ightì y sol ubl e cal cium phosphates =-uch aE

DCPfr ( pK-o = 6.5d) ar oc tocaì c i um Phssphate ( OCP i P1(-" =

46.?1i, CaeH=(P04)¿.5H2flr åe t.relI å5 eFåringlv solubìe {onmg

such åÉ HÊ (pl(-" = ll3.7i cr {luorapatite (pK-r = 118.4).

DCPD, HA and OCF.gre ell Feåctisn Fncducts fonmed aften t4CP iE

added ta sai I s (Sampl e et al , lFAO) ! and thene i=- evidence the,t

some sparinglr soìuhle pha=phateE har.¡e a hiqh potentiaì
at¡ailability tc, plant=. (filEen et al , l?Ë3). Thus in the

e¡rtr'action scheme of Hedley et al (l?82a) and that used hene,

the P extnarted hr' 1.flF1 HL'l i=. likely to contain {c'rms

auailable for' pla.nt uptalce. tJagan et e.l {lP8$) haue elso used

the {r'ac t i onat i c'n =.cheme o{ Hedl ey et al , a.nd f ound th¡rt I arge
¿dditionE of P ta a =.1ightly alkaline scil reEUI ted in large
incr'eåEe=. in the F extr.actahle with l.Ctl'4 HCl , The incneased

amaunts of P held in the HCI-entractable {raction remåined

=.table even a{ter -q }' c,f crGFìping *nd ntr further additic,n ai
fer'tili=er. [,J*gar et al (1PgÉ] did nc,t inue=.tigate the

F,GE=.ihle farm+tic,n o{ calcium pha:.phates during extr¿.ctian of
the soi ì , t.rh i ch con ta.i ned both {ree Ca .+nd eer.y ì arge .a.moun tE

of P. Hc¡Llre(rerr they r.etrcgrrised that =.Fåringìr =cluhle, but
plant auailable, farm=. sf P could remain in the Eoil duninq
frsctiana.tion until extracted hy 1.0t1 HCì.

The depletion due to plant gnot.rth of fonms of F solubilis.ed
in the laharatsry onl), hy hoiling trúncentnated acids is msne

dif+icult to explain hor¡even. Hedley et al (1gg2b) also
obserued decneåse=. i n amoun t=. af r'e=.i due p due to p I an t gno¡¡th.
Furthen inue=.tigation hy the=.e u.rorkens revealed that å lange
FrcF,ortian of the r'esidue P ig inonEranic, ¿.nd that plant gror,,rth
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depleted this fnaction by decreasing rhizo=.phere pH and causing

dis=-alution of hasic phc'e.phate:.. hlagar et al (1986) {aund thåt

urretting and incubation cauEed meåsunable changes in amounts oI

re:-idue F extracted {rom EaiìE which had heen staned air dry¡

and suggested that micnohial actiuity may ha"re caused the

nedig.trihutian af P. These wc'rkers alsc, suggeeted that the

Fesidue P fraction Eoneists largely of Po, a1 though no dat¿.

r,,rere Frsvided to subgtantiate thiE claim. It t.rculd apFeå.r

therefare that the mc're chemically reEistant {ractions

=.eparated hy this fr.actionation technique shsuld nct he

pe'fårdÉd e.tahle in å biological sen=-e'

Thene is a ptrre-=ibil ity that bssic FhoÊphåtes ma¡* he

Ft-Êtripi tated durinq ål ka'l ine =.tage= c'f the extraction FFcceeE.

Indeed, thiÉ tJå=. the Feå.=.En Hedley et al (19g2h) used a neEin

pretneatment in the extraction s.cheme. Hcrtirever it l.rråe {ound in

thiE study that ?l:,4, c,f å spike sf inanganic F (25 l-tg F g-1 ssi ì )

a.dded to the s.oil he{ore extraction! t\rå='. necotrered Ey Ú.58

tlaHCO. tpH ,9.5) and a further C'f uçaE found in the Ll .lE l'lattH

extract. A=. stated hy 'Iackssn {1958)r the carbonate isn added

in the 0.51'l NaHtOe 'ípH 8.5) extract, hv the soìuhilitv praduct

o{ CatlËs,r fiåirrtain=. the f,a actiuitf' lot.r enough in mcr:-t sails to

preuent FeFrecipitatian of líEerated pha=.phate as. calcium

phosphate.
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5.4 Summanv and concl usions

The regul t=. conf inmed tho-=.e a{ Chapten 4. The microbial

biomass was found to asçimilate a Fropol'tion of the labelled

fer'tilisen gimilar ta that taken uFt by plant=' A large

FFGpcrtion o{ the P contained in medic nesidues was faund in

the micrahi¡rl biomas=.. The neEults suggeÉt that a lange

pl.oportion of the availahle P in soil påsses through micnobial

celìçr Fatrticulanly that P tuhich is released {nom plant

nesidues in the Eoil. The effectiveneEs of plant nesidues fnom

å Fr.eceding på--tune in F¡crvidinç P to a wheat cnop wå,c- lec.=-

th¡rn that of cur'rently applied fentiliser. Hot;ever, this

e{fectiuenes=' t{ås roughlr FroFrc'nticnal ta the tatal amountg of

P added h:v the two strunces.
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TRAI-.ISFTIRI'4ATI ON

CHAFTER 6

S fItr P IN CROPPED SOIL F I ELD EXPER I I"IENT

d.1 Intnoduction
The neeu I ts of Chap ter 5 demon=.tr¿.ted that the mi cnobiaì

biamaEs assimilated å FroFectian of the applied {ertiliç'en

equål to plant uFtake, and that ¿. larqe Fropontion r-tl the P

cant¿.ined irr the medic re=.idueç entered and remained in the

microbial pool . These reEUlts tJene sbt¿ined in å grou.tth

chamher t¡here candi t i tr'nE. were {at¡c,urahl e {c,n gronr th a{ hoth

pì.:.ntç. end micnc'Cll*ga.nism=. {ar- the dunation r-,{ tl-¡e e}iEÉriment.

Fertili=.er' r.l,¡ås. r:r:j+,r:;t-'i-,rJi'mi.Hed throughc,ut the =.c'il. In the

field, hoth plant=..End micr'c'cr'g-+ni=m=. trån Euffer {rom

enuiranmental =.tre=.=.eE r c-uch a=. de='iccatiÉ'n. Pi{cÉE--- heat t

f reez i ng and predat i on . Éll =.o, ËsurceE of F ane nc't un i f cnml ;r

di=.trihuted thrc'ughaut the sc'il. Lrlhite plant reçiduee'r EUch ¿=.

rsc,ts and ungnazed c'r unharuested topsr rrrê.T be mixed intc' the

çci I dur'ing cul tiuatic,n, P f enti I i=-.er i:- generaì ly h¿nded nËåF

the Ecil -=unf¿ce durinq the çiot.ring c'f cerea.l=.. As the spatial

lacatian of F in sail a{fectE pl+nt P uptake (Ka{ka{i. 19.{4¡

Eudd and Earr'c'trr, I?7?'; Enge'l Etad and Tenman, lFÉtl ¡ Barry et sì .

1?.95)r it i=' liLtelt' th¿.t Eanding 'rf fertiliç'er I'trill alsc':rf{ect

uptake of P by the soil biata.. The dlnamic=. of P uptaLre Ev the

micnahial tiam¿=.s and r,',rheat plants under {iel d candi tic,n=. t.råE

thenefone çtudi ed.

.4.2 l4aterial=. and methad=-

The exFeriment u.ras csnducted at l'lallålå. -=itue.ted

åFFrcximatel'¡ 6lr km nanth af Êdelaide in .Sauth Auçtral ia (Pl+te
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1e, Får-_Je ld4). The chanactenistics of the s.oil have been çriuen

pnetriously (Table 18, Påge 97). The plot used t.ras fal ìot¡¿ed in

19SF and maintained u,reed-fnee uP to the time of planting in

1F86. 33P-labelled medic neEidues. and 32P-labelled l'ltP t,rene

app I i ed ta soi I crcrF ped r,'.ri th tJheat .

ó.2.1 Pnenaration c,f 53P-labelled medic regidue='

Ta ahtain medic reEidue=- t^rith å high sF¡eci{ic actiuity of

=-P, plant=. t.rene gFotltn in =and r¡.lhich had heen t.ra=.hed thnee

time.- in deicnis.ed r¿r+ter. Ta clc'e.ed pot=. cantaining t.UF l.lg

E¿nd pa.cked to a bul k den=.i ty r-rf 13U0 ftg m-ã r.+a= added a b¿.=.¿l

appl ication of Caf:lls (3 mg g-1), ËaSfta tZtü tt,l g-1), and

Ca{l.lL'lg) 2.4H2ü ( 1d, EZ ltg q-r } . Ei qh t gepmi nated medi c (luledi ct.qo

truncatu I a. cL, . P+.raggi oi =.eed= t{ere p I aced 7 cm hel ot,l the €-år-rd

=.ur{sce +nd s. ç. lurry a{ RhizÉ,hium hacteria a'F'F'I ied ar'r-'und the

seed. The E-+nd =urf ace tJås cotrer'ed to a dep th o{ 2Lì mm t.¡i th

tr¡hite Fc,lythene be+ds and the ç.and tJ¿tened tc' l5]4 qFåuimetr'ic

t.raten cantent (-51-l kFa). PlantE þ.reFe gr*crrdn for 42 day=. in å

çrror,.rth chamher ¿tt 20-Ü (d-+y), l5-C (ni-eht), relatiue humiditf

wå=. 6U:,: (day), PSI: {night.r. and FAR rda.s SüLl l-tmol quånta m-2 E-l

fan l4 h day-r. The trrater potential af the sa.nd t.ra:. -<diu=ted

dai I y ta -50 t¿Fa, At fi , 14, 23, 3ü, Ll$ -and 39 days a eol utic,n

supFilring Zfl.Ê3 mg t{HzPCl4, 8.33 mg lt1g5L1..7Hzo, 833 ttg

FeSL-ls.7HzCt, S3I+ l-tq l',lnS0..4HzCt! 5t0 ttg ZnSO..TH2Or 333 Fg

CuSO..5H2O, 333 Fg HaBOs, 33.33 ltq CoSfto.7HzQ, 33.33 ltg H2F4oÚ.'

and 4.11 MEq (cc'rrected tc' t - 0) cårrier-{Pee asP r¡a=' added ta

each Frc,t. Uni{srm labelling oi the plant matenial t¡raE

there{É,re encounaged t,y feeding the plantç. ,*t ea.ch time t¡ith å
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nutFient solutic,n hauing å sFecif ic activity of ssP equal

the ÉFecific activity of P already taken uF by the plant.

time interuals chsçen ian åFFlication a{ nutrient solution
detenmined by the rate of grourth of the medic plants

to

The

l^lÉl+ Þ

(deter'mined in å. prel iminany exFeniment).

l.ledic tops L{eFe haruegted bry clipping at the Eand Eurface.

Rc'ot: wene =.eparated from the =.and by gentle agitatian unden

lqraten, and r¡a=hed f nee of sa.nd r.rri th å çFt-åy q{ t.rater o\rer å

{ine siec/e, Flant materials t.rere dried et 7üoC and ground to

FåEE å 1.0 mm çieve. A mixtune af the residues t¡¿.s pnepared

fram the taps. and noc,ts. in the ratia l=7. The nesidueE had a
3rF content of tr .:{ú-lr}í and a esF specific ¿ctir,rity of 237.5 l'4Bq

g-r 3rP (carnected ta the time ci eowing the r,,,rheat cnop).

ó.2.2 lrlheat qnotarth

l,rlheat plant=. ¡.,,rere çrrcrr.rn t,lithin oFten ended pots made frnm FUC

cyìinder=. 15fl mm deepr ha,uinq an inside diameten of lû0 mm and

driuen inta the ç.ail ta a depth af 100 mm. Suil uvithin the Fc,t

t¡JåË-. remoued, sie'Jed ({ 2 mm}, and 3sP-labelIed medic FeEidueE

added at å nate of :{.4d g kg-t (or,ren-dry sai I }. The residues.

tÀrene thorou_oh I y mi xed thrnughau t the ssi I hy end o(rel. end

mixing in å. FL-ìlythene hattle placed in å trement mixer. The

soil, extrept fon the la=.t 4û mm topsoil. r,Jås then nepìaced

t¿i thin the PUC cyl inder ta a bul k dens.i ty s{ l4Ct0 kg ¡¡-e. Ta

the exposed Eoiì sunface wå=..Edded euenìy 40 cm3 of a solution
t,rhich suFpl ied Ê1P (7.6P ltg P q-1 åE Ca(H=Pû.)2, tl (3[.7 Fg N

q-r *s l.lH.l.lfi-), S t7.Ég F_q S g-1 å€. CaS0.), t4g (2.21 ltg l4g g-1 å€.

l'19Ëüa.7HâL-l). The =slution also cant¿ined r¡P to give an
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ÀFplicåticn r.å.te o+ 4.8U kEq q-r soil. and a EFtecif ic actitritv

t4 32F ¡{ d?4 l"lBq q-r 31F added. Tnace elementE u.rere alsa

applied ¿.t rates. equirralent to h¿l{ of the total amounts used

far. the medic gnnr¡th pha=e (section .4.2.1). Ttao germinated

r¡h ee t {Tr'iticum ae=.tit¡um cv. tJanigal) seeds toene pla.ced on the

expa=.ed s.urf ace and the remåi n i ng top 4t mm çai I t4ås. packed

into the cf,linden, Thus. the sráP in the residueç. t4å.8 euenly

dis.tributed thpcruqhout the =.oil, v.rhile 3z1-label led {ertil i-=er

þ.r-å.E cc'ncentrg.ted in å hand 4ü mm belotrr the Eoil =.unface (Figune

I -l-l .

A tc,tal nf ?? cylinder=. wg.s placed in the soil åE degcrihed

åt,c,rrÉ. r¡ithin é( plat EFeå. sf 1.d m + 1.2 m. The cylindenE t'-rÉr'e

pl*.ced in 'Jr'-ruF=. c'{ three ¿=. s.hat{n in Fiqune 1É and Flateç 1 et

f and S ipar¡e 164i. Soil sute.ide the cylinder=. (guard *ereaç'i

u.r.e€-. ål EG Ëcu.rn t.¡i th t.rheat end receiued the É.åme åmtr'untE tr'{

nu tr i en t-= -{=. çoi I t,ri th i n the tr}'I i ndÉrs. t'la r-+di oi =.otopes r.,'rÉre

app I i ed to s.oi I i n the quårrd arÉås. 5oi t temperatur'e Ërt Él:l rfiß r

r,.¡ee!:ìT rainfalì and eu-:.paration at the s.ite tÂrgl'É cantinuou=. ly

monitc,red durinç¡ the ÊxFeriment. Úaily rainfaìì data L\IEFe

trt'tai ned {ncm the ne¡rne=t FeEÐrdi ng stat i on åFF rox imatel y I km

{rc,m the site. The plot rrrå.=. {enced to prer.rent r-+hbitt sheep ÊF

bird gre.zing, sna.il hait t.rå=- laid. ånd the ssil t{s.E trråintained

ureed-f ree by h-+rrd areedi ng. The t.rheat p I an tç. t.rere th i nned tn

cne FÉr.c:'. linder after EmergencÉ. [¡ue ta the uery dry Eta.nt r¡f

the 198-4 eeå=.Gn the plcrt wåE irnigated at ?! 5r 25 and óA days

a.f ter planting to prevent t.¡ater =-treE=..
At û , 7. 1S, 3?, 4d, É1 , gl and F5 da'yç a qrouF c,+ 3

c¡..l i nders r¡;a=. remotred f rom the p l of and tnan=por ted to the
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Figure 15. Cnoss section of open-ended pots uçed in the
field exFeriment and distnibution of
i=-otoFeg. A - tsP-labelled sail (+residues)t
B - szP-labelled soil (++entilieen)r C -
unlabel led soil, D = PVC cyl inder and f =
wheat plant.
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labonatony for såmpling and analyeiE. At each så'mpling time

un I atel I ed ssi I tÀree added to the hnl eç cneated by r-emovål o{

the cyl inders. s.c that soi I condi tions t¡rroul d nat be dnastical I y

changed for the plarrt= in the Pemåining cvìinders.

6.2.3 Samn I i nq and anal v=es

l¡lheat topÊ åFrd naatÉ were harvested, and soil =-amples to 1t0

mm depth nrere taken ås. deecnihed in Section 5.2. I'licnobial F

t\rå=. determined on the sail såmFìe=-. ¿g deEcnihed in Sectian 3.Ft

exceFt that eorptian of the =.P, and ÊGrFtion and/or isotopic

exchange of the szP- and 33P reìeas.ed by fumigation uJere

meåEuned. Snnptic'n af =tP. wås detenmined by adding a epike o{

1t-l ttg erFr q-r Eoil ta an unfumigated pantian af the =.ample

hefare extractian, and cal culating the FroForticnal recGueFy o{

added F. An amoun t of 10 ltg P g-1 =.oi I tJås chnsen f cn the P

spike, åË the F fluEh meåËured at this =.ite during the l?85

Ëeason varied fnrrm B to 12 Fq P q-r. Corr'ection far -c.orption

årrd/'c'r- exchange af the i =.c,tcFeE wåe more camp I ex . As the

disapFeåFånce of isotope from solution (or the apFeå.r-ånce of

isotcrpe in Eolution) depends not only c'n the i=-otopic

concentr¿,tion, but elso on the sFÉcific actiuity o{ the

sc'luticn P, cGrltection for ieotope r-eccuer'y cannot be

calcula.ted fnom the disappeårånce of ån added spike of is'otope.

For example, if å eingle spike of seF wag added to the soil r å

FroFontion a{ the isotoFe tarå,ç not recouened by the extracting

solutian. Hotueven, i+ the Eåme amount aI 33F was addedt hut

with a quåntity of ê1F algo (i.e. laviren EFecific actiuity)t
then deçonn t i on af 33P f rc,m the Eoi I t^rås obser,-¡ed as 6r F
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dispIaced ssP already ppe=ent on some of the enchetnge sites.

Thus i+ P released frsm the microbial biomas.s by fumigation has

å lorrr sFecific activity this cån cåuse desorption of isotope

fncm the exchange sites Én the Eail suF+åceÉr incnease the

ohEerued concentnation of isatope in the Eol ution, and thus

sveFestim¿te the amount of isotcpe in the microbial poal. The

folloraring experimental strategr u.las therefore adopted ta

meåeure i+ åFFr-eciabl e ÉFFcrE existed due to adgarptian cF

desorption of isotope fnom exchange sites. To 5 q (ouen-dry

u.rei gh t ) per t i ans c'f un{umi gated :.ai I {nom e¿ch cvl i nder u\ter-e

added 0.5 cms sol ution containing 50 ltg 3rP and a Fange of 32P

and 3sP concentrationg. Thi=. pr'oduced a =.enies af simulated P

{lu=.hes. with å r'å.nge c,{ =.Fecif ic ¿ctiuitie=. frc,m tt to 4tCl Eq

Irg-t srp far ==p, and frsm 0 to ?ó Bq l-tg-t 31P fan 33P. The

di++erentre (in Eq g-1 =.ail) hetween the FecotJeF¡- c'{ i=.otc,pe

from the unfumigated Eoil only and the unfumigated Eail plu=

added i=atape (/32P oF ¿t3€F) could then he nela.ted tc the

eFeci{ic activitl o{ the releeEed P.

Tote.l and inonganic F wene measuned by the method of lalalker

and Adame ttPSg). Ctrqarric F r¡ras calculated fram the di++Èr'encÉ

betu+een total and i nc,ngan i c P.

.4.1+ ReEul ts and discuEsion

Dry weiqht, and ttP, -=P, ¿nd ssF uptake by the plant roats

and tops are sher.r¡n in Table 2?. At the f irst hantrest the

plantç v.¡ene tao small to be =.ep*rated into noot=- and tops and

therefone the r¡hole plant was digeeted.
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18
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267 (7)
333 (31)

524 (2s)
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!_lt

479

794

2046

(5i)
(8)
(215)

0.1 (o)

0.8 (0.2)
1.e (0.2)

2

2)

4)

16

22

L02

278

341

439

83 (13)

(3)
(10)

76 (3)

132 (e)
4.4
5.7

2992715204LL37

720 (s8) s7.8 (6.8) 136.e (6.e)
1510 (118) 8e.o (4.3) 226.0 (5.1)
4285 (386) rze.3 (22) 485.0 (83.7)

I

ÛJ!
I

Table 29 Dry matter yield, 31p, 32p und 33p uptake by wheat roots and tops. Values are the means of three

replicates. Standard errors of mean values in parentheses. T = tops. ft = roots. # = an accident

during digestion caused the loss of all P data for this harvest.
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Dny r.,Jeiqht a{ ncc'ts duning the e¿.rly s.tages o{ gnou,'tth equål led

that af the tops, bu t grorarth of the top= exceeded the't of the

naats af ter -{1 day=.. This agnee=. with the necently puhlished

result=. of Rc'emer and Schilling (1?Bó). l.tlhen total dny t-teight

år¡d Ê1P uptake å¡.e platted againEt time. it cå.n be =een that

h¡=th the=.e increased gneatly touard=. the end a{ the exFer*iment

( Fi gune 17i , by rah i ch t ime the p I an t=. hed r*eåched + stage of

grawth equiualent to Feefteç. scale ¡ (Langer l?54).

Uptake o{ 32P þ¡¿.g much mor'e us-riable than ssF uptaftet
gc-.ppci¿lly durinçr the esrl¡ =taçre=. af grc,t.tth. Thi-'. t¡¿:.

exFÉcted ere the ssP t.råg unifonmly dietnibuted throughout the

+ni ì , t.rhi I e the 32F tJå=. appl ied as a s.cl utian ta the Ec'i I and

cc'n¡Fletely unifc,rm di=.trihutic'n -acr-cE=. the c;.'linder cauld not

tre ensuned. Thu=. in the earl;" stage=. c'f 
-cr'c'r,,-r 

th 32P uptake bl'

the plant u.¡ould be in{luenced ts a lar'ge extent bv nont

distrihution. As the plant=- ma.tured +nd noat måE=' in the pot=.

increa=.ed, the plant nants effecti'.reìT integrated the urr e\,Én

i=atnpe dietnibution, thu=. decrea:-ing uariabi I i tv hEtween

plant=. The trend of nadioigstope upta.ke by trhale pla.nt=. t.tae.

similar tc' €1P uptake (Figure 1.qa). At 35 davç. a{ter planting

11.d1{ and 5.4}: tr'f the appl ied ezF -+nd 3sF had entered the urhe¿t

plants. These figuFes åpe Emal I en then those obtained in the

çtnat^rth chamher exFÉt* imen t (a{ ter 34 days grau.rth ) v;here 1e'.t7.

and L-/.II af the €2P and -=P appìied had enter'ed the plant=.

Uptr.ke af P {ram the reçidues in the f ield u.Jaç. lcv-¡en than

sbserued i n the gnou.rth chamber the P concen tret i on of the

residues u=.ed in the f ield experiment u.rag almast 3 timeç. that

used in the pot exF'eriment. yet uptake of ssP hv the
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INTRODUCTION

That microorganisms are important in the trans-
formations of organic and inorganic forms of phos-
phorus (P) in soils has long been recognized.
Renewed interest in the role of microorganisms in P
cycling developed through the use of simulation
models (Halm et al., 1972;Blair et al., 1976; Cole et
al., 1977: Chapin et al., 1978). Subsequent indirect
estimates of P held in soil microorganisms (biomass
P) showed that relatively large amounts could be held
in this form (Anderson and Domsch, 1980). Direct
estimates of biomass P were made possible with the
development of techniques to extract and measure
this pool in soils (Brookes et al., 1982; Hedley and
Stewart, 1982). The techniques utilize chlorolorm
as the biocidal agent a feature common to many
methods designed to measure nutrients held in the
biomass (Jenkinson, 1976; Jenkinson and Powlson,
1976). However, unlike measurements of biomass C
and N by the fumigation incubation technique,
where incubation of soil with inoculated organisms is
required after fumigation, measurements of biomass
P do not require that all traces of biocide be removed
lrom the soil. Indeed, as Brookes et al. (1982) point
out, any biocide remaining in the soil will help
prevent microbial growth during the subsequent ex-
traction. Thus a wide range of highly efficient clinical
and industrial biocides could be used for measure-

oo38-0717/86 $3 oo + o.oo
Pergâmon Jouroals Ltd

ments of biomass P (or C, N and S) in soils by
fumigati on-æxtraction methods.

A disadvantage of current techniques for biomass
P measurement when applied to field soils is that an
incubation period is used before fumigation ("pre-
incubation"). The method of Hedley and Stewart
(1982) uses dried, ground, rewetted and incubated (21

days) soil while that of Brookes et al. (1982) uses a
10 day incubation of sieved field-moist soil. Both of
these incubation procedures may cause qualitative
and quantitative changes in the soil biota and hence
affect biomass P values.

We have tested a wide range of biocides and
extractants and describe a modifled procedure for
measurement of biomass P in field soils'

MATERIALS AND METHODS

Soils
Thiee soils of different texture, pH and moisture

characteristics were chosen (Table l)' As biomass P
in field soils varies with time and stable values were
required for comparative studies in the laboratory,
the soils were treated initially according to the
nreilrod of Brookes et al. (1982) and incubated at a
water potential ol -66kPa lor 2l days at 20"C
before use.

MEASUREMENT OF PHOSPHORUS IN THE SOIL
MICROBIAL BIOMASS: A MODIFIED

PROCEDURE FOR FIELD SOILS

M. J. McLaucHI-Ir¡ and A. M. ArsroN
Department of Soil Science, Waite Agricultural Research Institute, The University of Adelaide,

Glen Osmond, South Australia 5064

and

J. K. M¡.nrtN
C.S.I.R.O,, Division ol Soils, Glen Osmond, South Australia 5064

(Accepted 25 January 1986)

Summary-A range of gaseous, liquid and vapour biocides was tested in combination with seven

extractants lor thãir ability to releáse P from soil microorganisms in situ. The biocides tested were

chloroform, ethanol, propan-1-ol, hexan-1-ol, p-propiolactone, formaldehyde, glutaraldehyde, ethylene
oxide and methyl bromide. The extractants tested were 0.5 rr,r NaHCO, (pH 8.5), 0.1 rrl NaHCO3 (pH 8.5)'
50 mv NaOH, i0 mrra CaClr, 50 mu HrSor, 30 mru NH4F + 0.1 M HCl, and an anion exchange resin in
the bicarbonate form suspended in distilled water. An incubation technique using 32P ensured that only
microbial P was measured.

Chloroform and hexanol vve¡e the most effective biocides: the latter is preferred because ol its less

hazardous nature. The best extractant was 0.5 rrt NaHCO, (pH 8.5). Mixed populations ol soil organisms
were used lor calibration, and the K, factors obtained with hexanol and 0.5 rvr NaHCO, þH 8.5) were

0.33, 0.40 and 0.57 for the three soils studied.
Since microflora differ from soil to soil, as do the amounts and lorm ol P released, calibration is

necessary for each soil. Incubation is not recommended as a prior treatment lor samples used to measure
biomass P: the soils should be treated with hexanol or extracted immediately after sampling to avoid
quantitative or qualitative changes in the biota or biomass. Errors associated with the inclusion of roots
in the sample can be minimized by removing the bulk of the roots before fumigation.

437



438 M. J. Mcl¡,ucttuN et al.

Table I Description of soils

Roseworthy Inman Valley Mallala
Sand (%)
silr (%)
Clay (%)
pH,, (l:5)
Gravimet¡ic water

at-66 kPa (Vo)
Organic C (%)
Organic N (%)
PI extracted by

0 5 u NaHCO, (pH 8 5) P,
Pr

Land use

55
24
2t

8

88
1
5
85

5l
28
2l
60 3

7.6
0.73
0.09

4.6
7.0

Cultivated
wlìeat-pasLurc

22.4
2.80
0.25

23.8
r .50
0. l7

2.0
19.0

Native

16.6
21.4

Cultivated
wheat-pasturepasture

rAìr dry ground
soil : solution ra[io was l:20 and lóh extraction was used.

soì|, pre-ìncubated lor 14 days at 20"C and -66kPa water potential. The

Biocides
A range of vapour, liquid and gaseous biocides

was used -cirioroforln (CHCI1), ethanol (CrFisOH),
propan-l-ol (CrHTOH), hexan-l-ol (C6H'OH),
d-prooiolactone (C2H/O1). formaldehy<te (CH'O),
glutaraldehyde (CsH8O2), ethylene oxide (CrHoO)
and methyl bromide (CHrBr). Ethylene oxide and
methyl bromide, being gases at room temperature,
were introduced into evacuated desiccators contain-
ing thc soils to be treated. Gas pressure was adjusted
r^ QO l¿Þo lìl,,teralrlph.,¡le ^^-hi-^,{ ..,irh
NaHCO. extractant as an 0.25ya aqucous solution
(Borick et al., 1964). The remaining biocides were
used'ooiii iir vapour iorrrr according 'ro ihe me ihod oi
Brookes et ú1. (1982), and as liquids (2 ml per 5 g
oven-dry soil equivalent). The water miscible alcohols
(ethanol and propan-l-ol) viere diluted to gle 70o/o
aqueous solutions this being thc most effective con-
centlation against olganisms in their natural or dried
states (Hamilton, 1971). All soils were fumigated for
36 h at 20'C belore extraction. Vapour and gaseous
biocides were removed by repeated evacuation of
the desiccator, and liquid biocides \'/ere allowed to
evaporate for 24 h in a fume hood.

Exlractants
Seven ertractants were used-0.5 rvr NaHCO,

(pH8.5), 0.1 u NaHCO. (pH8.5), 5Omrrr NaOH,
10mu CaClr. 50mlr HrSOo, 30mu NHrF+0. I lr
HCI (Bra,y and Krìrtz, 1945) and an anion exchange
resin in the bicarbonate form suspended in distilled
watcr (Sibbesen, 1977). A I :20 soil solution ratio was
used throughout, and soils or organisms were shaken
(end-over-end) for 30min or 16h at 20"C.

Isotopic incubation technique
An incubation technique using 32P was adopted to

ensure that any "flushes" of P measured by a partic-
ular combination of biocide and extractant could be
attributed to P held only within soil microorganisms.
Isotopically-labelled Tryptic Soy Broth (TSB) was
added to field-moist soils at a rate which supplied
(g I oven-dly soil) 680 ¡tg C, 225 pgN, 60¡ig P,
5 kBq 32P and water sufficient to bring the water
potential to -66 kPa. TSB was chosen as it is similar
to soil extract media in terms of microbial response
(Martin, 1975). When rnicrobial activity, as detel-
mined by CO, evolution, had reached a peak (2Ç36 h

at 20"C) the soils were fumigated and extracted. Any
increase in recovery of r2P lrom lumigated treatments
ovcr controls could be attiibuted soleiy io lysis and
extraction of P from soil microorganisms l¿ sil1.1.

C alib r a t io n -K, de t e rmina t ion
Soil bacterial populations were cultured by adding

I ml of a lOa soil dilution to 750m1 0.3% TSB
containing 100 mg cycloheximide. Organisms were
cultureci in the dark tôr 5 <iays at l8"C in unshaken
ffasks anci harvested by cenirifugation (i0,000g) ior
20 rnin at 4 C. The organisms vrere repeatedly
washed in dilute saline, and were resuspended for
introduction into soils. Soil lungal populations were
cultured by adding I rnl of a 10r soil dilution to
750m1 solution containinC 0 r) 660rng NaNOr,
330mg KH2PO4, 165 mg KCl, 165 mg MgSOo 7HrO,
6.6mg FeSOo, 165mg yeast extract, 10g sucrose,
l00mg streptomycin sulphate and 5 mg tetr.acycline
hydrochloride. Organisms were cultured in the dark
for 5 days at 20"C in unshaken flasks and harvested
by vacuum filtration (2.5 pm Nytrel Ti labric). The
fungal mat was thoroughly mixed and washed in
dilute saline, and blotted dry belore subsampling and
introducl"ion inio soils.

Soil bacterial suspensions (1 ml) or fresh fungal
hyphae (approx. 70 mg) were added to soil, fumi-
gated and extracted as described above. Separate
subsamples were digested using nitric and perchloric
acids, and were analysed for total P. Percentage
recovery of microbial P was calculated after sub-
tracting the P released from lunrigated soil without
added organisms (Brookes et a1.,1982).

Correction Jor sorpLion

Three methods to correct for sorption of released
inorganic P (P,) were tcstcd. In the first, a standard
"spike" oî 20 ¡tg P g I soil ',vas added and the
percentage recovery of added P determined (Brookes
et al., 1982). In the second, a range of P additions
(0.3 20.0 pg P g I soil) was used and a sorption
isotherm constructed. In the third method, which
involved isotopic dilution, l0kBq 32P both with or
without carrier 3IP (0.2pgml r) were added to sus-
pensions and labile 3rP, (solid * solution) calculated
(Talibudeen, 1957). To minimize microbial uptake of
P in control soils a 2 h shaking period was used and
the isotope was added after t h of shaking.



Biomass P measurement in field soils 439

of meon vo ues

't

Vopour

Liquid
Gos

T

a
L
G

Slondord error

I
I ^-^o0
{ zoo
T
O
o 160
!o
o 12Oè
Eoo80
!o

E40o

È;

Ê- Propioloctonev

Ethylene oxide

HexonolC h I oroform
Proponol

lvlethyl bromide

Ethono I

Formoldehyde G luloroldehyde

VL VL VL VL VL G L

Inmon volley

Fig. 1. Effect of biocides on the release of 3rP, and 3rP, from the Inman Valley soil compared to chlo¡oform
vapour (:100%). The extractant was 0.5 v NaHCOT (pH 8.5). v: t'P,. 

''P, not determined due to intense
coloration of the extract.

Infiuence of planl root material
In previous studies, plant root and shoot materials

were found to influence the values obtained for
microbial P using the chloroform fumigation tech-
nique (Mclaughlin and Alston, 1985). To determine
il biocides other than chloroform had the same effect,
32P-labelled wheat roots were fumigated according to
the methods of Mclaughlin and Alston (1985). The
eflectiveness of hand-picking of samples to remove
roots, and the associated errors in microbial P
measurements were also determined. Fresh 32P-

labelled wheat roots (470 mg) were intimately mixed
with a weight of freshly sampled Mallala soil
equivalent to 100 g oven-dry weight before the
soil was sieved (<2mm) and the roots picked out.
Subsamples were then extracted directly, or were
fumigated and extracted, and the 32P activities in the
extracts determined by Cerenkov counting.

Infiuence of prior incubation
Freshly sampled, sieved (<2mm) and root-free

Mallala soil was either immediately fumigated and
extracted as above or stored moist at 20"C in large
sealed containers over soda lime for up to 32 days
before fumigation and extraction.

Analyses
The ammonium molybdate-ascorbic acid method

of Murphy and Riley (1962) was used to determine
3rP, in the filtered (Whatman No. 42) extracts.
Extracts containing HCO¡ ions were first treated to
remove CO, and those containing fluoride ions were
treated with boric acid before colorimetric analysis
(John, 1970). Total 3rP (3'P,) in the extracts was
determined colorimetrically after digestion with
perchloric acid in the presence of MgClr (Brookes
and Powlson, 1981).

Amounts of 32P in the extracts were determined by
Cerenkov counting. All counts were corrected for
quenching and decay.

RESUI.TS AND DISCUSSION

Effectiueness of bio cides

Flushes of 3rP, and 3rP, following treatment of the
Inman Valley soil with the various biocides and 0.5 lr
NaHCO, (pH 8.5) are shown in Fig. l.

Results for the Roseworthy soil (not shown) were
similar except that B -propiolactone vapour was much
more effective than the liquid form on this soil.
Liquid biocides were generally more effective than
vapour forms in the Roseworthy soil with no such
trend being evident for the Inman Valley soil. The
proportion of 3rP, as a percentage of 3rP, varied from
2o/o for ethanol vapour to 72"/o lor hexanol vapour
in the Inman Valley soil. Chloroform released 57o/" of
rrP, as 3rP, in this soil which is lower than the average
values found by Brookes et al. (1984).

Glutaraldehyde, formaldehyde and ethanol vapour
treatments all produced small flushes of P. For-
maldehyde has been found to be an effective sterilant
in soils (Dalton and Hurwitz, 1948) although Phillips
(1977) warns that formaldehyde does not penetrate
well into porous surfaces. Formaldehyde gas also
hydrolyzes readily in water and hence its penetration
into moist soils could be poor. Glutaraldehyde is
twenty times as effective as formaldehyde as a bac-
tericidal and sporicidal agent (Hamilton, 1971). How-
ever, glutaraldehyde may leave cell membrane and
wall structures intact (Labeda et al., 1975) Ihtts
protecting the cell contents against release by the
extractant. This could explain the very small P flushes
observed in both soils when glutaraldehyde was used
as the biocide.

In both soils hexanol and p-propiolactone pro-
duced flushes of P which exceeded that of chloro-
form. Hexanol has not been widely used as a bac-
tericide or fungicide although it is recognised that the
effectiveness of aliphatic alcohols increases with chain
length and reaches a maximum at 5 8 C atoms
(Hamilton, 1971). This trend in effectiveness was
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evident in the data: observed P flushes increased
in the order----ethanol < propanol < hexanol. Hedley
and Stewart (1982) tested pure ethanol and propanol
as fungicides in soil and found them to be less
effective than chloroform. p-propiolactone is highly
actir¡e against vegetative bacteria, bacterial spores,
fungi and viruses (Hoffman, l97l; Phillips, 7977),bLrt
it can also react \ryith many complex compounds so
that non-biomass P could also be released. The
incubation technique with 32P labelling was adopted
to ascertain which of the biocides was most effective
in releasing biomass P only. The results for the
Roseworthy and Inman Valley soils are shown in
Fis.2.

Recoveries of 32P were lower from the Inman
Valley than lrom the Roseworthy soil. This can be
attributed to the greater 3'P content and finer texture
of the lormer permitting greater isotopic exchange
and sorption respectively. In contrast to the data
for 3rP no large 32P flushes occurred when

E I honol

Rosewort hy

p-propiolactone was used. This suggests that a large
proportion of the observed 3rP flush came from
sources other than the added biomass. As
B-propiolactone hydrolyzes rapidly in water to form
hydracrylic acid, a proportion of the 3rP released may
have originated in basic phosphates and been released
by dissolution. Ethylene oxide and methyl bromide,
both commonly used for soil sterilization, were
ineffective in rendering biomass P extractable. Hexa-
nol and chloroform gave the largest flushes ol 32P:

differences between these two biocides and between
the vapour and liquid forms were insigniûcant. The
liquid forms of chloroform and hexanol were there-
fore chosen as the biocidal treatments for evaluation
of extracting agents.

Effectiueness of exlractants
The recoveries of r2P by the different extractants

from the Inman Valley soil are shown in Fig. 3.
Results for the Roseworthy soil were very similar
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Fig. 2. Effect of biocides on the recovery of r2P from (a) Roseworthy and (b) Inman Valley soils amended
with labelled tryptic soy broth and incubated until microbial activity peaked, The extractant was 0.5 u

NaHCO. (pH 8.5).



except that recoveries were higher for the reasons
already noted.

The r2P flushes extracted with lOmr"r CaCl, were
small or insignificant. \ù/illiams and Sparling (1984)
also lound CaCl to be a poor extractant for detecting
P flushes from fumigated mineral soils. Both 50 mv
NaOH and 50 mla HrSOo were also unsatisfactory
extractants for detecting biomass P released by the
biocidal treatment.

The other extractants-3O mru NH.F * 0.1 u HCl,
0.5 u and 0.1 tr¡ NaHCO, (pH 8.5) and HCO; resin-
all gave relatively low control values and large in-
creases in extractable P on treatment with chloroform
or hexanol. Hexanol produced greater 32P flushes
than did chloroform although the differences were
generally not significant. As chloroform is carcino-
genic and requires more care in handling than hexa-
nol, the latter was chosen as the biocide for all further
investigations.

Effect of extraction time

In initial studies, prolonged shaking times resulted
in large releases of P from live bacterial and fungal
cells. For example, increasing the shaking time from
30 min to l6 h increased the recovery of 3rP, by 0.5 M
NaHCO, (pH 8.5) from live fungal cells from
19.2+2.0% to 30.8 +2.5o/o of total cell P. The
corresponding increase for bacteria was from
20.9+6.90/, to 50.7 +2.2o/o. The effect of shaking
period on extraction of P from dead cells (i.e. those
treated with hexanol or chloroform) was insig-
nificant. The two published methods for measuring
biomass P (Brookes et a1.,1982; Hedley and Stewart,
1982) differ in the duration ofextraction used. Hedley
and Stewart (1982) found increased damage to live
organisms after prolonged extractions but this was
offset by greater release of P from chloroform-treated
organisms and they therefore recommended a 16 h
extraction. Brookes et al. (1982) found no increase in
P flush by prolonging extraction bcyond 30 min. Vy'c
decided to use a 30 min extraction in this study
because: (a) longer times of extraction increased the
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damage and extraction ofP from live cells; (b) longer
times increase the bàckground against which biomass
P is measured (Bowman et al., 1978); and (c) in
freshly-sieved fleld soils there is a greater risk of
microbial activity (stimulated by sieving) influencing
amounts of P extracted from unfumigated (control)
treatments when longer extraction times are used.

Correction for sorplion
Attempts to correct for sorption of released rrP,

using 32P dilution were unsuccessful. There was no
significant advantage in constructing a sorption iso-
therm to correct for sorbed 3rP,. In soils where a large
propertion of the released 3rP, is in organic forms, as
found in this study, this correction can be regarded
only as a minimum value.

C alibr at ion -K, de t e r minat ion
Percentage recoveries of added microbial P from

the Roseworthy and Inman Valley soils are shown in
Table 2.

No reagent was clearly superior to the others
for extracting organic and inorganic P, but 0.5 lt
NaHCO, (pH 8.5) appeared to be the most effective
overall lor the mixed populations of soil organisms
used.

Recovery of rrP, from fumigated bacterial cells was
generally much greater than from fungal cells. For
example, the recovery of bacterial P by the combina-
tion of hexanol and 0.5 trl NaHCO, (pH 8.5) was
85.0 + 3.4, 6l.8 + 2.0 and 75.2 + 7 .4o/o for the Rose-
worthy, Inman Valley and Mallala soils respectively.
The corresponding recoveries of fungal P were
48.1 + 6.1, 19.4 + 1.8 ar'd 29.0 + 3.3o/". In the ab-
sence of soil 93.4o/o and 48.2o/" of P in the Rose-
worthy bacterial and fungal populations respectively
was recovered.

The technique adopted in this study of using mixed
populations of organisms divided broadly into bac-
terial and fungal groups diflers from prcvious in-
vestigations where individual species were chosen
(Brookes et al., 1982; Hedley and Stewart, 1982;
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Table 2. Percentage recovery of P from bacterial and fungal populations added to
soils and treated with hexanol. Values are the means of three replicates and are not

corrected for sorption

Extractant

Bacteria Fungi
Inman

Roseworthy Valley Roseworthy
Percentage recovery

Inman
Valley

0.1r'r NaHCO,
(pH 8.5)

0.5 ru NaHCO,
(pH 8.s)

HCO| resin

30 mu NH.F
+0.1 M HCI

31.ó + 1.8
70.5 + 3.5

36.4 + 1.0
85.0+34
3l I +06

ND
76.6 + 3.0
83.5 + 2.3

4.4 + 0.3
66.1 + 1.4

9.2 + 0.5
61.8 + 2.0

3,9 + 0,1
ND

20.1 + t.0
26.2 + 0.4

t97 +3.6
3',1.7 + 6.8

32.4 + 4.3
48.1+61
20,8 + 3.0

ND

8.1 + 0.3
9.5 + 0.4

17.6 + 1.0
19.4 + 1.8

161+ I 2
ND

P,
Pl

P,
Pr

Pl
Pl

P,
Pl

23.8 + 0.2
348+0.8

33.5 + 3.0
32.1 + 2.1

(ND: not determined).

Strick and Nakas, 1984). The use of a soil inoculum,
broad-spectrum nutrient media and low incubation
temperatures encourages a response by a variety of
organisms. For example, the Roseworthy soil culture
contained a mixture of both Gram-positive and
Gram-negative bacteria (rods and cocci), while the
lungi were dominantly Mucor and Penicillium spp.
The proportions of each species in the population
were unknown but we assume that the microbial
population responded (qualitatively) in each soii as it
would do iii iire fieid after inpuis of nutrients, e.g.
plant residues or substrates relea.sed on rewetting dry
soil. We feel this approach provides the best estimate
of K" factors until techniques are developed which
isolate live undamaged, uncontaminated organisms
from soil in sufficient quantities to allow accurate
calibration.

However, account must be taken of the relative
contributions which lungi and bacteria make to the
microbial biomass in calculating Kr factors for soils
where recoveries o[ P from the two groups of or-
ganisms are significantly different. Fungi dominate
the microbial biomass in most soils, and although
ratios of fungal to bacterial biomass (F:B ratios)
may range between I :l and 1l :1, values in the order
of 2:l to 3:l are common (Clark and Paul, 1970;
Shields et al., 1973; Anderson and Domsch, 1975;
Faegri et al., 1977). Arable soils have been found to
have slightly lower F:B ratios than soils under pas-
ture or grassland (4. West, personal communication)
therefore the ratios used for calculating K" were 3: I
lor the Roseworthy and Mallala soils, and 2:l for
the Inman Valley soil. The Kr factors were for
Roseworthy 0.57, for Inman Valley 0.33, and for
Mallala 0.40.

Infuence of plant root material
A significant increase in recovery of root 32P was

observed on treatment with hexanol (Table 3), al-

Table 3. Effect of hexanol on perc€ntage recovery of 32P, from wheat
roots, and f¡om soil amended with roots The soil was sieved and

the roots removed by handpicking before the determination

Treâtment

Soils from which
Roots only roots wer€ removed

Percentage recovery

though the magnitude of the eflect was smaller than
found previously with chloroform (Mclaughlin and
Alston, 1985). Subsequent studies with chloroform
revealed that similar amounts of root P were released
by both biocides, so that the lower values obtained in
the present study may have been due to the younger
age of root material used (14 day vs 2l day).

Sieving and handpicking to remove roots from
root-amended soil eliminated errors associated with
the inclusion of root ¡rraterial in the sample. It should
be remembered however that organisms colonizing
íhc rhizonlane itself- e.c. endo- and eelolroDhie
mycorrhiza as well as populations of bacteria, will be
removed by this treatment. Also, the labelled roots
were added to soil and not grown ¡n sl/u. Thus none
of the labelled root material had penetrated aggre-
gates less than 2 mm diameter which would normally
contain (after sieving) root material impossible to
remove by hand.

Although prior incubation (Sparling et al., 1985)
or air-drying (Mclaughlin and Alston, 1985) can also
decrease errors associated with the inclusioq of root
material this may lead to changes in measured values
of biomass P.

Influence of prior incubation
Microorganisms respond quickly to changes in

environmental conditions so that the use of an incu-
bation period after sampling can greatly change any
indices of microbial activity (West et al., 1986).

In this study, signiflcantly lower values were ob-
tained for biomass P when the soil samples had been
incubated (Table 4). This result agrees with that of
West el al. (1986), although these workers also
altered the water potential of the soils before incu-
bation. By incubating the soil at its field water
potential and at 20'C (field soil temperature at sam-
pling was l4"C), we had hoped to minimize the effects
ofprior incubation. It appears however, that the soil
must be fumigated and extracted immediately after

Table 4 Etrect of prior incubation on measured
biomass P in the Mallala soil (Kr:0.40). Standard

error of mean difference shown in patelttheses

Time of incubation Biomass P
(davÐ (pgg I oven-dry soil)

25.63 (0.78)
l 7.30 (0.48)
19.r2 (0 87)

Control
Hexanol-treated
32P, flush

t2.4+22
33.4 + 4.6
+ 21.0+rt

1.7 + 0.8
2.2 + 0.6
+ 0.5Ns

0
l2
32rr+: Significant at P < 0.001. NS: not significant.
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sampling if the values obtained for biomass P are to
reflect those which pertain in the field at the time of
sampling.

CONCLUSIONS

In the procedure finally adopted for measuring
biomass P, the soils were sampled, sieved (<2mm,
hand picked to remove roots), and treated with
hexanol in the field. Control (non-fumigated) treat-
ments were shaken for 30 min at 20"C with 0.5 tr¡
NaHCO, (pH 8.5) as soon as possible alter sampling
(<4h) using a soil:solution ratio of 1:20. Hexanol
treated soils were extracted after 36 h fumigation and
24 h standing in a lume hood to allow evaporation of
hexanol. Total 3rP, in ûltered extracts was determined
and the P flush related to microbial P using a separate
K, lactor determined for each soil using mixed micro-
bial populations.

We believe the method described above gives a
more realistic measurement of P held in soil micro-
organisms at the time of sampling than methods
which use an incubation period belore fumigation.

Acknowledgement-We thank the Australian Wheat
Industry Research Council for financial support.
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INTRODUCTION

The concept that the soil microbial biomass is a labile
component of soil organic matter (Jenkinson and
Ladd, 1981) has stimulated the development ol bio-
chemical techniques to measure nutrients held in this
pool. Phosphonrs held in soil microorganisms is
usually estimated by equating the increase in amount
of some soil P lraction lollowing the application of a
biocidal treatment, to that held within the cells. Since
Birch (1961) first proposed the use of CHCI as a
biocidal agent, a number of workers have utilized
CHCI lumigation to estimate biomass P (Chauhan el
al., 1979; Cole et al., 1978; Stewart et al., 1980;
Williams and Sparling, 1984). Two standardized
methods have been proposed (Brookes et al.,1982;
Hedley and Stewart, 1982), in which microbial P
released after CHCI lumigation is extracted using
0.5 N NaHCO, (pH 8.5). It is assumed that only
microbial P is released by the CHCI treatment.
However, Birch (1961) appreciated that plant
material may also be affected by CHCI, treatment,
and hence overestimates ol soil biomass P could
result. We have investigated the extent to which the
presence of plant material might affect the values
obtained for biomass P in soils.

MATERIALS AND METHODS

Soils
The soils used are described in Table l. Surlace

0038-07r 7/85 53 oo + 0.00
Copyright @ 1985 Pergamon Press Ltd

soils (0-10cm) were hand picked to remove large
pieces of plant material and earthworms, and were
sieved (<2 mm). They were held for 16 days at field
water content in drums containing soda lime, and
then stored lor 4 weeks at 2"C as recommended by
Brookes et al. (1982). Belore use, stored soils were
maintained at 20"C lor 24h.

Plqtxt materials
Vy'heat seedlings were grown in solution culture

using a solution based on that ol Johnson e/ a/.
(1957). The solution supplied N (l6mmol), P
(200 ¡rmol), K (6.05 mmol), Ca (4 mmol), Mg
(1 mmol), S (1 mmol) and all essential micronutrients.
Continuous stirring was effected through aeration,
and solution pH was adjusted daily to 6.0 using
Ca(OH). Isotopically-labelled plant material was
obtained by adding 925 kBq carrier free 32P l-r to the
solution giving a specific activity ol 149 MBq 32P g I

rrP. Plants were grown at a constant 18"C, photo-
synthetically active radiation was 500 pEm-' s rlor
15 h day r, and relative humidity was 75/. (day) and
e\fl @isbt).

Fumigation îreatmenls
The plants were harvested alter 20 days and

separated into roots and shoots. The shoot material
was cut into 1.5cm lengths, washed with water lor
5 min and blotted dry. The fresh material was either
immediately lumigated according to the method of
Brookes et al. (1982), or added to field moist soil
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Summary-The effect ol plant mate¡ial on measurement ol P in the soil microbial biomass was evaluated using
r2Plabelied and unlabelled wheat plants. Fresh root and shoot material released significant amounts of P to 0.5 N

NaHCO, (pH 8.5) following CHCI, fumigation. Treatment with CHCI, released 13 20'lrooT P and 68-75"1 shoot
P where à i 6 h extraction period was used. \{ith a 30 min extraction, release was 391 lor roots and 181 for shoots.
Calculations based on published values for rooting densities of lìeld crops, show that significant errors in
determination of soil biomass P are likely to occur where the CHCI, technique is used. Errors from inclusion of
root material in the sample can be minimized by extending the extraction time from 30min to 16h.

Table I Description of soils

Roseworthy Inman Valley

Sand (f)
silr (%)
Ctay O()
pH. (1:5)
Gravimelric water content a! 66kPa O()
Organtc C (\)
Organic N (/")
Pi extracted by 0 5w NaHCO,, pH 8,5

(lls s l
Land use Cultiv¿ìted wheat-fallow

rotation

88
1
5
85
7.6
0.'13
009
55

5l
28
2t
60

224
28
025
2.9

2'.11

Native pàslure



272 M. J. Mcl¡ucur-lN and A. M. AlsroN

(20 mg g I oven-dly soil) belore fumigation. When
this procedure was used with roots variability in r2P

among replicates was large. Accordingly, individual
irrlaci l¡esh roois were counteci with the roots sus-
pended in deionized water (Martin and Cunningham,
1973). This method measured 90.1 + 4.3% of the total
root 32P determined by the normal wet-digestion
procedure. The intact root was then immediately
fumigated or added to the soil and lumigated as
abovc. Thus thc cxact amount ol r2P in each section
of root added was known.

To determine the effect of drying, separate portions
of root and shoot material were dried at 50'C for 24 h
belore being treated as described above lor fresh
shoots. The rates of addition were 3 mg dry shoot or
I mg dry root g I oven-dry soil.

ExtracÍion
Plant materials and amended soils (equivalent to

5 g ovcn-dry soil) were extracted by 0.5 r.r NaHCO,
(pH 8.5) lor l6 h a|20'C using a soil-to-solution ratio
of 1-to-20. A 16 h extraction was chosen. rathel than
the 30 min period used by Brookes et al. (1982), as r.he
longer time has been reported to inc¡ease the
efficiency of microbial P extraction lrom soils (Hedley
and Stewart, 1982). As absolute values lor biomass P
were not required, no correction lor P fixation was
nerfnrmerl Resrllc ^re fhcrelnre cvnrecccd
chlorofcrm-released P rather than microbial-biomass
P. All determinations were perlormed in triplicate.

Anulysis
The contents ol 3rP and 32P in the plant materials

were determined alter wet digestion with nitlic and
perchloric acids in the presence of MgCl, to prevent
volatile losses ol P or its conversiou to folms other
than orthophosphate (Brookes and Powlson, 1981).
Inorganic t'P (''P,) was measured in the extraets using
the automated method of Cohvell (1965). The
amounts of 32P were determined by Cerenkov count-

ing. All counts were corrected for quenching and
decay, and were converted to Bq.

RESULTS

Efiect of fumígation on recouery of plant 32P

CHCIr lumigation increased bicarbonate-
extractable P from both fresh root and fresh shoot
materials (Table 2). The percentage increase in
plant 32P recovery following CHCI, treatment was
greatel fbr shoot (+ó2.8 + 3.3%) than for root
(+13.2 + 2.2%) material. Almost 90\ of rhe total P
in lumigated shoot material was extractable with
bicarbonate solution. The amount of P extractable
ft-om dried material was not significantly increased by

two thirds of loot P (66.5 + 4.2%) was extlactable in
bicarbonate solution.

Effects of fumigation on recouery of plant 32P from
soils

CHCI lumigation signiflcantly increased the re-
covery ol 32P lrom incorporated lresh shoot material
in both the Roseworthy (+¿9.0 + 6.3%) and Inman
Valley (+30.0 + 1.9%) soils (Table 3).

When dried plant rrraterial was used, the CHCI,
frôôtlaôñl -^-;- L-,{ -^ ^Cl^^r ^- --^^''^-.' ^¡- lzD4é4¡¡¡ ¡¡qu ¡rv vrrlvr vrr ruwuvçrJ¡ vl

Effect of added plant material on CHClr-released rtP

Analyses ior bicarbonaie-exiractabie ''P,
confirmed the results obtained with radiophosphorus
(Table 4). Addition ol lresh root material increased
the net lelease of ''P, by CHCI, lumigation but
differences were not significant (P < 0.05). Addition
ol lresh shool material however produced large in-
creases in extractable P in soils at the rates ofaddition
used. Drying of the materials belore addition again
reduced the effect of CHCI, to insignificant levels
(results not shown).

Tahìe 2 Perceltâge recovery by bicarbonatc extraction of total rzP liom Lrrrfumigated and
CHCIr-lurnigated plant ntatcrials

llate¡irl

Trcatlren I
Fresh roots

(in tact )
F¡esh shools

(cu t)
Dried ¡oots

(cut)
Dried shoots

(cu t)

NS: Not siguificant
*! *x! *++ Difìèrences belween lumigated and unfunrìgated materials significant at P < 5, I aú 0 1l

recne¡t iwplr¡

Table 3 Pe¡centage recovery by bicarbonate extractìon ofr2P lrom unfumigatecl and CHCI.-frlmigated plant rraterials added
to soils

Material
Fresh roots

Unlumigated

Fumigaled

481 249

81 7

6ó5
NS
61 8

tOl 4
NS

r08 46t9

t

Soil Treâtlne nt (intact)
Fresh shoots

(cut)
Dried roots

(cut)
Dried shoots

(cu t)

Roseworthy

Innran Valley

Urlurligated

Fumigated

Unfumigated

Furligated

598
NS
52,0

852
NS
837

396
NS

41 0

236

't2 2

6.9

369

209
NS
22,1

24.0
NS
262

45.2
NS
428

NS: Not significant
+, **, x** Differences betweeu fu;ligated ald unfumigated nralerials significant at ,1, < 5. I and 0 lL respectively
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Table 4. Extractable rrP, and percentage rrP recovery from unamended (control) soils, and soils to
which fresh root or shoot material was added

273

Soil Trealmenl
t'P'

(tgg ')

Recovery of
rlP, added

(%)

llP, releasedl
by fumigatìon

(pee')
Roseworlhy Unfumigaled: control 55

8.6
15.2

'1.2

lt 0
352

29
3.9
4,2
't 2
96

234

Inman Yalley

Funiigated:

Control
+ Roots
* Shoots

Unfumigated

Fumigated:

Control
+ Roots
* Shools

+ roots
+ shoots
control
+rools
+ shoots

control
+ roots
+ shoots
control
+rools
+ shoots

35.8
267

43.4
77 .l

|4
3'7

27.0
44.3

lla
2.4a

20.0b

43a
5la
19.2b

rAs CHclr-released P is itsell a mean difference, a modified /-test was used Means followed by
different letters are significantly different at the 0.Iyo level of probabilìty

Effect of extraction time
In a separate experiment with lresh unlabelled

materials, the effect of extraction time on release of
P from plants lollowing CHCI, fumigation \/as deter-
mined. With a 16 h extraction, release of plant srPi by
CHCI, lumigation was similar to that found usingr2P-labelled materials: roots + 19.8 * 4.9){, shoots
+75.7 + 3.1%. However a shorter extraction
(30 min) caused greater release of root P
(+38.5 + 5.7%) and smaller release ol shoot P
(+ 18.0 + 2s%).

DISCUSSION

It is evident that values obtained for P in the
"microbial biomass" using the CHCI, fumigation
technique can be affected by the presence of plant
materials in the soil. The errors introduced were
greater with plant shoots than with roots when a 16 h
extraction was used, while the converse was true
when the extraction time was 30 min. The smaller
release of P from shoots after CHCI, treatment using
the 30 min extraction appeared to be due to the
hydrophobic nature of the plant cuticle, which pre-
vented the extractant from effectively penetrating the
tissue. Longe¡ extraction times seemed to overcome
this problem, as the plant tissue was fully "wetted"
after 16h extraction. The comparatively small P
release lrom fresh roots by fumigation where the 16 h
extraction was used can be attributed to greater
release of P from the unfumigated controls.

Birch (1961) noted that plant materials exposed to
CHCI, vapour exhibited greater P extractability than
rntreated controls and direct evidence recently ob-
ained by Martin and Foster (1985) confirms that
hloroform completely disrupts root cells by lysing
rtoplasmic membrane systems. Birch (1961) utilized
moistened dried materials, and non CHCl,-treated
ntrols wele extlacted itrmctlial-ely lollowing the
lition of plant material. The increase in P extract-
lity on fumigation was attributed to plant enzyme

activity or diflusion olP, during the24h of the CHCI,
treatment. In our study, untreated controls were
kept moist in a desiccator for the same period as
CHCl,-treated samples (24 h). Therefore any increase
in P extractability must be due to the effect ol CHCI3
alone on the plant cells. The only assumption made
is that P held in microorganisms (and therefore
susceptible to CHCI,), situated both in and on the
plant root or shoot surface, is negligible compared to
total P within the plant material itself. Although no
figures are available in the literature to verìfy this
assumption, the vigorous washing of the materials
belore use would have minimized this source of error.

The effect of drying of the plant materials prior to
fumigation increased the P extractability of un-
fumigated controls, with all shoot P and two-thirds
root P being extractable following the drying treat-
ment. This result agrees with those of Martin and
Cunningham (1973) who found desiccation to be the
major factor affecting the water solubility of P in
plant roots. Their results indicated approximately
501 root P became extractable (in water) on drying.
Similarly Bromfield and Jones (1972) found water-
soluble P in shoots to be up Io 80\ total P in "hayed
off' pasture species. As 0.5 N NaHCO, is a slightly
stronger extractant than water, especially for labile
organic P species, we would expect greater extraction
of P, as indeed was lound in this study.

In terms of measuring biomass P in soils, therefore,
the prior treatment of the soil has an important effect.
The drying, grinding and preliminary incubation of
soils recommended by Hedley and Stewart (1982)
before CHCI, treatment should prevent errors arising
from inclusion of plant material in the sample, but
may cause large qualitative and quantitative changes
in the biomass. The method of Brookes et al. (1982)
utilizes undried soils, so that errors may arise from
the presence of fresh plant material. The size of the
error will depend on the amount of plant material in
the soil and the efficiency with which the material can
be removed before fumigation.

In te¡ms of fleld soils, the errors are large enough
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to warrant concern. Published values lor rooting
densities under crops and lorests vary widely lrom 0.1
to 12.0mg dry root g-r soil (Lupton et al., 1974;
Lynch and Panting, 1980), but generally values fall
within the range 0.3 to 2.0 mg root g I soil (Trough-
ton, 1957; Persson, 1983). Assuming that plant roots
contain 0.1%P, the upper limit lor root bound P in
soils would be approximately 10,¡lg P g-r soil. If we
assume that a maximum of 401of this is released by
CHCI, treatment then 4 pgP g-r soil would be the
maximurn error involved. Published values of total P
in soil biomass vary lrom 5 to l00pg P g-r soil
(Brookes et al., 1984) which relate to values ol 2 to
40 ¡tgP g I soil for CHCl,-released P if fre:0.4. If
we assume that P released lrom plants and micro-
organisms is sorbed to a similal extent cluling the
extraction process, significant el'lol's in measurement
of P in soil biomass are likely when plant material is
included in the sarnple. Longer extraction times will
reduce the erro¡ involved lor roots, but increase that
lor shoots. Complete removal of all plant material
lrom a soil sar.nplc is virtually impossible without
resorting to destructive techniques (e.g. washing).
Hand sorting ol samples will remove a large popu-
lation of microorganisms associated with the plant
materials (Martin and Foster, 1985). It appears there-
fbre that errors due to plant materiai in soil biomass
P measurements are inevitabie using current meth-
odology. As'amounts of fi'esh shoot material in soiis
are generally low (except under special circumstances
such as green manuring ot' incorporation of lesidues)
a l6h extraction peliod as ploposed by Hedley and
Stewart (1982) is recomurended to minitnize errors
due to included root material.
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