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ABSTRACT 

I n  New Z ealand , t h e  fer t i l i z er P requ i r ement s  of 

developed pas tur e , ma i ntained at a s teady level of 

produ c t i on , are cur ren t ly ca lcu lated us i ng a model wh i c h  i s  

bas ed on the concept that the s i z e  o f  the P cyc l i ng pool 

rema i ns cons tant . Con sequen t ly , fer t i l i z er P i s  requ i r ed 

o n l y  to replace P los t  from the cyc l e  through an ima l s  and i n  

t h e  s o i l .  A s o i l  t e s t  i s  requ i r ed to as s es s  whether the 

amoun t  of ava i lable s o i l  P is appropr i ate for the des i red 

level of produc t i on and to mon i tor the effectivene s s  of the 

ma i nt enance f er t i l i z er P programme i n d i cated by the model . 

A wat e r - extract ion procedure offers poten t i a l  as a soi l 

t e s t i ng procedure for t h i s  purpose . The water-extrac t i on 

procedure invo lves an extract ion per iod of 1 h and a so i l :  

s o lut ion rat i o  of 1 : 1 2 0 .  

I n  an i n i t ia l  eval uation i n  the glas s house wi t h  

2 0  s o i l s , water-extractable P was h ighly correlated wi t h  

plant uptake of P ( r  = 0 . 9o* * > .  Unl ike t h e  pred i c t ion by 

t h e  Olsen tes t , the p r ed i ct ion of p lant-ava i lable P us i ng 

wat e r  extract i on was not improved by inclus ion of an 

e s t imate of P buffer i ng capac i ty ( P  retent i on value or the 

s lope of the desorp t i on isot herm ) .  Con s equently , the water 

ext r a c t ion procedure may have advantages over other so i l  P 

tes t s  becaus e  the interpretat ion of the results obt a i n ed 

appea r s  to be i ndependent of buffer i ng capacity and soi l  

type . 

The effect of seasonal var iation s , s ampling depth , and 

f e r t i l i z er P add i t i o n s  on water -extractab le P values was 

i nv e s t igated i n  fie ld exper imen ts , involving two so i ls of 

contras t i ng P sorpt i o n  capac i ty ( Rami ha and Tokomaru ) under 

permanent pas ture ove r  1 2  months .  It was found that the 

leve l s  of water -extr a ctable P i n  soi l  wer e  a lways lower than 

those of Olsen-extractable P .  Over the 1 2 -month per iod , the 

average value of wat e r - extractable P i n  the unfert i l i z ed 

Ram i ha soi l ( 0- 7 . 5  cm depth ) was 1 . 8  �g g -1 soi l compared to 

the Olsen-extractabl e  P value of 1 2 . 6 .  The var iab i l ity 
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a s s oc iated with water-extractable P at each sampling time 

was comparab le with that for Ols en-extractable P .  However, 

the re lative seasona l var iation over 1 2  months was larger 

for water -extractab le P ( coef f ic ient of var iation = 2 3 %  for 

the Ramiha s oi l ) t han for Ol s en-extractable P ( coe f f icient 

of var i ation = 1 6 % for the Ram i ha soil ) . Both extractant s  

s howed a seasonal f l uctuation that was closely related to 

the pattern of pas ture P uptake . Low leve l s  of extractable 

P wer e  gener a l ly a s soc iated with autumn and spring f lus hes 

of pas ture growth , wh i le hig h  values were obta ined dur ing 

per iod s  of s low growth in wi nter . The level s  of water- and 

Olsen- extractable P were higher in samp les taken from the 

0 - 4 . 0  than the 0 - 7 . 5  cm samp l ing depth . For example , water

extractable P values of the unfertiliz ed Ramiha soil 

averaged over the 1 2 -month period were 3 . 7  and 1 . 8  �g g- 1  

soi l  for t h e  0 - 4 . 0  and 0 - 7 . 5  cm sampl ing depths , 

respect i vely . The relative var iabil i t y  of P level at each 

s ampl ing depth var ied between s o i ls . 
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Fert iliz e r  P add i t ion resulted in larger increa s e s  in 

water -extractable P in the 0 - 4 . 0  cm sampl ing depth than 

those in the 0 - 7 . 5  cm depth . Fur thermore , the ef fect of 

fertiliz er P on water -extractable P in the 0 -7 . 5  cm depth 

became undetectable within a few months of addit ion , inspite 

of the con t i nu ing response of pasture to fertil i z er P .  

Consequently , water-extractable P i n  s o i l  s ampled from the 

0 - 4 . 0  cm depth may better ref lect the effect of fertil iz er P 

addit ion than water -extractab le P in the 0 - 7 . 5  cm depth . 

The r e lative increase i n  water-extractable P as a resu lt of 

fertil i z er P add i t ion was larger than that of Olsen

extractable P .  At two weeks af ter 4 0  kgP ha-1 was added to 

both the and Tokomaru soils , water-extractable P 

( 0 - 4 . 0  cm depth ) was increas ed by 15 0 %  whereas the increase 

in Olsen-extractab le P was on ly 10 0 % .  

Although s easonal variations wer e  observed in both 

water - extractable P and s o i l  mic rob i a l  biomas s  P in 

unfertilized and f e r tilized s o i l s , they were not related . 

Neither were the seasonal changes in soil microbia l  biomas s  

P related to P uptake b y  pasture . It appears that microbia l  



biomas s  P may be a less sensitive index of soil P 

availability than previou s ly thought . 

The addition of lime in an incubation and a g las s house 

s tudy caused significant decreases in Olsen-extractable P 

but very little change in water-extractable P in two soils 

of contrasting P sorption capacities .  Decr eases in Ols en

extr actable P of approximately 2 0 %  were obtained for both 

soils of medium P status as a result of the addition of 

Ca ( OH ) 2 at rates equivalent to 2 , 0 0 0  and 6 , 0 0 0  kg 

CaC03 ha- 1 , respectively . No such decreases were found in 

plant data or other soil P tests . Evidence from a 

laboratory s tudy indicated that the dec line was a result of 

an artifact in the Olsen procedure by which ca lcium 

phosphates may be pr ecipitated unde r  the conditions of high 

ca lcium concentration and high pH . Resu lts from a fie ld 

experiment on a Tokomaru soil unde r  permanent pas ture over 

21 months also confirmed that liming caused a decrease in 

Olsen-extractable P .  In fact , a significant reduction of 

3 0 % in the Olsen-extractable P was still obtained at 21  

months after the application of 5 , 0 0 0  kg CaCOJ ha- 1 . 

Because water - extractable P values are muc h  les s inf luenced 

by soil pH , water extraction may h ave an advantage over the 

Olsen test as a s oil-tes ting procedure for limed soil s . 

A model of P sorption , bas ed on the Langmuir ads orption 

equation was u s ed to pr edict changes in water-extractable P 

in soils fol lowing P addition . The predictive ability of 

the model was s trongly inf luenced by estimates of sorption 

energy constants ( K )  for a high P -sorbing soil . Whereas for 

a low P-sorbing soil , es timates of sorption maxima ( b )  were 

more importan t . The predictions were satisfactory for 

a soil with high P sorption capacity but overestimat ed 

results were obtained for a low ·p-sorbing soil . A r evis ed 

mode l  was developed to use phosphate retention ( PR )  test 

data a s  an e s timat e  of b .  When tested on a group of 

1 6  s oi l s  with a wide range of P s orption capacities ,  very 

good predictions ( r  = 0 . 8 4 * * > of changes in water

extractable P following P addition were obtained . It was 

found that , in some soils , the amounts of P extracted by 
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water were s t i l l  chang i ng rapidly at 1 h but the rate of 

change became s ign i f i cantly sma l ler at 24 h .  Improved 

pred i ct ions by the mode l  ( r  = 0 . 9 1 * * > were obta ined with 

an extract ion per i od of 24 h compared to the or iginal 1 - h  

per i od . W i t h  such a model l i ng approach ,  i t  may be pos s i b le 

to use the water -extraction procedure to determine whether 

fert i l i zer appl ication rates are in excess of the ca lcu lated 

ma i n tenance requ irements and a l s o  to quan t i fy th i s  e s t imate . 

In  a study us i ng a double- labell i ng techn ique des igned 

to character i se soi l P ,  the so i l  was i ncubated wi t h  3 3 p  for 

a r elat i vely long per i od of time ( 5 1 days ) and 3 2 p for 

a relat i vely s hort per iod of t ime ( 5  days ) .  The 3 2 p : 3 3 p  
rat ios i n  the Olsen and water extracts o f  the high P-sorbing 

Egmont so i l  showed a contra s t i n g  pattern to that of the low 

P-sorb ing Tokomaru so i l .  An i n i t ial as sumption of the 

techn i que i s  that as the exchangeabi l i ty of soi l P 

decreas e s , so shou ld the rat io of 3 2 p : 3 3 p . The unexpected 

lower 3 2 p :3 3 p  rat ios in the water extract as compared to the 

ratio in the Olsen extract of t he Egmont so i l  appears to be 

con s i stent with the larger d i f f erence between the amounts of 

water- extractable P and those of Olsen-extractable P wh i ch ,  

i n  turn , seem to ref lect the r a t i o  of loosely-held P to more 

t ightly-he ld P .  A lower 3 2 p : 3 3 p  ra t i o  i n  the water extracts 

can occur when the exchange of 3 2 p between the s o i l solut i on 

and the sur face has s lowed down and the 3 2 p is red i s t r i buted 

among var i ous surface groups . 

The 3 2 p :3 3 p  ra t i os of ryeg ras s grown on the labe l led 

s o i ls wer e always lower than the ra t i os of wh ite clover , 

i nd i ca t i ng that ryegrass can remove P f rom more t i ght ly - he ld 

s o i l  P than can wh i te clover . Th i s  may be due to the 

a b i l i t y  of ryegra s s  to explo i t  P f r om d i f f erent so i l  P pools 

a s  we l l  as the larger deple t i on of so i l  P by ryegras s .  
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CHAPTER 1 

INTRODUCT I ON 

�o�t Na� Zeal�nd s o i l s  i n  the i r  un improved s tate are 

unable to supp ly su f f i c i ent phosphorus ( P )  for nigh l�vcl3 
o f  pas ture product ion . To overcome th i s  problem , fert i l i zer 

P ,  predom i nantly i n  the form of superphosphate , is  regularly 

added to mos t  so i ls . I n  recent year s , the escalat ing cost 

o f  superphosphate , together with i ncreas ing transport and 

spread i ng costs have drawn atten t i on to ways of improving 

the ef f i c iency wi t h  wh i c h  phosphate f e r t i l i zer is used in 

New Z ea land . 

The us e of so i l  tes t i ng for mak i n g  recommendat ions on 

the use o f  superphosphate is wel l  e s tabli s hed in New 

Z ealand . Curr en t l y , the f er t i l i z er P requiremen t  of a we ll

developed pas ture , ma i n t a in ed at a s t eady level o f  

product i on , i s  calculated u s i ng a model whi ch w a s  developed 

by Cor n f orth and S incla i r  ( Cornforth and Sincla i r , 1 9 8 2 ) .  

The model i s  based on the concept that , in such a pas ture ,  

the s i z e  of the cyc l i ng pool of P rema i n s  con s tant and 

therefore fert i l i z e r  P is r equ i r ed on ly to replace P wh ich 

is  lost from the cycle through an i ma l s  or i n  the s o i l s . 

A so i l  test i s  requ i r ed to a s s e s s  whether the level o f  

avai lable so i l  P i s  approp r i ate for t h e  des i r ed level of 

product i on and to mon i tor the ef fect i venes s of the 

ma intenance f er t i l i z er P programme calculated by the mode l .  

At present , the Olsen P tes t ( Olsen et al . ,  1 9 5 4 a ) i s  

used i n  New Z ea land . Althoug h , over a wide range of s o i ls , 

the O l s en P test appear s  to be the mos t  sat i s factory of the 

procedures eva luated so far , i t s  developmen t  has been 

ent i r e ly emp i r i ca l . In other word s  the relat ions h i p  between 

the Olsen tes t value and probabi l i t y  of obta i n i ng a respon s e  

has been der i ved f rom exper iment a l  observat ions rather than 

from any theoret i ca l  cons iderat i on s . Thus , although t h i s  

relat i on s h i p  may b e  known reasonably accurately , i t  i s  
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d i f f icult to pred i ct what the s o i l  test va lue wi l l  be at 

s ome future date or how it wi l l  be a f f ected by add i t ion of 

f er t i l i z e r  P or other P i nputs . Furthermore , although some 

data of t h i s  type are ava i lable on a l imi ted range of soi l s , 

i t  i s  d i f f i cult to extrapolate the i n format ion to other 

s o i l s  wh i c h  may have widely d i f ferent proper t i e s  or 

f er t i l i z e r  h i s tor i e s . 

A s o i l -testing procedure bas ed on extract ion of the 

s o i l  w i t h  water has been developed by Ryden et al . ( 1 9 7 6 ) .  

T h i s  procedure was cla imed to be spec i f i c for a pool of 

so i l  P def ined by a sorp t i on model based on the Langmu i r  

equa t i on . A poten t i a l  advantage of t h i s  water-extraction 

procedure over the Olsen method i s  that or i g i n  of the P i n  

a water extract i s  much better unders tood than i s  the cas e  

w i t h  the mor e  comp lex Olsen reagen t . Thus , i t  s hould be 

eas i er to develop a model wh i ch pred i cts the behaviour of 

water-extrac table P ,  as a f f ec ted by f er t i l i z e r  P add i t ion . 

The imp l i cat ion wi t h  regard to the ma i ntenance P model i s  

that i t  may be pos s ib l e  t o  us e the wat er-extract ion 

procedure to determ i n e  not on ly whether or not f er t i l i z er 

app l i cat ion rates a r e  i n  excess of ma i ntenance requ iremen t s , 

but also to quan t i f y  the excess or def i c it . I n  add i t i on , 

because water extract ion may be spec i f i c for a pool of 

s o i l  P ,  it may prov ide a non-emp i r i ca l  est imate of ava i lable 

soil P wh i c h  i s  i ndependent of soi l type . 

Th i s  s tudy i s  concer ned with an evaluat i on of the 

potent i a l  of water extract ion as a s o i l-te s t ing procedure 

for P .  The i n f luence of P buf fer i ng on the pred i ct ion of 

p lant-avai lable P in  a wide range of so i l s  by the water

extract ion procedure is a s s essed i n  a gla s s hous e  study . The 

e f f ec t s  of season , depth of so i l  samp l ing , and fert i l i z er P 

add i t i on on the amounts of water-extractable P ar e eva luated 

at two contrast i n g  s i tes over one year . Compar i sons a r e  

made between t h e  e f f ect of soi l pH on water- and Olsen 

extractab le P in  g la s s hous e  and f i e l d  stud i es . The ab i l i ty 

to pred i ct changes in  water-extractab le P fol lowing 

f er t i l i z er P add i t ion is asses sed us ing a model developed by 

Rennes ( 1 9 7 8 ) . An attempt is  also made to use a double-
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labell i ng techn ique to character i s e  the short-term plant 

ava i labi l i ty of s o i l  P .  
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CHAPTER 2 

REVI EW OF LITERATURE 

The sub j ect of t h i s  review i s  the or i g i n  and character

i sat i on of plant-ava i lab le P i n  s o i ls . The ava i lab i l i t y  of 

var i ous forms of P i n  so i ls and the i n f luence of d i f ferent 

proces ses af f ec t i ng the i r  ava i lab i l i ty are d i scus s ed . The 

characte r i s a t i on of plant-ava i lable P is  revi ewed with 

spec i f i c reference to laboratory procedures , the i r  

ob ject ives , operat i on , evaluation , and factor s wh i c h  

i n f luence t h e  results . Finally , t h e  development and 

evaluation of a water -extrac t i on procedure is d i s cussed . 

2 . 1 Forms and Ava i lab i l i ty of So i l  P 

Soi l P can be divided into two broad categor i e s : 

i norgan i c  and orga n i c  P .  Numerous approaches have been used 

to further par t i t i o� so i l  inorgan i c  P into var ious forms . 

The categori s a t ion of s o i l  P has been di scus sed i n  severa l  

rev i ew ar t i cles , such a s  those o f  Beckett and Whi te ( 1 9 6 4 ) ,  

Lar sen ( 1 9 6 7 ) ,  Mat t ingly ( 1 9 7 5 ) ,  Berkhe i ser et al . ( 1 9 8 0 ) ,  

and Olsen and Khasawneh ( 1 9 8 0 ) .  

There are two ma j or types o f  categor i sat ion . The 

f i r s t , bas ed on k i ne t i c  con s iderat i on s , des cr i bes so i l  P in 

terms of the fol low i ng re lat ion s h i p  ( Larsen , 1 9 6 7 ) :  

Soi l solut ion P- =- lab i le so i l  p :;;;::=:::: non- lab i l e  soi l p 

where equ i l i br i um i s  rap idly estab l i s hed between lab i l e  and 

so i l  solut ion P ,  as compared to that between the lab i le and 

non- lab i le pools of s o i l  P .  Th i s  d i v i s ion of so i l  p i s  

largely arb i tr ar y , a s  exact bounda r i e s  between pools cannot 

be del i neated prec i sely ( Olsen and Khasawn eh , 1 9 8 0 ) .  The 

s econd type of categor i s at ion is bas ed on a mecha n i s t i c  

approach wh i ch clas s i f i es the s o l id phase o f  so i l  P into 

sorbed P and precipi tated P.  The f i rs t  refers to P sorbed 

on sur faces in the so i l  and the second to d i s t i n ct P 
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compounds e i t her formed as react i on products , or i n herently 

p resent as a result of the weather ing of the parent 

mater i a l . This approach offers a clearer picture of so i l  P 

f r om wh i c h  f urther attempts to under s tand the reactions of P 

i n  soi l s  can be made . Hence i n  th i s  rev i ew ,  so i l  P i s  

c l as s i f i ed into four components : solut ion P ,  sorbed P ,  

precip i tated P ,  and organ i c  P ( F i g . 2 . 1 ) . The ava i lab i l i ty 

o f  the s e  forms of s o i l P and the trans format ion proces s es 

between them are d i s cussed . Par t i cu lar attent ion w i l l  be 

g i ven to organ i c  P wh i ch increa s i ngly ha s been the sub ject 

o f  many stud ies . 

2 . 1 . 1  Solut ion P 

The immed iate source of P for plan t s  growing i n  a s o i l  

i s  i norgan i c  phosphate ions i n  the soi l solut ion . Soi l 

solut ion P i n  thi s s tudy refers to the i norgan i c  P present 

i n  the soi l solut ion un less  s tated otherwi s e . The soi l  

solut i on phase i s  the start i ng and f i n i s h ing poi n t  for a 

number of P tran s f ormat i on reac t i on s  i n  soi l s  ( Fi g . 2 . 1 ) . 

Therefore , the concentration o f  P i n  the soi l solut i on i s  

subject to rapid and con t i nual changes , and var i e s  widely 

between d i f ferent s o i ls . 

Soi l solut i on concentrations ar e g ener a l l y  low ( approx

imately 0 . 1 %  of total P i n  so i l ) due t o  strong i nteract ions  

of soluble P spec i e s  with some soi l con s t i tuents ( Beek and 

van R i emsd i j k ,  1 9 7 9 > .  The concentra t i on of soi l  solut i on P 

can be be low 0 . 0 0 0 3  �gP ml -1 i n  some t ropi cal soi ls and can 

exceed 3 �gP ml- 1  in a we l l - f er t i l i z ed soi l .  General ly , 

a concentrat ion of 0 . 3  �g d i s solved i n organ i c  P ml-1 i n  the 

so i l  solut ion is cons idered adequate for plant growth 

( Mengel and Ki rkby , 1 9 8 2 ) .  Although t he concentrat i on of 

soi l solut ion P can be i n f luenced by a number of proce s s es 

( F i g . 2 . 1 ) ,  i t  i s  be l i eved that sorp t i on-desorption 

proces ses are the mos t  impor tant i n  control l i ng react ions  in 

so i ls wh i ch have not recent ly rece i v ed phosphate fert i l i z er 

( Syer s and Iskandar , 1 9 81 ) .  

S o i l solut i o n  P i s  a l so r e f er red to as the inten s i ty 

fac tor i n  the concept of nutr ient avai labi l i t y  ( Khasawn e h , 
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Figure 2 . 1 Schematic repre s entation of components 

and reactions of so i l  P 
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1 9 7 1 ) .  Some d i ssolved organ i c  P i s  a l s o  present i n  the soi l 

s olut ion ( P ierre and Parker , 1 9 2 7 ; Wi ld and Oke , 1 9 6 6 ) .  

Although organ i c  P i n  the soi l solut i on can provide P to 

s ome plants ( Wi ld and Oke , 1 9 6 6 ) ,  i t  is uncertain whether 

organ i c  P has to be m i neral i s ed to inorganic P before being 

taken up by plants . 

2 . 1 . 2  Sorbed P 

Sorbed P i s  def i ned as phosphate ions wh ich are removed 

f r om solut ion and retai n ed at s o i l  surfaces ( Syer s and 

I skandar , 1 9 81 ) .  Th i s  process  is al so refer r ed to as 

' adsorption ' .  When it i s  followed by a more or les s  un i form 

penetrat i on of the adsorbed P into the solid phas e , the 

reac t i on is  cal led ' absorption ' .  Because i t  i s  d i f f i cu l t  to 

d i st ingu i s h  these two react ions  ( G las s ton e ,  1 9 6 0 ) ,  the less  

spec i f ic , overall term ' sorpt i on ' is  often prefer r ed . 

The amount of sorbed P i n  a so.i l  depends on two ma i n  

factor s . F i r s tly , i t  i s  inf l uenced by t he ab i l i ty o f  a s oi l  

t o  sorb P wh i c h , i n  turn , i s  governed by the presence of 

P -sorbing s o i l  components , par t i cularly the short-range 

order and crys ta l l i n e  hydrous oxi des of iron and alum i n ium , 

and short-range order alumino s i l i cates ( Wi l l iams et a l . ,  

1 9 5 8 ; Saunder s , 1 9 6 5 ; Syers  et al . ,  1 9 7 1 ) .  The amounts of 

these soi l  components w i l l  largely determi n e  the number of 

s it es ava i lable for P sorpt io n . There have been numerous 

s tudi e s  of the relationships between var iou s  soi l  

con s t i tuents and P sorp t i on . These have been d i s cu s s ed and 

reviewed by several workers , includ ing Par f i tt ( 1 9 7 8 ) ,  Wh i te 

( 1 9 80 ) ,  and Berkhe i ser et al . ( 1 9 80 ) .  The s econd f actor 

i n f luenc i ng the level of sorbed P i n  a soi l is the amount 

of P that has been added to the s o i l .  In so i l s wi t h  s im i lar 

P-sorpt i on capac i ty ,  the more P is added the greater the 

amount of sorbed P present . 

Sorbed P i s  r eleased into the so i l  solut ion by the 

proce s s  of desorpt i on . There are several factors that 

i n f luence the rate and extent of desorption of P .  They 

i nclude so i l  pH ; the concentrations and types of cat ions , 

and of both i norga n i c  and orga n i c  an i ons p r e s ent i n  the s o i l  
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solut io n � the degr ee of saturat ion of the sorpt ion comp lex � 

and the t i me allowed for sorption pr ior to desorpt ion 

( Barrow, 1 9 7 4 � Syer s and I s kandar , 1 9 81 ) .  Thes e  wi l l  be 

d i s cu s s ed later in the sect ion on sorpt ion-desorption 

proces s es ( Sect i on 2 . 2 . 1 ) .  

2 . 1 . 3 Prec ipitated P 

Precipitated P i s  present in so i l  either as a result of 

weather ing of pr i mary mi nerals or as react ion products of 

fert i l i zer P .  I n  add i t i on cer ta i n  pr i mary phosphate 

mi nerals  can be inhe r i ted from the parent mater ia l . The 

ma j or s ources of pr i mary P in  soi l s  are mi nerals of the 

apat i t e  group ( Ca1 o < P04 ) 6 Z 2 , where Z = f luor i de ( F ) , 

hydroxyl ( OH ) , ch lor ide ( Cl ) , or l /2 carbonate ( COJ) , the 

mos t  common of these i s  f luorapat i t e . Al though apat i te i s  

i n i t i a l ly a ma j or sour ce of P in  v i r g i n  so i l s , t h e  r a t e  of 

weather ing i s  generally too slow to prov ide adequate P for 

plant growth ( Syers et a l . ,  1 9 6 7 ) . 

A var i ety of preci p i tated P compounds have been 

propo s �d as f er t i l i z e r  react ion products in  soils . A s ummar y  

of the types of products i s  g i ven b y  Sample et al . ( 1 9 8 0 ) .  

There have been very f ew studies i n  wh i ch reaction products 

have successfully been i s olated from so i l  and ident i f i ed . 

Mos t of the compounds iden t i f ied as probable soi l - f er t i l i z er 

react ion products have been obt a i n ed from s i mu lations of the 

che mi cal environment near a fert i l i z e r  part i c le . Evidence 

for the occurrence of precipitated P compounds in so i l s has 

a l so been based on the r esults of se lect ive fract ionation 

procedures , such as that of Chang and Jackson ( 1 9 5 7 ) and its 

mod i f ication s . 

Alumi n i u m, iron , and ca lcium phosphate compound s  a r e  

t h e  ma i n  types o f  prec ipitated P common ly found in so i ls . 

As t hey s lowly d i s solve in the so i l  they wi l l  beco me 

ava i lable for plant uptake ( Taylor et al . ,  1 9 6 3 ) .  The rate 

of d i s solut ion depends largely on the i r  solub i l i t i es wh i ch 

a r e ,  however , not easy to pred i c t  in the complex so i l  

system.  
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2 . 1 . 4  Orga n i c  P 

T he orga n i c  P content of soi l s  var ies widely , ranging 

from 4 %  of  tota l P in  some pod z o l i c  soi ls to , 9 0 % in  alpine 

s o i l s  ( Wi l l i ams and Stei nbergs , 1 9 5 8 ) .  Howeve r , i n  mos t  

agr i c ultur a l  soi ls ,  organ i c  P compr i s es from 3 0 t o  8 0 % of 

the total P ( McCa l l  et a l . ,  1 9 5 6 ) .  In arable and grass land 

s o i l s , the app l i cation of ferti l i z er P often results in the 

bu i ldup of organ i c  P ( Jackman , 1 9 5 5 ; Walker and Adams , 1 9 5 8 ;  

Rixon , 1 9 6 6 ; Cooke and W i l l iams , 1 9 7 0 ) . Othe r  factors that 

have been found to inf luence the content of organ i c  P in 

so i ls include r a i n fa l l , temperature , P content of the par ent 

mater i a l , P sorpt ion capac i ty of the soi l ,  drai nage , soi l pH , 

and cu l t i vat ion . Thes e  a r e  summa r i s ed in reviews by Barrow 

( 1 9 6 1 ) and Dal a l  ( 1 9 7 7 ) .  

The s i g n i f icant cont r i but i on of soil  organ i c  P to 

plant-avai lable P i n  the trop i c s  i s  wel l  known ( Anderson , 

1 9 8 0 ; Tate , 1 9 8 4a > . Thi s  i s  due to the faster rates of 

minerali sat ion at highe r  temperatures . In contras t , the 

con t r ibut ion of soi l organ i c  P in  temperate regions has 

genera l ly been assumed t o  be sma l l  ( Russell , 1 9 7 3 ) .  

However , recent exper imental and s imulat ion model l i ng 

s tud i es of P cycl i ng i n  grass land soi ls have i n d i cated that 

mi n e r a l i sation of soi l organ i c  P suppl ies a s i g n i f icant 

proport ion of the total P requirement of plants ( B la i r  et 

a l . ,  1 9 7 6 ; Col e  et al . ,  1 9 7 7 ; B la i r  and Boland , 1 9 7 8 ) .  

The nature ,  source s , propert i es , and metabol i sm of s o i l  

organ i c  P have been the sub ject of many rev i ews ( Anderson , 

1 9 6 7 ;  Cosgrove , 1 9 6 7 ; Ander son , 1 9 7 5 ; Halstead and 

McKercher , 1 9 7 5 ; Hayma n , 1 9 7 5 ; Dalal , 1 9 7 7 ; Ander s on , 1 9 8 0 ; 

S tewa r t  and McKercher , 1 9 8 2 ) . The diver s i ty and complexity 

of orga n i c  P forms i n  soi l ,  however , has resu lted i n  the 

sub ject rema i n ing on ly poor ly under s tood , wi t h  on ly 5 0  to 

7 0 %  of the organ i c  P i n  soi l havi ng been characte r i s ed 

( Da l a l , 1 9 7 7 > .  

Con s iderab le progress i n  eluc idat ing the chemical 

n a ture and the dynam i c s  of soi l orga n i c  P has been made i n  

the l a s t  1 5  year s through t h e  app l i cat ion of modern met hods 
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of ext r action , concentrat i on , s eparat ion , and iden t i f i cat ion 

< Cosg r ove , 1 9 7 7 i Stewar t  and McKercher , 1 9 8 2 ) . Recent 

s tudi e s  have suggested that the trad i t ional bel i e f  that the 

organ i c  P in  s o i l is stab i l i s ed through incorporat i on i n to 

hu mi c  mater i a l  may not be correct ( Dalal , 1 9 7 7 ) .  The fact 

that organ i c  P i s  read i ly d i spers ed suggests that organ i c  P 

i s  not necessar i ly assoc i a ted with and stabi l i sed as 

a con s t i tuent of hu mi c  mater i a ls ( Scott and Ander son , 1 9 7 6 ) .  

These workers have conc l uded that the stab i l i ty of orga n i c  P 

i n  so i l  may be due more to the phosphate group than to the 

carbon moi ety . The phosphate group i n  organ i c  P molecules 

can be very access i b le for sorpt ion by , or r eaction wi t h , 

soi l i norgan i c  components . T h i s  hypothes is was con f i r med by 

d i r ec t  evidence of sorp t i on of organ i c  P compounds by s o i l s  

( Anderson et a l . ,  1 9 7 4 ) and observat ions that organ i c  P 

content i s  closely r elated to the P sorption capa c i ty of 

soi l s  ( Wi l l i a ms ,  1 9 5 9 i Jackman , 1 9 6 4 ) .  Fur ther more , the 

obs ervat ion that the P content of s o i l  organ i c  matter is 

more var iable than that of N and S ( Dalal , 1 9 7 7 ) suggests 

that organ i c  P may be s t ab i l i s ed by mechan i s ms other than 

those stabi l i s ing organ i c  matter in general . 

The orga n i c  P compounds i n  so i l  that have been 

iden t i f i ed can be grouped into thr ee ma i n  categor i e s : 

i nos i tol P ,  phospho l i p id s , and nucl e i c  acids . The r e ma i n ing 

organ i c  P may be pres ent in s ma l l  quan t i t i es as 

phosphoprot e i n s  and sugar phosphat e  ( e . g . , glucos e - 1 -

phosphate , Dal a l , 1 9 7 7 ) .  Recent ly , phosphonates ( C-P l i nked 

compounds ) have been detected by nuclear magn e t i c  resonance 

spectrometry in New Z ea l and soi l s  ( Newman and Tate , 1 9 8 0 ) .  

A more deta i led di scus s i on on the chemi s try of organ i c  P 

compounds i n  s o i l i s  beyond the s cope of t h i s  review . The 

s ub ject is we l l  reviewed by Ander son < 1 9 8 0 ) and Stewa r t  and 

McKer cher < 1 9 8 2 ) .  

The exact or i g i n  and tran s f or mat ion of organ i c  P 

compounds i n  s o i l s  are s t i l l  uncerta i n  largely because of 

the lack of met hods that can accurately separate and 

iden t i f y  thes e comp lex for ms of organ i c  P in soi l s . The 

p la n t  ava i lab i l i ty of organ i c  P compounds co mmonly f ound in 
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s o i l  has been demonstrated by many workers ( e . g . , Rogers et 

a l . ,  1 9 4 0 i Mar t i n , 1 9 7 3 i  Tate , 1 9 8 4a ) . However , contras t i ng 

obs e rvat ions have been made wi t h  r egard to the mechan i sms 

i n volved . In the absence of conclus ive evidence that plants 

can absorb P i n  the org a n i c  form , it  is assumed that 

mi nera l i sation by phosphatase en z ymes precedes uptake of P 

( Ander son , 1 9 7 5 ) .  Phosphatase en zymes can be produced by 

so i l  microorgan i sms , mycorr h i z ae , or plant root s ( Spei r  and 

Ros s , 1 9 7 8 ) ,  but the ma j or source has not yet been 

iden t i f i ed ( McGi l l  and Cole , 1 9 8 1 ) . 

I t  i s  generally accepted that the tran s format ions 

between orga n i c  and i norgan i c  P i n  soils are car r i ed out 

ma i n ly by soi l microorgan i sms . Cosgrove ( 1 9 6 7 ) s tated that 

P -conta i n i ng orga n i c  mat ter i s  a lmos t  certa i n l y  accumulated 

as a result of mi crob i a l  act i v i t i es . The imp l i ca t i on i s  

that the orga n i c  P i n  plant and an imal rema i n s  wh i ch are 

returned to so i l  is minerali sed f a i r ly rapidly and then used 

for the synthe s i s  of m i crobial  organ i c  P .  The s tudy of 

Mar t i n  and Mol loy ( 1 9 71 ) also i nd i cates that s tab le 

organ i c  P i n  s o i l  or i g i nates f r om mi crobial synthe s i s  rather 

than by accumu lat ion of resi s tant fract ions of plant and 

an ima l  res idues . 

Approx imately 5 to 10 % of the organ i c  P i n  so i l  i s  i n  

mi crobial biomass ( Hals tead and McKercher , 1 9 7 5 i Jenk inson 

and Ladd , 1 9 8l i Brookes et al . ,  1 9 8 2 i Hed ley and Stewar t , 

1 9 8 2 ) . Desp i te be i ng only a sma l l  proport ion of total P ,  

soi l microbial  biomas s  i s  a relat ive ly lab i le con s t i tuent of 

s o i l organic matter ( Co l e  et al . ,  1 9 7 7 ) ,  and a key s i te for 

mi n er a l i sation of organ i c  P in  soi ls . The recent develop

men t  of methods for e s t imating so i l  microb i a l  biomas s  ( e . g . , 

Chauhan et al . ,  1 9 8l i Brookes et a l . ,  1 9 8 2 i Hed ley and 

S t ewart , 1 9 8 2 ) has greatly improved the under s tand i ng of the 

role of mi crobial  P .  Results f r om mi crobi a l  P studi es have 

suggested that the microbial  b i omass in some pasture s o i l s  

cou ld supply s i gn i f i cant amounts o f  ava i lab le so i l  P ( Ha lm 

et a l . ,  1 9 7 2 i Cole et a l . ,  1 9 7 7 i Brookes et a l . ,  1 9 8 2 i 

Per rott and Sarathchandra , 1 9 8 2 i Tate , 1 9 8 4a ) . 
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2 . 2  P rocesses Af f ecting the Ava i l ab i l ity of Soi l P 

P lants grow i ng in a s o i l  absorb inorgan i c  P from the 

soi l s olut ion . The concentrat i on s  of P i n  the so i l  solut ion 

are ma i ntained by replen i s hmen t  f r om other forms of soi l P ,  

such as sorbed P and orga n ic P ( F i g . 2 . 1 ) . Proce s s es wh ich 

cont r o l  the trans formations between d i f f erent forms of soi l 

can be summar i s ed into four groups : ( i )  sorpt i on -desorpt ion , 

( i i )  prec ipitat i on-d i s solut i on , ( i i i ) immobi l i sat ion

mi n er a l i sat i on , and ( iv >  plant uptak e . Fer t i l i z er P 

add i t i on also i n f luences the ava i lab i l i ty of soi l P .  

2 . 2 . 1 Sorption -desorpt ion 

S orption o f  P refers to the r emoval of P from solut i on 

and i t s  accumulat ion at a sol id phas e , wh i le desorp t i on 

refers to the r e lease of sorbed P into solut ion . I t  i s  now 

bel ie ved that the ba lance between sorpti on and desorpt ion 

( rather than precipitation-d i s s olut ion react i on s ) largely 

controls  the concentration of P in the soi l solut i on ( e . g . , 

Barrow , 1 9 7 8 � Syers and I s kandar , 1 9 81 ) ,  except i n  s o i l s  

wh i c h  have recently been fert i l i z ed .  In  thi s sect ion , the 

i n f l uence of var ious soi l propert i e s  on sorpt ion-desorpt ion 

reac t i ons i s  d i s cussed f ir s t . The mechani sms of P sorpt ion 

are then revi ewed and th i s  is f o l l owed by a d i s cu s s i on on 

model l ing sorpt i on -desorpt ion reac t i on s . 

2 . 2 . 1 . 1  Soi l propert i es 

Pub li shed work on P sorption ind icates that 

so i l s  can vary apprec i ab ly in t he i r  ab i l ity to sorb P .  In  a 

number of stud i es , attempts have been made to correlate P 

sorpt ion with soi l propert i es . These have been summar i sed 

in review papers by Par f i tt ( 1 9 7 8 ) ,  Beek ( 1 9 7 9 ) ,  Berkhei s er 

et a l . ( 1 9 8 0 ) , Wh ite ( 1 9 8 0 ) ,  and Syers and Iskandar ( 1 9 81 1 .  

The factors cons idered to i n f luen c e  P sorpt ion-desorpt ion 

wi l l  be di scussed br i e f ly .  

( i )  Amount and nature of P sorb ing component s  

Sorption of P occur s a t  exposed hydroxyl groups 

on the surfaces of so i l  colloids ( Pa r f itt , 1 9 7 8 � Harr i son 

and Berkh i eser , 1 9 82 ) .  McLaug h l i n  et al . ( 1 9 8 1 ) have shown 

that the extent of P sorpt ion by s everal i ron- and 
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alumi n i um-conta i n i ng components a r e  pr imar ily related to the 

number of functi onal hydroxyl g roups present at the 

sol id-solution i nter face . Short-range order ( amorphous ) 

components generally have abundant exposed hydroxyl groups , 

so they have a much greater capa c i t y  to sorb P than do the i r  

crysta l l ine counterparts ( Bache , 1 9 6 3 ;  Ryden , 1 9 7 5 ) . One 

s hort-range component usua l ly found in soi ls contaminated by 

vo lcan ic ash i s  al lophane - l i ke ( s hor t-range order alumi no

s i l icate ) mater i a l  wh ich i s  ext r emely ef fect i ve in P 

sorpti on ( Cloos et al . ,  1 9 6 8 ) .  Crys tal l i ne hydrous metal 

oxides usually sorb more P than layer s i l icates ( Mul j ad i  

et a l . ,  1 9 6 6 ) . In  weakly and moderately weathered soi ls , 

hydrous ferr i c  oxide gel occur s as coat ings on layer 

s i l i cates ( Des hpande et a l . ,  1 9 6 8 ;  Wada and Harward , 1 9 7 4 > ,  

resul t ing in the sorpt ion of larger amounts of P .  Calcium 

car bonate i s  reported to have a ver y  l imi ted ab i l i ty to sorb 

P ( Gr i f f in and Juri nak , 1 9 7 3 ) ,  wh i ch may be due to hydrous 

f er r i c  ox ide impur i t i es ( Ho l f ord and Matt ing ly , 1 9 7 5 ) .  

( i i )  Soi l pH 

S tudies on the ef f ect of soi l pH on P sorption

desorption react ions have produced contrad ictory result s . 

I t  i s  widely accepted that i ncreas i ng soil pH by l iming 

genera l ly reduces the sorpt ion o f  P ,  but the oppos i t e  

f i n d i ng has a l s o  been reported i n  a few stud i e s  ( Pr obert , 

1 9 8 0 ; Sanche z and Uehar a , 1 9 8 0 ; Haynes , 1 9 8 2 ; and Barrow ,  

1 9 8 4 ) .  The decrease i n  P sorpt i on fol lowi ng an increase in 

pH has been attributed to the e f f ect of pH on surf ace 

charge , wh ich becomes less pos i t ive with increas i ng pH , and 

on the species of P present i n  solution ( Hi ngs ton et a l . ,  

1 9 6 8 , 1 9 7 2 ) .  As soi l pH ri ses , the surface becomes more 

negative and therefore less attract i ve to the sorp t i on of 

phosphate ions . In many soi l s  an increase in so i l  pH could 

a l s o  lead to an i ncrea s e  in microbial activity and an 

i ncreased product ion of organ i c  a n ions that cou ld reduce P 

sorpt ion ( Ear l et al . ,  1 9 7 9 ) .  

The oppos ite effect of soi l p H  on P sorption often 

occurs i n  h i g h ly-weathered , acid soi l s  ( Haynes , 1 9 8 2 ) .  As 

the pH in thes e  s o i l s  i ncreas es , P sorption i n i t i a l ly 
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i ncreases and then decrease s  as the so i l  pH r i s e s  above 6 . 5  

to 7 .  I t  i s  sugges ted that the h i g h  level of exchangeab le 

alumi n i um ( Al 3 + ) present in these so i l s  i s  an important 

factor . Haynes ( 1 9 8 2 ) has concluded that an i ncrease in 

so i l  pH enhances the hydr o ly s i s  and polymer isat i on of 

exchangeable Al 3 +  and forms i n soluble , polymer i c  hydroxy-A! 

cat i on species whi ch have h i ghly act ive P-sorb i n g  sur faces 

( Coleman et a l . ,  1 9 6 0 ; Mokwunge , 1 9 7 5 ) .  These hydroxy-A! 

polymers r emove P from the s o i l  solut ion . As s o i l  pH i s  

rai sed above s i x , the prev i ous ly f ormed hydroxy-A! sorbing 

sur faces become more soluble and d i s solve , wi t h  the re lease 

of prev i ously sorbed P .  Appar ent ly these hydroxy-A! 

polymer s  are not s table and a i r -drying can reduce the i r  

sur face act i v i ty ( probab ly due t o  crystal lisat i on > and 

decrease P s orpt i on capa c i t y  ( Haynes , 1 9 8 2 ) . Hence , i f  

a limed so i l  i s  � i r-dr i ed before react ion wi t h  P ,  the 

sorpt ion of P wou ld be decreased rather than i n cr eased . 

However , Wh i te ( 1 9 8 3 ) has po i n ted out that there i s  

ample evidence for the s tab i l i ty o f  hydroxy-A! charged 

spec i es , so the drying process wou ld have to be extremely 

severe and prolonged for the act i v i ty of the sorbing 

surfaces to decrease . Fur t hermore , Hayne ' s  ( 1 9 8 2 ) 

explanat ion about the ef f ect of drying on P solubi l i ty i s  

i ncon s i s tent w i t h  the results of Taylor and Gurn ey ( 1 9 6 5 ) ,  

Amaras i r i  and Olsen ( 1 9 7 3 ) ,  and Fr i e sen et al . ( 1 9 8 0 ) ,  a l l  

o f  whom a i r -dr i ed and rewetted s o i l s  two or more t imes 

fol low i ng the add i t ion of l ime . After review i ng data from 

severa l  stud ies , Wh ite ( 1 9 8 3 } concluded that the 

exchangeable Al content o f  an ac i d  soil is important i n  

determi n i ng how P sorpt i o n  wi l l  b e  af fected b y  p H  i ncrease 

through liming . It is  propos ed that there i s  a cr i t i ca l  

level of exchangeab le A l  above wh i ch s o i l s  wi l l  show a n  

i ncrease i n  P sorpt ion when l i med ( Sumner , 1 9 7 9 ; Wh i te , 

1 9 8 3 ) .  

( i i i ) The pr e s ence of other ions 

Var i ous cat ions  and an i ons can a f f ect the 

sorpt i on and desorpt ion o f  P in s o i l s . Several stud ie s  have 

s hown that P sorpt ion by so i ls is i n f luenced by the spec i e s  
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and concentrat ion of cat ions i n  the system ( Beek and van 

R i emsd i j k , 1 9 7 9 ;  Syers and I skandar , 1 9 81 ; Bar row , 1 9 8 3c ) . 

Generally , h i g h  salt concen trations i ncrease P sorpt i on and 

d i va lent cat ions enhance P sorpt ion relat ive to monovalent 

cations . The add i t ional ef fect of divalent cat ions , such as 

ea , on P sorpt ion , as compared wi t h  sodium ( Na ) , was 

a t t r i buted to the add i t i onal screen i ng of negat ive charge at 

the surface provided by the d ivalent cat ion , in add i t i on to 

the effect of spec i f i c sorpt i on of ca lcium on sur face charge 

( K in n i burgh et al . ,  1 9 7 5 ) .  

Some i norgan i c  and organic an ions can compete to 

a varying extent with P for sorption s i tes , result ing in 

a decrease in the sorption of added P or in the desorption 

of sorbed P .  N i trate and chlor ide , wh ich are 

non-spec i f i ca l ly sorbed cannot compete wi th P for sorpt i on 

s i te s  ( Evan s  and Syer s , 1 9 71 ; K i n jo and Prat t , 1 9 71 > , 

a l t hough some other i n organi c  an ions have been shown to 

compete succe s s f u lly with P .  These include arsenate , 

bi carbonate , f luor ide , molybdate ,  selen i te , and hydroxyl . 

Recently , Ryden et al . ( 1 9 8 5 ) have reported that although P 

i s  preferent ia l ly sorbed , there i s  no evidence to sugg e s t  

t h a t  anions , such a s  arsenate a n d  selen ite , are sorbed on 

d i f f erent s i tes from P .  They a l so suggested t hat the 

compe t i t ive abi l i ty of such an i ons was attr ibuted to the 

charge relat ionsh ips of sorpt io n . 

Sulphate can desorb l i tt l e  phosphate because of the 

i nabi l i ty of sulphate to form a stronger bond than phosphate 

at the surface ( Evans and Syer s , 1 9 7 1 ) .  It  appears that 

compet it ion between these an ions and phosphate for sorpt ion 

s i tes in  s o i l s  involves l igand- exchange react ions ( Par f i tt , 

1 9 7 8 ) .  The compet i t ive abi l i ty of the an ion i s  determined 

by the strength of bond i ng of the anion with the s ur f ace . 

Phosphate sorpt ion i n  s o i l s  can also be reduced by the 

f o l lowing organ ic an i on s : c i tr ate , oxalate , tartrate , and 

polygalacturonate , and by fulv i c  and humi c acids ( Parf i tt , 

1 9 7 8 ;  Beek and van Ri emsd i jk ,  1 9 7 9 ; Syers and Iskandar , 

1 9 81 ) .  S tud ies with organ ic a n i on s  ( e . g . , Nagara jah et al . ,  
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1 9 6 8 , 1 9 7 0 ) have shown that the s tructure of the an ion and 

the pH of the system are important factors wh ich determi ne 

the extent of r educt ion o f  P sorpt ion . The e f f ect of the s e  

organ i c  an i on s  o n  P sorp t i on c a n  b e  attr ibuted to the i r  

forma t i on o f  stable compl exes w i t h  the Fe and Al of soil 

component s , thus reduc i ng the number of sorption s i tes 

( Nagar a j a h  et a l . ,  1 9 7 0 : Ear l et a l . ,  1 9 7 9 ) .  

( iv )  Saturat ion of the sorpt ion complex 

The ab i l i ty of a soi l to sorb P is largely 

related to the saturat i on of the sorpt ion complex or to the 

number of s i te s  avai labl e  for further sorption ( Par f i tt , 

1 9 7 8 ; Syer s and I skanda r , 1 9 81 ; Wh i te , 1 9 80 ; Barrow , 1 9 8 3 c ) . 

Desorption of P is also s trongly i n f luenced by the extent of 

saturat ion of the sorpt i o n  complex ( Woodruf f  and Kamprath , 

1 9 6 5 ) ,  i n  add i t ion to t h e  time of contact between added P 

and the soi l ( Evan s  and Syer s , 1 9 71 ; Barrow and Shaw , 1 9 7 4 ) .  

2 . 2 . 1 . 2  Mec hani sms of P sorption 

A knowledge of mechan i sms of P sorpt ion is 

e s s e n t i a l  for an unders tanding of the behav i our of soil and · 

f e r ti l i z e r  P i n  relat i o n  to ava i lab i lity to plant s . 

Res earch to e l ucidate the mechan i sms of P sorpt ion by so i ls 

i s  h indered by the complex nature of the many d i f f er ent soi l 

components ( Be rkhe iser et al . ,  1 9 80 ) .  Although there is 

extens i ve l it e rature on P sorpt ion , there i s  s t i l l  some 

con f l i ct with regard to the mechan i sms of P sorpt i on 

proposed by var ious wor kers < Mu l j ad i · et al . ,  1 9 6 6 ; Hings ton 

et a l . ,  1 9 7 2 : Ra jan , 1 9 7 5 b ;  Ryden et al . ,  1 9 7 7a :  Bowden et 

a l . ,  1 9 80 ) .  

Sorpt ion of P by s o i l s  and s o i l  components i s  gener a l ly 

character i s ed by an i n i t i a lly f a s t  reaction fol lowed by 

a s low reac t i on which can cont i nue for some t ime ( Hsu , 1 9 6 4 : 

Evan s  and Syers , 1 9 7 1 : Ra jan and Fox , 1 9 7 2 ; Barrow and S haw , 

1 9 7 4 ;  Ryden e t  al . ,  1 9 7 7 b :  Barr ow , 1 9 8 3a ) . The i n i t i a l  

r a p i d  r eaction i s  bel i eved to i nvolve sorp t i on reactions 

( Munn s  and Fox , 1 9 7 6 ; McLaughl i n  et a l . ,  1 9 7 7 :  Ryden et a l . ,  

1 9 7 7 b ;  Barrow , 1 9 8 3 c ) , but there are var i ed op i n i on s  on the 

nature of the s low react ion ( e . g . , Barrow and S haw , 1 9 75 a ;  

McLaugh l i ri  e t  a l . ,  1 9 7 7 ; Barrow , 1 9 8 3a ) . 
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I t  i s  generally agr e ed that P is spec i f i ca l ly sorbed by 

l i gand exchange ( Hi ngs ton et al . ,  1 9 7 2 ; Ryden et a l . ,  

1 9 7 7a ) ; that r elease of OH- ( and/or H+ ) often occurs as 

a con sequence of P sorpt i on ( e . g . , Breeuwsma and Lyklema , 

1 9 7 3 � Ra jan , 1 9 7 5 a � Ryden et al . ,  1 9 7 7a ) � and that P 

sorpt ion i s  af f ected by ionic s trength < Helyar et al . ,  1 9 7 6 ;  

Ryden et al . ,  1 9 7 7 c ) and pH ( Barrow , 1 9 7 0 ; Bowden et al . , 

1 9 8 0 ) .  Among the severa l  mechan i sms proposed by d i f f erent 

workers to explain such observat ions , there are two 

contrasting approaches to descr i b i ng P sorpt ion : the 

Langmu ir approach ( Ryden et al . ,  1 9 7 7a ) and the extended 

doub le layer model ( Bowden et al .. , 1 9 8 0 ; Barrow et al . ,  

1 9 8 0 a , b ) . 

U s i ng a three-sur f ace Langmu i r  equat ion to descr ibe P 

sorp t i on data , Ryden et al . ( 1 9 7 7a ) proposed that P was 

sorbed at three energet i cally d i f f erent types or reg i on s  of 

s i te s . They s uggested that mechan i sms of P sorpt i on at low 

concentrat ions involved chem i s orpt i on by replacement of 

-OH2
+ and - OH groups on the sur face < reg ions I and II ) by 

l i gand exchange and pos s ible f ormation of b i nuclear or 

br idg i ng complexes ( Pa r f itt , 1 9 7 7 ) . At high P 

concentrat ions , more-phys i cal sorpt ion of P involving 

a weaker bond i ng to the surface ( reg i on I I I ) was suggested . 

Ra j an and eo-workers ( Ra j an and Fox , 1 9 7 2 ;  Ra jan and Perrot , 

1 9 7 5 ;  Ra jan , 1 9 7 6 ) have postu lated a s imi lar ser i es of 

l i gand exchange mechan i sms for P sorpt ion . T h i s  group of 

workers found evidence that surface negat i ve charge did not 

change in a certai n  range of sorption and t h i s  was explained 

by the mechan i sms proposed ( Ra j a n , 1 9 7 6 ; Ryden et al . ,  

1 9 7 7a ) . 

In  contrast , another group of workers has recently 

sugges ted that there i s  no need to postulate mor e  than one 

type of s i te on the sur face for P sorpt ion and that the 

changes in P sorpt ion can be explai ned by a prog r es s ive 

i ncrease in sur face negativity as sorpt ion proceeds ( Bowden 

et a l . ,  1 9 7 7 , 1 9 8 0 ) .  Thes e  workers used an extended double 

laye r  approach to develop a mechan i s t i c  model to descr ibe 

s orpt i on of ions , includ i ng P ,  on an ideal i sed charged 
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surface ( Bowden et al . ,  1 9 8 0 ) .  I t  i s  l i kely that there wi l l  

be d i f f i c u lt ies in  apply i ng t h e  mode l  t o  soi l s  wh ich i s  

a mi xed mineral system .  Fur thermore ,  evidence for 

a con s i s tent increas e  in sur face negat ive charge on 

P sorpt ion i s  by no means conclus ive ( Marsh , 1 9 8 3 ) .  

A var iety of mechan i sms has been propos ed for the slow 

react ion of P removal wh i ch fol lows an i n i t ia l , rapid 

P sorp t i on reaction . These include the precipi tat ion of 

d i screte P compounds ( Larsen and Widdowson , 1 9 7 1 1 Chen 

et al . ,  1 9 7 3 1  Tal i budeen , 1 9 7 4 ) ,  the s h i f t  from monodentate 

to a bi -dentate form of sorbed P ( Kafkaf i et a l . ,  1 9 6 7 1  

H ings ton et a l . ,  1 9 7 4 1 Barrow and Shaw , 1 9 7 5 b ;  Munn s  and 

Fox , 1 9 7 6 ) ,  the penetration ( i . e . , absorption ) of  surface

sorbed P i nto soi l component s  ( Hol ford and Mat t i ng ly , 1 9 7 6 ) ,  

and the s h i f t  of P from a loos e ly-held ( i . e . , more

phys i ca l ly sorbed ) form ( Ryden et a l . ,  1 9 7 7 b ) to a mor e  

strong ly-held chem i sorbed form , thus r egenerat ing s i tes for 

further sorpt ion ( McLaug h l i n  et a l . ,  1 9 7 7 ) .  Th i s  v i ew i s  

cons i s tent w i t h  the three-compartment model ( A  = solut i on P ,  

B = weakly-sorbed P ,  and C = s trong ly-sorbed P )  of Barrow 

and S haw ( 1 9 7 4 ) ,  developed from stud i es of the k i n e t i c s  of 

P sorpt i on by soi l s . Accord i ng to Bar row and S haw ( 1 9 7 4 ) ,  

the s low react ion i nvolves the s h i f t  of sorbed P from 

compar tment B ( weakly-sorbed P )  to compartment C ( strong ly

sorbed P ) , a l lowi ng further removal of P from compar tment A 

( solut ion P ) . 

Recen t ly , Barrow ( 1 9 8 3 c ) pos tu lated a d i f fus i on 

mechan i sm for the slow and cont inu ing react ion between P and 

soi l . He proposed that the i n i t ia l , rapid P sorpt i on 

reaction i nduces a d i f f us i on grad ient towards the inter ior 

of the par t i c le and beg i n s  a solid-state d i f fus ion process . 

Penetrat ion of P i nto the par t i cle wi l l  produce vacanc ies on 

the sur f ace for fur ther sorpt ion . 

T he con t i nu i ng sorpt i on react ion , involving the s h i ft 

of a loosely-bound to a mor e  tight ly-bound form of sorbed P ,  

i s  par t ly respon s ible for the fact that sorpt i on of P i s  not 

completely r evers ible ( Ryden et al . ,  1 9 7 7a ;  Barrow , 1 9 8 3 c ) . 
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I n  contra s t  to the s i tuat ion f or sorpt ion , the desorpt i on 

process of P has been s tud ied less f r equent ly . The extent 

of saturat ion of the sorpt ion comp lex has a marked i n f luence 

o n  the des orpt ion of P ( Ryden et al . ,  1 9 7 7a ) . It is 

s ugges ted that the greater eas e  of desorpt ion at h igher 

s aturat ions ar i ses from the decrease i n  the energy of 

P sorption with increas i ng surface coverag e . The rate of 

desorpt ion also decreases as the per i od of pr ior react ion 

i ncreases ( Barrow and Shaw , 1 9 7 5 b ;  Munn s  and Fox , 1 9 7 6 ) .  

T he explanat ion prov ided by the d i f fu s i on mechan i sm of 

Barrow ( 1 9 8 3c )  is that the longer the per iod before 

desorption i s  i n i t i ated , the more deeply P wi l l  have 

penetrated , and hence the mor e  s l owly it can be desorbed . 

2 . 2 . 1 . 3  Model l i ng P sorpt ion-desorpt ion 

react ions 

Numerous stud i es have attempted to descr ibe and 

model sorpt ion-desorpt i on react ions of soil P in an attempt 

to under s tand more about the nature and mechan i sms of the 

reaction s  i nvolved or to character i s e  the sorpt i on 

desorpti on proper t i es of a s o i l  ( Barrow , 1 9 8 3 c ) . Sorpt ion 

i s otherms have been used to descr ibe the relat ionship 

between the amount of P sorbed and that rema i n i ng in the 

soi l solut i on at constant temperatur e .  Severa l  equa t i on s  

have also been used to descr ibe P sorpt ion data a n d  these 

have been d i s cussed exten s i vely by Barrow < 1 9 7 8 ) .  Three 

commonly used equat ions are the Freund lich ( Ru s s e l l  and 

Prescot t , 1 9 1 6 ) ,  the Langmu i r  ( Ol s en and Watanabe , 1 9 5 7 ) ,  

and the Temki n  ( Bache and W i l l i ams , 1 9 7 1 ) equa t i on s . The 

mos t  widely used equation is the Lan gmu ir equat ion . 

App l i cat ions of the l i near form of Langmu i r  equat i on to 

P sorpt i on by soi l s  and soi l components over a wide range of 

solut ion P concentrat ions have genera l ly indi cated 

dev i a t i on s  from a s i ng le l i near relat ionship ( e . g . , Olsen 

and Watanabe , 1 9 5 7 ; Shap i ro and Fr i ed , 1 9 5 9 ) .  I t  has been 

s uggested that th i s  deviat i on a r i s e s  from mor e  than one 

mechan i sm or popu lat ion of sorption s i tes ( Syer s  et a l . ,  

1 9 7 3 ;  Ra jan et a l . ,  1 9 7 4 ) .  Sorpt i on i sotherms for P have 

often been spl i t  into reg i ons , each of which is attr ibuted 
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to a d i stinct popu lat ion of s i tes and i s  descr ibed by a 

Langmu ir equat i o n . Ryden et al . ( 1 9 7 7 a ) suggested that the 

sorpt i on data f or contras ting soi l s  cou ld be descr i bed by 

three d i s t i nct Langmu i r  equation s . Fur ther suppor t i ng data 

r elat i ng to the sur f ace charge and pH relationsh ips of 

sorpt ion , and the ef f ects of pH , other ions , and ion i c  

s tr ength on sorpt i on , allowed them to propose that two 

chemi sorpt ion mecha n i sms cou ld operate at equ i l ib r i um 

solut ion P concentrations of approximately 0 . 2  mg 1- l or 

lower . Above t h i s concen trat ion , a third mechan i sm ,  having 

a substantially lower f r ee energy of sorption , became 

operative . Thi s  was cal led a more-phys i ca l  sorpt ion 

reac t ion wh ich was reve r s ible upon a reduction i n  the 

solut ion P concentrat i on . 

Several c r i t i c i sms of the use of the Langmui r  equat ion 

to describe sorpt ion i sotherms have recently been mad e  

( Bowden e t  al . ,  1 9 7 4 , 1 9 7 7 ;  Har ter and Baker , 1 9 7 7 ;  Veith 

and Spos i to , 1 9 7 7 ; Bar r ow , 1 9 7 8 ; Par f i tt ,  1 9 7 8 ) .  Hope 

( 1 9 7 8 ) po inted out that most of the c r i t i c i sms r e late to the 

f a i lure of the Langmui r  equation to cons ider changes i n  

s u r f ace charg e  dur i ng sorpt i on . Rennes ( 1 9 7 8 ) has argued 

that the con sequence of the chang e s  in sur f ace charge may be 

relat ively i n s i gn i f i can t . Fur thermore ,  the wor k  of G i le s  

( 1 9 7 0 ) suggest s  that the Langmu i r  equation may b e  mor e  

s u itable for desc r i b i ng solute sorpt ion than gas sorpt ion , 

for whi ch i t  was developed . 

Desp ite these cr i t i c isms , the Langmu ir equat ion has 

proved useful in develop i ng mode l s  to descr ibe seve r a l  

aspects o f  P s orpt ion b y  soi ls , i nc ludi ng sorpt ion

desorpt ion relation s h ip s  ( Hol ford and Matt i ng ly , 1 9 7 5 ; Ryden 

et a l . ,  1 9 7 7a ; Taylor and El l i s , 1 9 7 8 ) ,  time-dependent 

sorption of P ( En f i e ld et al . ,  1 9 7 6 ; Hope and Syer s , 1 9 7 6 ; 

� e et al . ,  1 9 7 7 b ) , and the plant ava i lab i l ity of P 

( Ho lford and Matt ingly , 1 9 7 6 ) .  

Recently , Bowden e t  a l . ( 1 9 7 7 ) has developed a general 

model for ion sorpt i on on var iable charge mineral s u r f aces . 

The model , un l i ke others ,  account s  for the pH-dependent 
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charge on the s ur f ace and the charge on the sorbing ion . 

Although the Bowden et a l . model has been used succes s fully 

to descr ibe P sorption i n  pure mineral systems , it  requires 

some comp l i cated computat ions wh i ch may l imit i ts use on 

whole s o i l s . 

I n  mos t  cases , the models f or P sorpt ion des cr i be 

experimental data sat i s factor i ly and often wi t h  correlation 

coe f f i c ients of 0 . 9  or hi gher ( Berkhe i s er et a l . ,  1 9 80 ) .  

However , the ' goodness of f i t ' a lone does not con s t i tute 

proof that sorpt i on mechan i sms a s s umed by the model are in 

operat ion exclus ively < Ve i t h  and Spos ito , 1 9 7 7 ) .  

2 . 2 . 2  Precipi tat ion-di ssolut ion 

Precipi tat ion imp l i es that the solut ion P concentrat i on 

i s  con trol led by the solub i l i ty product of the lea s t  soluble 

P compounds .  From laboratory s tudi es dur ing the 1 9 5 0 ' s , i t  

was postulated ( Cole and Jackson , 1 95 0 ; Baseman e t  a l . ,  

1 9 5 0 ; Kittr i ck and Jacks on , 1 9 5 5 ) t hat the concentrat i on of 

solut ion P i n  neutral and ac i d  soils was control led by the 

solub i l i ty products of crys ta l l i n e  P compounds . The results · 

of severa l  subsequent s t ud i es , however , have indi cated that 

the s ol ub i l i ty of such compounds does not sat i s factor i ly 

exp l a i n  the concentrat ion of P observed in the soi l solut i on 

( Wi l d , 1 9 5 4 ; Taylor and Gurney , 1 9 6 2 ; Bache , 1 9 6 3 ;  Mur rmann 

and Peech , 1 9 6 9b ) . Prec ipitation-dis solut i on react i on s  

appear to b e  more s i g n i f i cant i n  t h e  v i c i n i ty of fert i l i zer 

par t i c les than in the bu lk so i l . The presence of Fe and Al 
' 

phosphates has been reported as soil-ferti l i zer reaction 

products around fert i l i z er granules ( Lindsay and Stephenson , 

1 9 5 9 ; Huf fman , 1 9 6 9 ) ,  and it i s  a l so we ll estab l i shed that 

d i c a l c i um phosphates can form as reaction products when 

mon ocalcium phosphate is added to soi l s  ( Li ndsay et a l . ,  

1 9 5 9 ;  Moreno e t  a l . ,  1 9 6 0 ) .  However , these compounds are 

un l i ke ly to pers i s t  i n  s o i l s  for long per i ods ( Huf fman and 

Taylor , 1 9 6 3 ;  Probert and Lar s en , 1 9 7 0 ) .  More deta i led 

d i s c us s i on of reaction products and their d i s so l ut ion i s  

g i ven i n  Sect ion 2 . 2 . 5 . 
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2 . 2 . 3  Immob i l i sat ion-mi neral i sa t i on 

Phosphorus can be removed from the so i l  solut ion by 

mi crobial tran s f orma t ion ( immob i l i sat i on ) into organ i c  

compounds wh i ch a r e  unava i lab le t o  plants . Some P can also 

be released from so i l  organ i c  P into the soi l solut ion a fter 

mi crob i a l  convers ion ( mi nera l i sation ) .  Both immob i l i sat ion 

and mi nera l i sat ion processes occur concurrently in so i l , and 

the balance between them wi l l  determi n e  the amounts of 

organ i c  P present in a so i l .  When s o i l s  rece i ve regular 

appl i cations of f er t i l i zer P they gradually accumu late 

organ i c  P up to an equ i l i b r i um level unt i l  the rate of 

immob i l i s at ion ba lances the rate of decompos i t i on ( Jackman , 

1 9 5 5 i Walker and Adams , 1 9 5 8 i R i xon , 1 9 6 6 i Qu i n  and Ri ckard , 

1 9 8 3 ) .  

The rates and pat hways of P through so i l  organ i c  matter 

are poor ly understood when compared to phys i co-chemica l 

processes of soi l P ,  such as sorpt i on -desorpt ion and 

prec i p i ta t i on -d i s s olut ion ( Tate , 1 9 8 4a ) . The dynamic nature 

of soi l  organ i c  P is  masked by the fact that on ly a smal l  

port ion o f  the tota l  soi l organ i c  P may be biolog ical ly 

act ive and i t  i s  d i f f i cult to measure the reac t i v i ty of 

a sma l l  por t ion of labi le organ i c  P i n  the presence of 

a larger proport i on of relat ively s table organ i c  P ( Stewar t  

a n d  McKercher , 1 9 8 3 ) .  

Soi l  mi croorgan i sms play an impor tant role i n  the 

turnover of so i l  organ i c  P ( Dalal , 1 9 7 7 ) by be ing a source 

and s i n k  of P ,  as wel l  as the ma i n  agents for trans

format ion of so i l  P .  Although the mechani sms of P uptake by 

mi crob i a l  popu lat ion have been exam i n ed ( Beever and Burn s , 

1 9 7 6 ) ,  the release of P from the mi crobial ce l ls i s  less 

wel l  unders tood ( Stewart and McKercher , 1 9 8 3 ) .  Soi l mi cro

organ i sms can produce a var i ety of phosphatases ( Feder , 

1 9 7 3 ) capable of releas i ng inorgan i c  P from organ i c  P 

compounds . Th i s  mechan i sm i s  termed ' biolog i ca l  

miner a l i sat ion ' ( McG i l l  and Cole , 1 9 81 ) where a need of soi l 

organ i sms for energy i s  the dr iving force . T h i s  i s  i n  

contra s t  t o  ' bi ochemical mi neral i s a t ion ' ,  whi c h  i nvolves t h e  

breakdown of orga n i c  P b y  extracel lu lar phosphatases 
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r e leased f r om plant root s , plant res idues , dead ce l l s  of 

microbial  t i s sues , and soi l an ima l s  ( Sku j ins , 1 9 6 7 ) .  These 

concepts can accommodate the we l l  known var iab i l i ty of 

C : N : S : orga n i c  P rat ios and the greater var iab i l i t y  of 

organ ic P in s o i l  organ i c  mat ter ( Tate , 1 9 8 4a ) . 

Although miner a l i sat ion of soi l organ ic P depends 

pr imar i ly on the act ivity of s o i l  microorgan i sms , 

invertebrates , espec i a l ly ear thworms , have an important 

regulatory function in t h i s  proces s .  Surface cas t i ng 

earthworms , for example , can i ncrease the short-term 

ava i lab i l i ty of P in pla�t res i dues by a factor of two to 

three through the re lease of inorga n i c  P in plant mater i a l  

largely by phys ical decompos i t i on ; t h i s  is espec i a l ly 

impor tant i n  s o i l s  of low P s tatus ( Mansell et a l . ,  1 9 8 1 ) .  

The u l t imate l imi t on the ava i lab i l i ty of organ i c  P to 

plants and mi croorgan i sms is the rate of inorgan i c  P release 

by mineral i sat ion , rather than the amounts of organ i c  P 

present ( Tate , 1 9 8 4a ) . The rate and extent of m i neral 

i sation o f  s o i l  organ i c  P i s  largely governed by the factor s · 

wh i ch control the popu lation dynamics and act i v i t ies of soi l 

microorga n i sms ; the factor s include temperature , pH , 

mo i s ture , aerat ion , and the presence of plant s  ( for revi ews , 

see Dala l , 1 9 7 7 ; Speir and Ros s , 1 9 7 8 ; Tate , 1 9 8 4b ) . 

2 . 2 . 4  P lant uptake 

The transport of phosphate ions towards plant roots 

i nvolves d i f fus ion , mas s  f l ow ,  and root intercep t i on 

processes ( Lewi s and Quirk , 1 9 6 7 ) .  The contr ibut i on of mass 

f low , however , i s  mi n imal as the concentrat ion of P i n  the 

soil  solut i on i s  normal ly too low ( Bole , 1 9 7 3 ) .  Under mos t  

s ituat ion s , therefore , d i f fus ion of P t o  t h e  root i s  the 

dominant mecha n i sm determi n ing P concentrations at the root 

sur f ace ( Br ewster and Tinker , 1 9 7 2 ; Bhat and Nye , 1 9 7 3 , 

1 9 7 4 ; Nye , 1 9 7 7 ) . 

The uptake of P by plants i s  largely determi ned by the 

amount of plant-avai lable P in  the soi l ,  the root 

d i s t r i but ion pattern of the plant , and the environment a l  
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f actors i n f luen c i n g  plant growt h . Factors involved in 

determ i n i n g  plant uptake of P can be grouped into those 

r elated to soi l  P and to plant attr i butes . The ab i l i ty of 

s o i l to sorb P i n f luences the concentrat i on of P in the s o i l  

s o lut ion a n d  t h e  d i f fus ion coe f f i c i en t , both of wh i ch 

determi ne P uptake ( Lewi s  and Qu irk , 1 9 6 7 ; Khasawneh , 1 9 7 1 ; 

Barrow , 1 9 7 5 a ;  Helyar and Munn s ,  1 9 7 5 ; Nye and T i n ker , 

1 9 7 7 ) . So i l  texture is another factor af f ecting d i f fus ion 

( Ol s en and Watanabe , 1 9 6 3 ) .  As the clay content i ncreases , 

the d i ffus ion coe f f i c ients increase due to a decrease i n  

tortuos i ty . I n  a model s imula t i ng P uptake b y  cor n  and 

soybeans ,  S i lberbush and Barber ( 1 9 8 3 ) concluded t hat the 

P concentra t i on i n  the soi l solut i on a f f ected P uptake more 

than the d i f fus ion coef f ic i e n t  and sorpt i on capa c i ty of 

s o i l s . They also found t hat s o i l  P parameter s wer e  mor e  

important than root phys iolog ical uptake parameters i n  

. determ i n i n g  t h e  rate of P uptake . Evidence i s  accumu lat i ng 

to i nd i cate t hat i nternal plant factors may strongly 

i n f luence P uptake ( Loneragan , 1 9 7 8 ) . It  has been sugges ted 

that the transport of inorga n i c  P within  the plant may a l so 

regulate P uptake by roots ( Wh i t e , 1 9 7 3 ) .  The e f fect of 

plant growth and the P status of the plant on P uptake , 

however , i s  not clearly es tab l i s hed ( Jungk and Barber , 

1 9 7 5 ) .  

The i n f luence of root attr i butes on uptake of P may 

i nvolve ( i )  the ab i l i ty to absorb P from di lute solut io n , 

( i i )  the abi l i ty to phys i ca l ly explore the soi l vol ume , and 

( i i i ) the abi l i ty to mod i f y  the root environment . 

2 . 2 . 4 . 1  Absorpt i on from d i lute solut ion 

The mi n imum concentration of P in  s o i l  solut ion 

' from wh i ch P uptake can occur d i f f ers between plant spe c i es 

( Barber , 1 9 8 0 ) .  I t  i s  known as the threshold concentrat ion 

of plant uptake . The abi l i ty of plant spec ies to absorb P 

from d i lute P solution i s  par t i cu larly important i n  s o i l s  

wi t h  h i g h  P buf fe r ing capac ity becaus e  these s o i l s  can 

rapidly r eplen i s h  P as it is dep leted from the soi l 

solut i on . Some workers ( Mosse et al . ,  1 9 7 3 ;  Howeler et a l . ,  

1 9 8 2 b )  have attr i buted the increase of P uptake by 
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mycor r h i z a l  plants to the lower threshold concentrat ion of 

mycorr h i z a l  roots t han of non-mycor r h i z a l  root s . Other 

workers ( Cr e s s  et a l . ,  1 9 7 9 ;  Howeler et al . ,  1 9 8 2a ) have 

proposed that the mycor r h i zal  e f f ect may be due to high 

a f f in i ty o f  P for absorption s i tes on the hyphae o f  the 

mycorrhi z a . 

2 . 2 . 4 . 2  Phys ical explorat i on of soi l vo lume 

D i f f erences in uptake of P among plant spec ies 

can be attr i buted to d i f f erences in root morphology and 

dens i ty ( Nye and Fos ter , 1 9 5 8 ) .  The super ior ab i l i ty of 

grasses over clover s to compete for P is due to the better 

r oot d i str i but ion of grasses i n c lud i ng greater root lengt h , 

h i gher root den s i ty ,  and more root t ips ( Mouat and Wa lker , 

1 9 5 9 ; Jackman and Mouat , 1 9 7 2 b ; Evan s , 1 9 7 7 ) . Consequently , 

ryegrass can explore a larger so i l  volume than c l over 

( Evan s , 1 9 7 7 ; Haynes , 1 9 80 ) .  Mouat ( 1 9 8 3 ) has proposed t hat 

p lants wit h  a low root cat i on exchange capac i ty ( CEC ) would 

adapt to l ow P supply by i ncreas ing thei r  root growt h . Root 

h a i r s  are known to i n crease nutr i en t  uptake by i n creas i ng 

root surf ace area and extend i ng the e f f ect ive root d i ameter 

( Nye ,  1 9 6 6 ) .  Improved uptake of P by roots i n f ected with 

mycorrh i z a l  fungi has been att r i buted to the large surface 

area f or absorpt i on and the greater volume of s o i l s  explored 

by mycorrh i z a l  hyphae ( Sander s and Ti nker , 1 9 7 3 ) .  From 

t he i r  P uptake mode l ,  S i lberbu s h  and Barber ( 1 9 8 3 ) conc luded 

that root growth rate and root rad i us were the mos t  

sen s i t ive root attr i butes af f ec t i ng P uptake . 

2 . 2 . 4 . 3  Mod i f i ca t i on of root envi ronment 

The metabo l i c  act i v i ty of plant roots can mod i f y  

t h e  root environment ( rh i zosphere > and thus i n f luences 

P uptake in severa l  ways ( Loneragan , 1 9 7 8 ) . Excretion from 

roots ( w i t h  or without mycor r h i z a ) of C02 , orga n i c  acids , or 

s t imulants to microb i a l  act i vity have all been s uggested as 

pos s i b le mechan i sms . Such organ i c  acids ( e . g . , c i trate ) are 

capable of forming chelates wh i ch cou ld compete e f f ec t ively 

with P f or sorption s i tes ( Nagara j ah et a l . ,  1 9 7 0 ; Ear l et 

a l . ,  1 9 7 9 ;  Par f i t t , 1 9 7 9 ) .  Orga n i c  ac ids from r oot exudates 

can a l s o  solub i l i se some so i l  P ( Stevenson , 1 9 6 7 ;  Barbe r , 
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1 9 6 8 1 Kepert e t  a l . ,  1 9 7 9 ) .  Mog h imi et al . ( 1 9 7 8 ) have 

i s olated 2 -keto g l uconate from the rh i zosphere of wheat 

roots in quant i t ie s  that could sol ub i l i s e  cons iderable 

amoun t s  of P f r om hydroxyapat ite . However , Hedley et al . 

( 1 9 8 2a ) conc l uded that any relea s e  of organic acids by the 

roots or r h i z osphere m i croorgan i sms was insuf f i c ient to 

account for the solub i l i sation of P that occurred dur ing 

plant growt h . 

The ab i l i ty of some plant spec i e s  and mycor r h i z a l  

plants to ut i l i s e  P from phosphat e  rocks has been as s oc iated 

w i t h  an increase in ea uptake ( As her and Ozann e , 1 9 6 1 � Ros s , 

1 9 7 1 1 Dei s t  e t  a l . ,  1 9 71 ) .  Robson et al . ( 1 9 7 0 ) have 

sugges ted that ea s t imulates P uptake by scree n i ng negat ive 

charges on t h e  roots , thereby increas i ng the acces s i b i l i ty 

of absorpt i on s i tes to P .  Another important i n f luence of 

roots on P uptake i s  the effect of pH changes i n  the 

r h i z osphere . The pH at the root surface is i n f luenced by 

the balance o f  cat ion and anion uptake ,  wh ich i s  a s s oc i at ed 

wi t h  the r e l ease of oa- and a+ ( Mengel and K i r kby , 1 9 8 2 ) .  

When plants take up mor e  cat ions than an ions , a+ i s  released : 

i n to the soi l and the rhi z ospher e  pH wi l l  decr eas e .  Such 

changes in a c i d i ty cou ld markedl y  i n f luence P uptake by 

plants becaus e  P solub i l ity in the soi l is h i g hly pH 

dependent . I t  i s  common ly obse rved that when ammon i um and 

ur ea fert i l i z er s  are used as N sources , the r h i z osphere pH 

decreases and uptake of P increases ( B la ir et al . ,  1 9 7 1 � 

Ri ley and Barber , 1 9 7 1 � McLachlan , 1 9 7 6 1 Soon and M i l ler , 

1 9 7 7 ) . I n  contras t ,  no such observat ion was report ed when 

t h e N source was n i tr ate ( Hed ley et al . ,  1 9 8 2 a ) .  A number 

o f  workers ( McLachlan , 1 9 7 6 � Andersen and Thoms en , 1 9 7 9 1  

G r i n s ted et a l . ,  1 9 8 2 ) have a s s oc iated an enhanced 

e f f i c iency of plants to absorb soi l and fert i l i z e r  P w i t h  

t h e i r  ab i l i ty t o  reduce the r h i zosphere pH . Recent ly ,  

H ed ley et a l . ( 1 9 8 2 c ) have demonstrated that the abi l i ty of 

rape plants ( Bras s i ca napus ) t o  solubi l i se the l e s s -solub ie 

f raction of soi l P was due to the reduction in r h i z osphere 

p H . The pH reduction was the result of net excre t i on of a+ 

f rom plant roots caused by an imbalance in cat i on-an ion 

uptake . 
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P hosphatase en z ymes excreted f r om ,  or present on root 

surface s , may be important in the uptake of P ( Ba r t lett and 

Lew i s , 1 9 7 3 ) .  En z yme activity i nc r eases when the 

P concentration i n  so lut i on is low and i s  inhibi t ed by high 

solut i on P concentrat ion ( Spe i r  and Ros s ,  1 9 7 8 ) .  Therefore 

the contr ibut ion of phosphatases may be important to uptake 

of P by plants i n  low P s o i ls ( Wool hous e ,  1 9 6 9 :  B i eleski , 

1 9 7 3 ) .  

2 . 2 . 5  Fer t i l i zer P add i t i on 

Water-soluble P fer t i l i z er s  a r e  the mos t  common t ype of 

f er t i l i zer used to correct P def i c i ency i n  soi ls . O f  thes e , 

s uperphosphate i s  the mos t exten s i vely used in New Z ea land . 

Other soluble P ferti l i z e rs include monoammon i um and 

d i ammonium phosphates . Recen tly , there has been increas i ng 

i nterest i n  the use of reactive phosphate rocks as d i r ect

app l i cat i on P f er t i l i z e r s  for pas ture i n  thi s  count r y  ( Gr egg 

et a l . ,  1 9 8 1 ) .  

When par t i cles of a water -s o luble P are i n  contact with 

moi s t  soi l , a complex series of c h emical react ions occurs i n · 

the fert i l i z e r  part icles and the surrounding soi l .  The 

d i s solut i on of f er t i l i z er P i s  i n i t i ated by so i l  mo i s ture 

moving i nto the par t i c le , thereby f ormi ng a saturated or 

near ly saturated solut i on i n  and around the fert i l i z e r  

par t i cles . T h e  concentrated f e r t i l i z er solut i on then 

d i f f uses out f r om the part i c les i nto the soi l solut io n . The 

pH of the solut ion d i f fu s i ng from monocalcium phosphate i n  

s uperphosphate and ammonium phosphate i s  about 1 . 5 ( Hu f fman 

and Taylor , 1 9 6 3 ) .  Dur i ng d i f fu s ion , the fert i l i z er 

solut ion d i ss olves Fe , Al , and other cat ions f r om the s o i l  

and forms complex compounds of p hosphate . T h e  types o f  

compounds formed as reaction products depend o n  t h e  k i nd s  

and amounts of cat ions and an ions s upplied b y  bot h  t h e  

f e r t i l i zer a n d  t h e  soi l ,  t h e  pH , a n d  t h e  soi l moi s tu r e  

content ( Sm i t h , 1 9 7 4 > .  A large range of such compounds has 

been iden t i f i ed ( Huf fman , 1 9 6 9 ) and a summary is g i ven in 

a review by Sample et al . ( 1 9 80 ) .  These reac t ion products 

are not s table and wi l l  gradual l y  d i ssolve to form more 

s table and l e s s - soluble compounds . Some of the products are 
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t hought to be var i s c i te ( AlP04 . 2H20 >  and streng i te 

( FeP04 . 2H20 >  i n  acid to neutral soi l s , and hydroxy- and 

f luorapat i te s  in alka l ine and calcareous soi ls ( Sample 

e t  a l . ,  1 9 8 0 ) .  As the reaction products dissolve dur ing the 

a lteration proces s  they release P i nto the so i l  solut ion 

wh i c h  is then sub ject to all the processes des c r i bed 

ear l i er . A large proport ion of app l i ed ferti l i zer P i s  

gener a l ly s orbed and prec ipitated by soi l s , wh i le on ly 

a sma l l  fract ion i s  taken up by plants ( White and Taylor , 

1 9 7 7 ) . Leach i ng los ses of added P are minima l , except in 

soi l s  with extreme ly low P-sorbing capac i ty ,  such as some 

sandy or organ i c  soi ls ( Fox and Kamprath , 1 9 7 1 1 Humphreys 

and Pr i tchett , 1 9 71 ) , or when high rates of fert i l i zer P ar e 

used ( Fi s k e l l  and Spencer , 1 9 6 4 1  Logan and McLean , 1 9 7 3 ) .  

The e f f ectiveness of f er t i l i z er P dec l i n es w i t h  t ime as 

a result o f  the removal of added P into sorbed or 

prec ipi tated forms ( Ryden et a l . ( 1 9 7 7 b ) . Barrow < 1 9 8 3 c ) 

also sugge sted that the s low and con t inuing react ion , or 

sol id-state d i f fu s i on , was r espon s i ble for the dec l i ne in 

ava i labi l i ty of f er t i l i zer P with t ime . The rate and extent 

of these s low reac t ions between soi l s  and added P depend on 

s ever a l  f actors . Temperatur e ( Barrow ,  1 9 7 4 ) ,  so i l  pH 

( Larsen et a l . ,  1 9 6 5 ) ,  and s o i l  texture ( Kafka f i  et a l . ,  

1 9 6 8 ) have been f ound to be important . There have been 

contrad i c tory r eports on the inf luence of the P sorption 

capaci ty ( or buf f e r i ng capac i ty ) on the dec l i ne in the 

ava i lab i l i ty of fer t i l i zer P .  The rate of dec l i ne was f ound 

to decrease ( Barrow ,  1 9 7 3 ) or increase ( Devin e  et a l . ,  1 9 6 8 ; 

F itter , 1 9 7 4 1 Enwez or , 1 9 7 7 ) w i t h  i n creas ing ab i l i ty of the 

so i l  to sorb P .  Mos t  workers ,  however ,  agree t hat the 

amounts of P added have no i n f luence on the rate or 

propor t ion of P r emoved by the s l ow r eact ions ( Bar row , 1 9 7 3 1 

Barrow and Shaw , 1 9 7 5 b 1 Rennes , 1 9 7 8 ) .  
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2 . 3  Ass e s sment of the Ava i lab i l i ty of Soi l  P 

u s ing Soi l Analys i s  

The ava i lab i l i ty ·of soi l P can be assessed by means of 

soi l analys i s , plant ana lys i s , and exper iments us i ng growing 

plants ( g la s s house and f i eld tr i a l s ) .  Of these procedures , 

soi l analys i s , usua l ly referred to as soil  tes t i ng , i s  the 

mos t  conven i en t  and the mos t  widely used . Con s equently , 

numerous stud i e s  have been car r i ed out to determ i n e  the mos t  

s u i t able met hods of s o i l  analys i s  for P .  Revi ews of t h i s  

work have been prepared by a number of authors , i n c lud i ng 

Nel son et a l . ( 1 9 5 3 ) ,  B i ngham < 1 9 6 2 ) ,  Hes se ( 1 9 7 1 ) , Thomas 

and Peas lee ( 1 9 7 3 ) ,  Kamprath and Watson ( 1 9 8 0 ) , Olsen and 

Kha s awneh ( 1 9 8 0 ) ,  and O lsen and S ommers ( 1 9 8 2 ) .  

I n  t h i s  r eview i t  i s  i ntended to discuss var i ou s  

aspects o f  s o i l test i ng , i nclud i n g  ob j ect ives , approaches 

and techn iques , correlat ion and cal i brat i on stud i e s , and 

factors a f f ect ing the i n terpretat ion of soi l test results . 

In  the section concern i ng correlat ion and cal ibrat i on 

studies , some glasshous e  and f ie ld exper iment a l  techn iques 

used for eva luat i on wi l l  be· d i scus sed br i e f ly . 

2 . 3 . 1 Objectives 

The pr imary purpose of soi l P tes t i ng i s  to determi ne 

the avai lable P s tatus of a so i l . Such knowledge can then 

be used in d i f ferent ways , includ ing ( i ) group i ng of soi ls 

i nt o  clas s es for the purpose of mak ing fert i l i z e r  P 

recommenda t i on s , ( i i )  pred ict i on of the probab i l i t y  of 

obta i n i ng plant responses to an app l i cation of f er t i l i zer P ,  

and ( i i i ) providing an index of the amount of P a soi l can 

s upply ( Kamprath and Watson , 1 9 8 0 ) .  Generally , P responses 

are obta i n ed on soi l s  with low soi l P test va lues , wh i le 

s o i l s  with h i gh soi l P tes t  va lues are not usual ly expected 

to respond to added P .  Once it is e s tablis hed that 

r esponses to app l i ed P are probab l e , the next step i s  to 

determine the rate of fert i l i z e r  P required . Soi l tes t 

data , i n  themselves , prov ide no i n format ion about the 

quan t i ty of fert i l i z e r  P requi r ed f or opt imum product i on . 

T h i s  i n forma t i on mus t  be obtai n ed f r om respon s e  data f r om 
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f i e ld exper iments whi c h  are dependent upon several s oi l , 

plan t , and c l ima t i c  factor s . Methods used to der ive 

f er t i l i z er P recommendations from soi l p test va lues and 

plant response data have been d i scussed by Peas lee ( 1 9 7 8 ) .  

I n  recent years there has been i n creas ing interest in 

br ing i n g  the ava i lable P level i n  soi l to the po i n t  where 

only ma i ntenance rates of fer t i l i zer are requi r ed ( Kamprath 

and Wat s on , 1 9 8 0 ) .  T h i s  requ i r es knowledge of the opt imum 

level o f  ava i lab le so i l  P wh ich i s  needed for a ma i ntenance 

s i tuat i on to apply . The role of a so i l  P tes t her e  i s  to 

assess whether ava i lable s o i l  P is suff icient to ma intain 

a g i ve n  level of product i on and to mon i tor the e f f ec t i veness 

of the fert i l i z er P programme des i gn ed for the ma i ntenance 

s i tuat i on ( Cornforth and S i ncla i r , 1 9 8 2 ) . 

S everal workers have used so i l  P ana lys i s  as a tool to 

ga i n  a better understand ing of the chem i s try of so i l  P .  In 

such cases interest i s  focus sed on how the avai lable s o i l  P ,  

as i n d i cated by soi l P ana lys i s , i s  i n f luenced by the 

par t i cu lar factors be i ng s tudi ed . I n  th i s  i n stance , s o i l  P · 

analys i s  has a purely des c r ipt i ve role as opposed to the 

pred i c tive role i n  fer t i l i zer recommendat ions . 

2 . 3 . 2  Approaches and techn iques 

S o i l tests for P have usua l ly been des ig ned to extract 

ava i lable forms of soi l P .  Because soils var y  con s iderably 

i n  t h e  forms of P presen t , a number of methods for s o i l  P 

analy s i s  have been developed . The mechan i sms of P removal 

by var iou s  methods have been d i s cussed by W i l l i ams ( 1 9 6 2 ) ,  

Thomas and Peas lee ( 1 9 7 3 ) ,  Kamprath and Watson ( 1 9 8 0 ) ,  and 

S ibbes en ( 1 9 8 3 ) .  The mec hani sms involved can be cons idered 

under the fol lowing categor ies : 

( i ) decreas i ng the soi l : solut i on rat io , as  i n  the water 

extract ion met hods of B i ngham ( 1 9 4 9 ) ,  van der Paauw ( 1 9 7 1 ) ,  

and Ryden et al . ( 1 9 7 6 ) .  

( i i )  changi ng pH wi th d i lute ac ids , pH-buf f e r s , or 

d i lute bas es , as in the methods of Dyer ( 1 8 9 4 ) ( c i tr i c  

a c i d ) ,  Truog ( 1 9 3 0 ) ( su lphur i c  ac id ) , Morgan ( 1 9 3 7 ) 
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( acetate-bu f f er ) ,  Bray and Kurt z  ( 1 9 4 5 ) ( hydroch lor i c  ac id ) , 

Egner et a l . ( 1 9 6 0 ) ( lactate-bu f f e r ) ,  and Ols en et a l . 

( 1 9 5 4a ) { bica r bonate ) .  

( i i i ) i ntroduc i ng an ions that complex and/or 

precipi tate cations ( Ca ,  Fe , Al ) in P-conta i n i ng compounds , 

as in  the met hods of Morgan ( 1 9 3 7 ) ( acetate ) ,  Bray and Kur t z  

( 1 9 4 5 ) ( f luor id e ) ,  Egner e t  al . ( 1 9 6 0 ) ( lactate , acetate ) ,  

and Olsen et al . ( 1 9 5 4 a ) ( bicarbonate , hydroxy l ) .  

{ iv )  i ntroduc ing an i ons ( as i n  ( i i i ) above ) wh i ch 

promote the desorption of phosphate from sur f aces . In  the 

a n i on- exchange res i n  method ( Amer et al . ,  1 9 5 5 ) ,  phosphate 

in soi l solut ion is exchanged with chlor ide ( Amer et al . ,  

1 9 5 5 ) or bicarbonate ( S ibbesen , 1 9 7 8 ) on a r e s i n , thereby 

reduc i ng the P concentrat ions i n  the soi l solution and 

promo t i ng con t inuous desorption of P from the surf ace . 

Accor d i ng to the concept o f  nutr i en t  ava i lab i l i ty f i rs t  

proposed �y Schof i e ld ( 1 9 55 ) ,  the ab i l i ty o f  soi l to supply 

P to plants depends on the concentrat ion of P in the soi l 

solut i on ( intens i ty ) , the amoun t  of ava i lable P ( quan t i ty ) ,  

and the ab i l i ty of s o i l  to ma i ntain the soi l solut ion P 

concen trat i on ( bu f f er i ng capac i ty ) .  Ideally , soi l -test ing 

procedures s hould take i nto account all three parameters in 

order to accurately ref lect the ava i lab i lity of s o i l  P .  

However , mos t  soi l P analyses character ise on ly one of these 

f actors . I n  th i s  review the var ious methods of s o i l  P 

analys i s  w i l l  be d i s cussed in relat i on to the intens i ty , 

quan t i ty , or buf fer i ng capac i ty factor . Other approaches ,  

i nclud i ng comb i nations of measurement s  that have been used 

to assess the ava i labi l i ty of s o i l  P,  are a l s o  d i scussed . 

2 . 3 . 2 . 1 Intens i ty measurements 

The i ntens i ty factor for soil P i s  probably mos t  

d i r ectly a n d  s impl y  ref lected i n  extraction w i t h  water or 

a very d i lute acid at a narrow soi l : solut i on rat i o  ( Thomas 

and Peas l e e , 1 9 7 3 ) .  The soi l : s olution rat i os us ed i n clude 

1 : 1 . 25 ( Ol s en and Watanabe , 1 9 7 0 ) , 1 : 10 ( Ol sen and Dean , 

1 9 6 5 ) ,  1 : 40 ( Ryden et a l . ,  1 9 7 6 ) ,  and 1 : 60 ( van der Paauw , 
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1 9 71 ) .  A O . O lM CaCl2 solut i on has also been used to extract 

s o i l  solut ion P ( As lyng , 1 9 6 4 ) .  The concentrat ion of P i n  

CaCl2 extracts i s  generally lower than that of water 

extract s , due to the presence of ea ( Olsen and Wat anabe , 

1 9 70 � Soltanpour et al . ,  1 9 7 4 ) .  

Scho f i eld ( 1 9 5 5 ) was t he f i r s t  to propos e the 

' phosphate potent ial ' as an expres s ion for the inten s i ty of 

soi l P .  The app l i cation of phosphate poten t i a l  measurements 

has been d i s cussed in deta i l  by As lyng ( 1 9 6 4 ) and Wh ite and 

Beckett ( 1 9 6 4 ) .  Olsen and Khasawneh ( 1 9 8 0 ) concluded that 

the as s umpt ions r equired for the app l i ca t ion of th i s  

phosphate pote n t i a l  are va l i d  on ly i n  cer ta i n  soi l s  and 

that , because of such a l imi tat ion , t h i s  procedure of fers no 

advan tage over any other measure of P i ntens i ty .  

Recen t ly , an electro-ultraf i lt ration ( EU F ) procedure 

has been proposed ( Nemet h , 1 9 7 9 ) to determi ne the 
\ 

ava i lab i l i ty of nutr ien t s  i n  soi l . The EUF procedure i s  

a combi nat ion of electrod i a lys i s  and ultraf i ltrat i on . It  i s  

cla imed that EUF-extractable P can be regarded a s  a n  index 

of the inten s ity of soi l P ( Nemeth , 1 9 8 2 ) .  

2 . 3 . 2 . 2  Quan t i ty measurements 

The amount of solid phas e  P that acts as 

a reserve for plant uptake has been referred to as the 

' quan t i ty factor ' by man y  authors ( Olsen and Khasawneh , 

1 9 8 0 ) .  Soi l  P analyses rela t i ng to the quant i ty factor can 

be grouped into three categor i es : c hemical extrac t ion , 

extract ion with an ion-exchange res i n s , and i s otop i c  

exchange . 

( i )  Chemical extract ion 

Methods of s o i l  analys i s  used for the 

measurement of the ' quan t i ty factor ' of  so i l  P i nvolve 

s tronger extractants than those for intens i ty meas urements . 

A wide var i ety of chemical extractants have been used i n  

var ious countr i e s  of the wor ld , a n d  a l i s t  of the commonly 

used reagents and methods i s  g i ven in Table 2 . 1 .  The form 

of P extracted depends on the mechan i sm of extract ion ( see 

3 2  



Tab le 2. 1 C ommon met hods of chemical extract ion for a s s e s s ing avai lab le s o i l  P 

Name Ext ract ant pH Re ferences 

Bray 1 0.0 2 5M HC l + 0.0 3 NH4 F 3.5 Bray and Kur t z  ( 1 9 4 5 ) 

Bray 2 0. 1 M  HC l + 0.0 3 M  NH4 F 1.0 Bray and Kurt z ( 1 9 4 5 ) 

Egner 0.0 2 M  ea ace t ate + 0.0 2 M  HC l 3.8 E gner et a l. ( 1 9 6 0 ) 
/ 

Mor gan 0. 0 5 4 M  ace t i c  acid + 0. 7 M  Na ac�tate 4. 8  Morgan ( 1 9 3 7 ) 

Nor t h  C arolina 0. 0 5M HC l + 0.0 1 2 5M H2 S04 1.2 Ne lson et a l. ( 1 9 5 3 ) 

Olsen 0. 5M NaHC03 8.5 Olsen et a l. ( 1 9 5 4 a )  

Truog 0. 0 0 1 M H2 S04 + ( NH4 ) 2 S04 3.0 Truog ( 1 9 3 0 ) 

w 
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S ect ion 2 . 3 . 2 ) . A comprehens ive review of the relat ion s h i p  

between the amounts of P extracted b y  soi l-test i ng 

procedures and the var ious forms of s o i l  P is g i ven by 

Kamprath and Watson ( 1 9 8 0 ) .  Genera l ly , it  can be conclud ed 

that alka l i n e  solut ions and NH4 F prefer ential ly extract Al -P 

and acid solut ions preferen t i a l ly ext ract Ca-P ( Kamprath and 

Watson , 1 9 8 0 ) .  Cons equently , some extractants a r e  better 

s u i ted to par t i cu la r  soi ls than others and the cho ice of 

an extractant wi l l  depend largely on the form of P pr esent 

i n  a so i l . In New Z ealand , the b i carbonate extraction 

( Olsen et al . ,  1 9 5 4 a ) has been the s tandard procedure for 

eva luat ing the P status of soils s i nce 1 9 7 6 ( Dur i ng et al . ,  

1 9 8 1 ) .  P r i or to 1 9 7 6 , the Truog test was used , but th i s  was 

found to be un sat i s f actory because i t  extracts ma i n l y  Ca-P 

( Gr i gg , 1 9 6 5 ) which i s  not read i ly avai lable to plan t . 

( i i )  An i on-exchange res i n  procedures 

The us e of an ion-exchange resins to as sess the 

ava i labi l i ty of soi l P was f i r s t  sugges ted by Amer et al . 

( 1 9 5 5 ) ,  and later used by s evera l  workers ( e . g . , Cooke and 

H i s lop , 1 9 6 3 1  Gunary and Sutton , 1 9 6 7 1 Zunino et a l . ,  1 9 7 2 1 

Dalal and Hal l swor t h , 1 9 7 6 , and S i bbesen , 1 9 7 8 ) .  The 

removal of P by res ins  wi t hout chemical alterat i on or pH 

changes is be l i eved to close ly resemble the process  of P 

wi thdrawal by plant roots ( Amer et al . ,  1 9 5 5 ) .  An ion-res i n  

extractable P is therefore r epor ted to b e  a h i g h ly 

succes s f u l  measure of the ' quant i ty f actor ' of s o i l  P ( Olsen 

and Khasawneh , 1 9 8 0 ) .  

( i i i ) I sotop i c  exchange procedures 

When a rad ioactive P is added to the so i l , it 

mixes with s o i l  solut i on P and exchanges with sur face P ,  

which i s  i n  equ i l i br i um w i t h  P in solut ion . Th i s  proces s  i s  

ca l led i sotop i c  exchange . Isotop i c  exchange i s  usua lly 

a rapid process i n  the f i r s t  2 4  hou r s  and decreases to 

a slow rate of exchange for days thereafter ( Jose and 

Kr i s hnamoorthy , 1 9 7 2 1 Wh i te , 1 9 7 6 ) . Any meas u r ements of 

i sotop i ca l ly-exchangeab le P ( E-va lue ) ,  therefor e , should 

spec i f y  the t ime per i od a l l owed for equ i l ibra t i on . 

I sotopi cal ly-exchangeab le P i s  regarded as a measure of 
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lab i le P ,  because i t  refers to the form of P wh i c h  read i ly 

exchanges w i t h  solution P { Larsen , 1 9 6 7 ) .  S i nce the 

i ntroduct ion o f  the i sotopic exchange pr i nciple by McAu l i f fe 

et al . { 1 9 4 7 ) ,  many workers have sugges ted that the f r act ion 

of soi l P wh ich i s  read i ly acce s s ible to isotop i c  exchange 

may represent the P avai lable to the plant . 

A s imi lar approach us ing i sotop i c  exchange to determine 

avai lable soi l P wa s proposed by Lar sen { 1 9 5 2 ) .  I n  t h i s  

case , i sotop i ca l ly-exchangeab le P i s  as sessed by growing 

p lants and this  i s  known as the ' L- va lue ' .  The E-value is 

therefore the laboratory equivalent of the L-value . 

Although the concept of E and L va lues i s  the same in 

p r i nc iple , the e s t imates are not iden t i ca l s i nce i s otop i c  

exchange occurs under d i f feren t environmental cond i t i on s . 

C ompa r i sons of these two values have been di scus s ed i n  

deta i l  b y  Fr i ed and Broes hart ( 1 9 6 7 ) a n d  Lar s en { 1 9 6 7 ) .  The 

e f f ects of t ime , add i t ion of car r i er P ,  presence of 

extracting chem i cals , temperatur e , and t ime of pre 

equ i l ibrat ion on es t imates o f  i sotop i c a l ly-exchangeable P 

were reviewed by Fr i ed and Broes har t { 1 9 6 7 ) . 

2 . 3 . 2 . 3  Buf f ering capa c i ty 

The P sorpt ion capac i ty of soi l i n f luences the 

concentrat ion of P i n  the soi l solu t i on by buf f e r i ng it 

aga i n s t  any changes fol lowing the r emoval of P by plant 

uptake or the add i t ion of fer t i l i zer P .  It i s  now we l l  

recog n i sed that a knowledge o f  the buf f er i ng capa c i ty of 

soi l w i th respect to P is an es s en t i a l  part of the 

character isat ion of soi l P avai lab i l i t y  < Ol s en and Watanabe , 

1 9 6 3 ;  Mat t i n g ly , 1 9 6 5 ; Barrow , 1 9 6 7 b ;  Holford and Matt i ng l y , 

1 9 7 6 ) .  Buf fer i ng capac i ty i s  usua l ly measured f r om the 

s lope of a sorpt ion i sotherm or a quan t i ty/ intens i ty ( Q/ I ) 

curve . Because the s lope of an isotherm changes with the 

solut ion concentrat ion , var ious indi ces have been used to 

expres s this parameter , including the s lope at a standard 

equ i l ibr i um solution concentrat ion . A deta i led d i scus s ion 

of thes e  so i l  P buf fer i ng ind ices has been g i ven by Hol ford 

( 1 9 7 9 ) . In  New Z ea land , the P sorpt i on capa c i ty of a s o i l  

i s  determi n ed b y  t h e  P retent ion t e s t  ( Saunders , 1 9 6 5 ) ,  
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wh i ch involves measur i ng the propor t i on of P sorbed from 

a n  added P solut ion . An index o f  buf fe r i ng capac i ty i s  used 

i n  con j unct ion with s o i l  P test results to pr ed i c t  P 

r esponses . Buf f er i ng capacity mea s ures are more common ly 

u s ed to as s i s t  in determi n i ng fer t i l i z e r  P requ i r emen t s  

( i . e . , amount s ) once t h e  need f o r  fert i l i zer P h a s  been 

e s tab l i shed by conven t ional so i l  tests . 

2 . 3 . 2 . 4  Other approaches 

A number of worker s have commented on the 

i n adequacy of us ing a s i n 9 le parameter ( e ither intens i ty or 

quant i ty )  to as sess the ava i lab i l i ty of soi l P ( Ol s en and 

K hasawneh , 1 9 8 0 ) .  The reason for such observat i on s  is that 

the ava i lab i l i ty of soi l P depends on the interact i on of 

three factors : inten s i ty , quan t i ty , and buf f er i ng capacity 

( see Sect i on 2 . 3 . 2 ) . A number of workers have us ed 

approaches comb i n ing these parameters and , in general , they 

have been mor e  succe s s f u l  i n  evaluat i ng the ava i lab i l i ty of 

s o i l  P .  For examp l e , a study of the rate of P uptake by 

cotton ( Khasawneh and Copeland , 1 9 7 3 ) showed that a term 

comb i n i ng the fac tor s of inten s i ty ,  quantity , and buf fer i ng 

capac i ty was a better measure of so i l  P status than e i ther 

quant i ty or inten s i ty a lone . Gunary and Sutton ( 1 9 6 7 ) also 

reported that P uptake by ryegras s f r om a range of so i l s  was 

better correlated when i nten s i ty and quantity factors wer e 

cons idered together . Several workers have demons trated 

an improvement in estimat i ng fert i l i z er P requ i r ement s  or 

predicting P respon ses from conven t i onal so i l  tests when 

i ndices of buf f er ing capacity were i n c l uded ( e . g . , O z anne 

and Shaw , 1 9 6 8 ; Pea s lee and Fox , 1 9 7 8 ; Dur i ng et al . ,  1 9 8 1 ) . 

Other so i l  measurements , such as soi l pH , have a l so 

been . included in ca l ibrat ion equations for soi l P tests 

( Colwe l l  and Esda i l e ,  1 9 6 8 ;  Saunders ,  1 9 8 1 ) .  The 

s i gn i f icance of so i l  pH can be related to its i n teract i on s  

with t h e  react ions of P in  soi l as we l l  as to i t s  i n f luence 

on the s u i tabi l i ty of soi l-tes t i ng procedures . The e f fects 

of soi l pH on processes a f f ec t i ng the avai lab i l i ty of so i l  P 

have been d i s cu s s ed i n  Sect i on 2 . 2 .  The i n f luence of soi l 

pH on the choice of soi l-te s t i ng procedur es wi l l  be 

con s i dered in Sect ion 2 . 3 . 3 . 3 .  
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I n  some trop i ca l  r eg ions , organ i c  P measurements have 

been found to be better r elated to crop respons e  than 

i n organ i c  P so i l  tes ts ( Fr i end and B i r ch , 1 9 6 0 ) .  In systems 

wher e there is a con t i nual input of organ ic matter ( e . g . , 

nat ive grass land , pastur e , and for e s t  sys tems ) ,  it  i s  

suggest ed that measurement o f  plant-avai lable P should 

idea l ly inc lude a measure of poten t i a l ly mi nerali sable 

organ i c  P to exp l a i n  P uptake by plants ( Halm et al . ,  1 9 7 2 ; 

S tewart and McKer cher , 1 9 8 3 ) .  Recen t ly ,  it  has been 

sugges ted that s o i l  microbial P cou ld be impor tant in 

s upp l y i ng s i gn i f i cant amounts of ava i lable P to plants and 

that i t  cou ld be a us e f u l  i ndicator of P avai lab i l i ty i n  

a s o i l  ( see Sect ion 2 . 1 . 4 ) .  

2 . 3 . 3  Interpretat i on of soi l t e s t  results 

The pract i c a l  usefu lness of a s o i l-tes t i ng procedure 

depends on its abi l i ty to pred ict the avai lab i l i ty of soi l P 

and fert i l i zer P requ i r ements . The former aspect can be 

evaluated by correlat ion stud i es w i t h  plants wh i le the 

latter requires f ie ld ca l ibrat ion . The interpretat i on of 

soi l test results is a l s o  inf luenced by a number of factor s , 

such as soil  type , f er t i l i z er h i story , season , and 

management pract i ces . These aspect s  wi l l  be br i ef ly 

d i s cu s sed here . 

2 . 3 . 3 . 1  Correlat ion s t ud i es 

The suitab i l i ty of var i ous soi l-tes t i ng 

procedures for as ses s i ng P ava i lab i l i ty can be eva luated by 

cor r e lat ing the soi l test results w i t h  plant growth 

parameter s .  P lant growth stud i es are generally carr i ed ou t 

i n  g lasshouses or growth chambers where var iab i l i ty i n  

c l ima t i c  cond i t ions can be e l iminat ed or mi n im i s ed . I n  

these correlat ion stud i e s , it  i s  impor tant that t h e  supply 

of a l l  essen t i a l  nutr i en t s  except P is adequate and that 

opt imum growth cond i t ions are ma i nta i ned so that the on ly 

l i m i t i ng factor in plant growth is ava i lab le soi l P 

( Mi dd leton and Toxopeus ,  1 9 7 3 ) .  I n  a convent ional 

g las s house exper iment , plants are generally grown i n  the 

soi l unt i l  the ava i lab le pool of soi l P i s  exhaus ted . Thi s  

may take a long t ime d epend ing on the types o f  plant s and 
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soi l s . Stan f ord and DeMent ( ( 1 9 5 7 ) proposed a short-term 

techn i que wh i ch involves an i n i t i a l  es tabli shment of plants 

without added P in  sand and , after a reasonab le root system 

has d eveloped , p lac ing i n tact plan t s  with the expos ed root 

mat i n  con tact with the s o i l  to be tested . When in contact 

with so i l ,  the s e  P-de f i c i ent plants rapidly absorb P from 

the s o i l ,  enab l i ng the measurement of P uptake to be made 

w i t h i n  a relat i vely short per i od . Another short term 

g las s house method i s  the Neubauer technique ( Neubauer and 

Schn e ider , 1 9 2 3 ) ,  wh i c h  is bas ed on the uptake of nutr ients 

by a large number of ( seed l i ng ) plants i n  a sma l l  amount of 

soi l .  Results from s hor t-term met hods usually agree well 

with those from the convent ional g lasshouse s tud i e s  us ing 

longer growth per iods and larger amounts of soi l s  ( Terman 

et a l . ,  1 9 5 8 ;  S tan ford and Bou ld i n , 1 9 6 2 ) .  

P lant growth parameters that are common l y  used for 

corr e la t i on s tudies i n c l ude yield , P concentrat ion , P uptake 

( Fi tt s  and Nelson , 1 9 5 6 ) ,  and L-va lue ( Larsen , 1 9 6 7 ) . 

Extr action methods wh i ch prov ide ma i n ly measurement s  of 

P quant i ty tend to cor re late better with P uptake than 

y i e ld , wh i le t he revers e  i s  observed with met hods wh i ch 

mea sure P i n t en s i ty ( Wi l l iams , 1 9 6 2 ;  W i l l iams and Kn i ght , 

1 9 6 3 ) .  Relat i ve yields are often used to mi n im i s e  the 

var i ab i l ity in so i l  tes t  correlat ion data caused by 

d i f f erences in other soi l propert i e s  ( Cate and Nelson , 

1 9 7 1 ) .  An excellen t  s ummary of results from numerous 

cor relat ion s tudi es w i t h  var ious soi l-tes t i ng procedures has 

been gi ven by Kamprath and Wat son ( 1 9 80 ) .  

2 . 3 . 3 . 2  Ca l i brat i on stud i es 

I n  order to tran s late soi l tes t  values for P 

into pred i c t ions of plant responses and fer t i l i z er P 

recommendat i on s , i t  i s  neces sary to determi ne , f r om 

c a l ibration s tudies , the relat ionsh ips between s o i l  test 

values , rates of f er t i l i z er P add i t ion , and plant g rowth .  

F i e ld exper imentation i s  the on l y  mean s  by wh i ch the 

i ntegrated e f f ects of a l l  factors i n f luen c i ng the 

ava i labi l i ty of soi l P in the f i e ld can be ref lected i n  the 

s o i l  test ca l i brat ion . 
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Exper imental data obta i n ed f r om f i e ld stud ies are 

g r eatly i n f luenced by envi ronmental cond i t ions so there i s  

l i k e ly to be some degree of scatter of po i nts o n  a 

c a l ibration curve . To avoid p l a c i ng too much emphas i s  on 

t h e  actual soi l tes t values , a r a t i ng sys tem wh i c h  expresses 

the s tatus of ava i lab l e  soi l P as low , med ium , and h igh has 

been used in many parts of the wor ld ( Thomas and Pea s l ee , 

1 9 7 3 ) .  Deta i led d i s cu s s i on on cal i bration stud i e s  of soi l 

t e s t i ng procedures has been presented b y  Cope and Rouse 

( 1 9 7 3 ) and Hanway ( 1 9 7 3 ) .  

2 . 3 . 3 . 3  Factors af f ect i ng the interpretat ion 

of soi l test results 

An i ntegra l  part of the interpreta t i on of soi l 

tes t results i s  f i e ld ca l ibrat i on . In  addi t i on , the 

i nterpretation of a soi l test r e s u lt to pred i ct fer t i l i zer P 

requiremen t s  i n  a part icu lar soi l -plant-climate sys tem i s  

a lso i n f l uenced by factor s relat ing to soil prope r t i e s , 

management prac t i ce s , season s , soi l  samp l ing and hand l ing . 

( i )  Soi l  proper t i e s  

Certa i n  soi l -tes t i ng procedures a r e  better 

s u i ted to some soi ls than others becaus e  dif ferent met hods 

r emove d i f f erent forms of so i l  P .  Conseque n t ly , the choice 

of soi l-tes t i ng procedure depends largely on the forms of P 

that are present i n  a parti cu lar s o i l  ( Kamprath and Watson , 

1 9 8 0 ) .  Numerous s tud ies have shown that the interpretat ion 

o f  soi l test values can be improved by tak i ng into account 

the sorpt i on capac ity of a so i l  ( Barrow ,  1 9 6 7a ; Ozanne and 

S haw , 1 9 6 7 ; Helyar and Spencer , 1 9 7 7 ; S inc l a i r  et a l . ,  1 9 7 7 ; 

Hol f ord and Mat t i ngly , 1 9 7 9 ; Dur i ng et al . ,  1 9 81 ) .  The 

s u itab i l i ty of var i ous soi l -test i ng procedures is a l s o  

i n f luenced b y  soi l pH ( Kamprath and Watson , 1 9 8 0 ) .  W i t h  

calcareous soi l s , t h e  bicarbonate procedure of O l s en et a l . 

( 1 9 5 4a )  i s  par t i cu la r ly suitable wh i l e  for neutral and ac i d  

s o i ls , t h e  acid ammon ium f luor ide procedure of Bray and 

Kur t z  ( 1 9 4 5 ) g ives r e l i able resu l t s  ( Mengel and K i r kby , 

1 9 8 2 ) .  When interpreting s o i l t e s t  r e s u lt s , the den s i ty o f  

the so i l  s hould also b e  cons idered ( Mengel and K i rkby , 

1 9 8 2 ) ,  par t i cularly with organ i c  so i l s . Becau s e  orga n i c  
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soi l s  genera l ly have a low bu lk den s i ty ,  the express ion of 

soi l t e s t  results on a we i ght bas i s  can be mi s lead ing . Soi l  

textur e can also i n f luence the interpretation o f  soi l test 

result s . Nova i s  and Kamprath ( 1 9 7 8 ) have repor ted that , at 

the same soil tes t  level , a f i ne-textured soi l has a g r eater 

supp l y  of ava i lable P than a coarser-textured so i l .  

( i i )  Managemen t  prac t i ce s  

D i f f erent amounts of f e r t i l i z er P are requ i r ed 

for d i f ferent crops . Under gra z ed pas tures , the requ i r e

ment s  of fert i l i zer P i nput are usua lly sma l l er t han i n  the 

cropp i ng s i tuat i on becaus e  of the i n f luence o f  the an ima l  in 

return i ng P to the so i l . Therefor e , managemen t  pract i ces 

mus t  be con s ider ed when u s ing so i l  test va lues to formu late 

fer t i l i z er P recommendat i ons . 

W hen ferti l i zer P i s  added to soi ls , its e f fectiveness 

dec l i n es with t ime due to the conver s i on of P i n to les s 

ava i l able forms . Con s equen t ly , soi l test results vary 

depend ing on the t ime when the s o i l  i s  sampled a f ter 

fer t i l i z er appl i cat ion . 

The ab i l ity of soi l - te s t i ng procedures to e s t imate the 

plant avai lab i l i ty of P in  soi ls rece iving fer t i l i z er P i s  

also i n f luenced by the types o f  f er t i l i zer P .  For example , 

the b i carbonate procedur e  of Olsen et al . ( 1 9 5 4 a ) , the ac id 

ammon i um f luor i de procedure of Bray and Kur t z  ( 1 9 4 5 ) ,  and 

the double water -extract ion of Ryden and Syer s ( 1 9 7 7 b ) 

appear to be useful ind i cators of plant-ava i lab le P i n  so i l s 

to wh i ch essen t ia l ly water-soluble P fert i l i z ers , such as 

superphosphate , have been added ( W i l l iams and Knight , 1 9 6 3 ;  

Blanc har and Ca ldwe l l , 1 9 6 4 ; Luscombe et al . ,  1 9 7 9 ; Holford , 

1 9 8 0 ) .  When phosphate rock i s  app l i ed ,  the Bray method 

appea r s  to g i ve a better pred i ct i on of both the i n i t i a l  and 

res i dual ef fect iveness of phosphat e  rock ( Ch i en , 1 9 7 8 ; Qu i n , 

1 9 8 1 ; MacKay et al . ,  1 9 8 4 ) .  Both the Olsen - and water

extract ion procedures were found to predict the residual 

e f fect iveness of phosphate rock better than the i n i t i a l  

e f fe c t iveness < Qu i n , 1 9 8 1 ; MacKay e t  al . ,  1 9 8 4 ) .  
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S o i l  pH or l ime add i t ion has been found to i n f l uence 

the interpretat ion of s o i l  tes t  r e s u lts . Thi s  i s  la rgely 

related to the i n f luence of so i l  pH or l iming on the 

ava i lab i l ity of soil P ,  wh ich has been discussed in Sect ion 

2 . 2 . 1 .  Among var ious soi l-tes t i ng procedures , the O l s en 

tes t ( Olsen et al . ,  1 9 5 4a } has f r equently been reported to 

be a f f ected by so i l  pH ( Colwe l l  and Esda i le ,  1 9 6 8 :  Al lbrook 

and St iefel , 1 9 7 7 : Lamber t and Grant , 1 9 8 0 : Dav i s , 1 9 81 :  

S aunder s , 1 9 8 1 : Thomson , 1 9 8 1 : Hol f ord , 1 9 8 3 } . 

( i i i } Seasonal var i a t ions 

It i s  commonly obs e r ved that soi l test results 

change with the t ime of sampl i n g . Many workers have 

reported tempor a l  var i at ions of so i l  test results but did 

not observe any con s i s tent patt e r n s  ( Ga llagher and Her l i hy , 

1 9 6 3 :  Mount i er and Dur i ng , 1 9 6 6 : Jessop et al . ,  1 9 7 7 } .  

Other worke r s , on the other hand , have found some s easonal 

pat terns of var i ations in  so i l  t e s t  results and have 

concluded that the accuracy of a so i l  P test result can be 

i n f luenced by seasona l f luctuat i on s  ( Yuen and Pol lard , 1 9 5 1 : 

B lakemore , 1 9 6 6 : Gr igg , 1 9 6 6 : Ch i ld s  and Jencks , 1 9 6 7 :  

S aunders and Metson , 1 9 71 > .  In  man y  of these s tud i es , 

s ig n i f icant increases in  extractab le soi l P have been 

observed in summer and autumn . These increases have been 

a t t r i buted to the r e l ease of P f r om the decompos i t i on of 

organ i c  mat ter at a t ime when plant uptake tends t o  be 

l imi ted by a soi l mo i s ture def i c i t  ( Saunder s and Metson , 

1 9 71 } .  Low leve ls of extractab le s o i l  P have also been 

r epor ted dur i ng wi nter and somet imes in ear ly spr i ng 

( Wi l l iams and S impson , 1 9 6 5 : Saunders and Metson , 1 9 7 1 : 

S harpley et a l . ,  1 9 7 7 > .  Van der Paauw < 1 9 6 2 } has noted a 

n egat ive r e la t i on s h ip between r a i n f a l l  and water-extractab le 

P level in  so i ls . He suggested that dur i ng per iods of high 

r a i n f a l l , soi l P was leached out of the so i l  samp l i ng zone 

r esult i ng i n  low measuremen ts of water-extractab l e  P in 

s oi ls . Th i s  wou ld probably on ly occur in coarse-textured 

soi l s  hav i ng a low P sorpt ion capac i ty .  
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( iv >  Soi l samp l ing and s ample hand l ing 

Var iab i l i ty as s ociated with soil sampl ing and 

hand l i n g  of soi l samples can s i gn i f i cantly af f ect the 

rel i ab i l i ty of soi l tes t i n g  for f e r t i l i zer advi sory 

purpos e s . Numerous stud i e s  have examined var i ous aspects of 

this  problem , includ ing the e f f ect of sampling area s i z e 

( Hemingway , 1 9 5 5 ; Ba l l  and Wi l l i ams , 1 9 71 ; Cameron et al . ,  

1 9 7 1 ) ,  the e f f ect of var i ous samp l i ng methods ( Hammond et 

al . ,  1 9 5 8 ; Mc lntyre , 1 9 6 7 ) ,  the e f f ect of samp l i ng depth 

( Ha l s t ead et al . ,  1 9 5 7 ; Beckett and Webster , 1 9 71 ; Sherrell 

and Saunders , 1 9 7 4 ; Fr i e s en and B la i r , 1 9 8 4 ) ,  and the ef fect 

of drying and s torage ( Bar row and S haw , 1 9 8 0 ; Bar t lett and 

James , 1 9 8 0 ; G i l lman and Murtha , 1 9 8 3 ) .  Mos t of these 

aspects have been d i s cus s ed in a review by Beckett and 

Webs ter ( 1 9 7 1 ) .  They conc l uded that most of the s o i l  

var i ab i l i ty in a un i f orm f i eld usua l ly expres s es i t s e l f  

w i t h i n  a f ew square metres o f  a g i ven point a n d  that the 

var i ab i l i ty tends to incr eas e ,  often s l ightly , wi t h  the s i ze 

of the area sampled . In r eviewing the relat i ve va lue of 

var i ous samp l i ng methods , Petersen and Calvin ( 1 9 6 5 ) 

concluded that systematic samp l i ng was more e f f ect ive than 

s impl e  random samp l i ng . 

N utr i ents accumulate near the soi l surface in soi l s  

under g r a z ed pas tures ( Fr i esen a n d  B la i r , 1 9 8 4 ) .  The 

regular app l i cation of fert i l i z e r  P to pasture a l s o  leads to 

an accumu lation of P in t he surface layer of the soi l 

( Sher r e l l  and Saunders , 1 9 7 4 ) .  Plants can absorb d i f f erent 

amoun t s  of P from d i f f erent depths depend ing upon the 

pattern of root distr ibu t ion but it i s  general ly agreed that 

a h i g h  proportion of P is taken up . from the top f ew 

cent i metres of the soil  prof i le ( Ja ckman and Mouat , 1 9 7 2 b ;  

G i l l i ngham e t  a l . ,  1 9 8 0 ; Syers et a l . ,  1 9 8 4 > .  Fr i e s en and 

B la i r  ( 1 9 8 4 ) r eported s i g n i f i cant decreases in so i l  test 

va lues down the soil prof i le but f ound that samp l i ng depth 

had l i ttle e f f ect on the var i ab i l i ty of soi l test values . 

Moi s t  so i l  samples col lected f r om the f i e ld are 

norma l ly a i r -d r i ed before analys i s . Air-drying can alter 

the chemi cal , phys i ca l , and mi crob i ol ogi cal proper t i e s  of 
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a soi l from i t s  f ie ld cond i t i on . Many of the changes caused 

by dryi ng appear to be as soc iated wi th changes i n  sur face 

chemical properties and in solub i l i s i n g  organ i c  matter 

( Bartlett and James , 1 9 8 0 ) .  A i r -drying has been reported to 

both i ncrease ( Bar row and Shaw , 1 9 8 0 ; Bar tlett and James , 

1 9 8 0 ; Haynes and Swi f t , 1 9 8 4 > and decrease ( G i l lman and 

Mur tha , 1 9 8 3 ) the P-sorpt ion capaci ty of so i l s . G i l lman and 

Mur tha ( 1 9 8 3 ) have sugges ted that the e f f ect of drying on 

P sorption capacity depends on soi l type . Compar i ng the 

ana lys i s  of f i eld mo i s t  and a i r -dr i ed so i l  samples , Bartlett 

and James ( 1 9 8 0 ) found that water -extractable P wa s 

cons iderably higher i n  a i r-dr ied than i n  mo i s t  soi l s . 

2 . 4  Development of a Water-Extract ion Techn ique 

as a Soi l -Tes t i n g  Procedure 

Water extraction of s o i l  P i s  one of many emp i r i ca l  

s o i l -tes t i ng procedures wh i c h  have been evaluated b y  several 

workers ( Bi ngham , 1 9 4 9 ;  Mar t i n  and Buchanan , 1 9 5 0 ; Olsen et 

a l . ,  1 9 5 4 b ;  Larsen et a l . ,  1 9 5 8 ;  Thompson et al . ,  1 9 6 0 ; 

Hag i n  et a l . ,  1 9 6 3 ;  van D i es t , 1 9 6 3 ;  Blanchar and Ca ldwe l l , 

1 9 6 4 ; McLean et al . ,  1 9 6 4 ;  W i l l i ams , 1 9 6 7 ;  van der Paauw , 

1 9 7 1 ; Aura , 1 9 7 8 ;  Orphanos , 1 9 7 8 ; Lus combe et a l . ,  1 9 7 9 ) .  

The so i l : solut ion rat i o  used i n  these methods has ranged 

f rom 1 : 4  ( B i ngham , 1 9 4 9 ) to 1 : 4 0 0  ( Aura , 1 9 7 8 ) .  When 

a relat ively sma l l  volume of water i s  used , the method is 

bel i eved to ref lect the inten s i ty factor of soil P .  With 

a wider so i l : solut ion rat i o , both the inten s i ty and capac i ty 

of P supply wi l l  be ref lected ( van der Paauw , 1 9 7 1 ) .  The 

amounts of s o i l  P removed by water extr act ion are genera l ly 

sma l l  and of ten pres ent d i f f icult ies i n  the analys i s . A 

common problem encountered in the wat e r -extrac t i on techn ique 

i s  the d i f f icu lty in obta i n i ng a clear extract . The s e  

analyt i cal problems are probab ly par t ly respons ible f o r  the 

var iable success in us i ng the water -extrac t ion met hod as a 

soi l -tes t ing procedure . 

I n  their  summary of several water- extract i on 

techn iques , Nelson et a l . ( 1 9 5 3 ) have concluded that water

extraction techn iques are part i cu larly su i tab le for 
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pred i ct ion of fert i l i z e r  P respons e s  in  s o i l s  with low 

" ab i l i ty to f i x  or release i norgan i c  P" ( i . e . , low buf fer i ng 

capac i ty ) such as sandy s o i l s . A water- extraction techn ique 

devel oped by van der Paauw ( 1 9 7 1 ) has been used succ e s s fully 

with arable so i ls i n  the Netherlands . Although the met hod 

was wel l-correlated wi t h  plant respon ses on a wide range of 

so i ls from d i f f er ent coun tr i es and was independent of s o i l  

type , the corr e lation s  were con s iderably poorer on permanent 

gras s land so i l s  < van der Paauw , 1 9 7 4 ) .  He suggested that 

d i f fe rences in  uptake character i s t i cs ( e . g . ,  uptake z one and 

root dens ity ) between arable crops and pastures may 

i n f l uence the ut i l i sat ion of s o i l  P ,  thereby a f f ect i n g  the 

relat ionship between so i l  P and plant growth . 

Recently , Ryden et a l . ( 1 9 7 6 ) has proposed a non

emp i r ical water-extract ion method as a s o i l -tes t i ng 

procedure for P .  The met hod is based on a sorpt ion model 

wh i ch descr ibes two d i s t i nct forms of P ,  namely chem i 

sorbed P ,  and mor e-phys i ca l ly sorbed P ( see Sect i on 

2 . 2 . 1 . 3 ) .  The propert i e s  of mor e-phys i cally sorbed P have 

suggested an iden t ity wi th the lab i le pool of P ,  as d e f i ned 

by other workers . It  was found that the more-phys i ca l ly 

sorbed P was essent i a l ly quant i ta t ively removed by water 

extr act ion ( Ryden et a l . ,  1 9 7 6 ; Ryden and Syer s , 1 9 7 7 b ) . 

Because the water extrac t i on appears to be spec i f i c  for 

mor e -phys i cally sorbed P ,  i t  may provide a non- emp i r i ca l  

es t imate of the amount of read i ly-ava i lable P in a s o i l  

wh i c h  shou ld b e  independent o f  s o i l  type . A glasshouse 

exper iment ( Lus combe et al . ,  1 9 7 9 ) ,  us i ng perenn i a l  r yegrass 

grown i n  three contrast ing soi l t ypes , conf i rmed that the 

water-extract ion tech n i que i s  independent of soi l type . In 

contras t ,  Smi t h  and Gregg ( 1 9 8 2 ) f ound a marked so i l  type 

dependence of the water -extract i on method , compared to the 

relat ive independence o f  the Olsen test . In  the g la s s hous e  

i nves tigat ion of Smi t h  and Gregg ( 1 9 8 2 ) , both i n t a c t  so i l  

core s  and s i eved s o i l  samples wer e  collected from a number 

of s i tes of varying soi l P status , but only two s o i l  types 

wer e  used . The incon s i s tency regarding the i n f luence of 

s o i l type on water extrac t i on suggests that further 
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i nvest igation s , i nvolving a wider range of soi l types are 

needed . 

T he or i g i n a l  water-extraction method proposed by Ryden 

et a l . ( 1 9 7 6 ) involves two success ive 1-hour extract ions of 

1 g so i l  wi th 4 0  ml of d i s t i lled wat e r . It was later 

mod i f i ed to a s i n g l e  extract i on wh i c h  would be mor e  s u i t able 

as a rout ine procedure .  A s i ng le water -extract ion 

techn ique , wh i ch was close ly related to the or i g i na l  double 

wat er- extract i on method , i nvolves a 1 -hour extract i on of 2 g 

soi l w i t h  ·2 4 0  ml of d i s t i l led water ( T i l lman , pers . comm . ) .  

The techn ique requ ires  h i g h  speed centr i f ugat i on and 

f i ltrat ion us i ng membrane f i lters ( Mi l l ipore , < 4 5 0  nm ) to 

ensure that clear solut ions are obt a i ned . 

2 . 5 Summary and Conclus i on s  

T h i s  rev i ew has focus ed o n  t h e  or igin  a n d  character

i sa t i on of plant-ava i lab le P i n  soi l s . There appears t o  be 

a general agreemen t  i n  the l iterature that sorpt ion

desorpt ion react ions are the mos t  i mportant proces s e s  that 

control the P concentration i n  the soi l solut ion . Despite 

the abundant s tud i es of these processes , the mechan i sms of 

sorpt i on-desorpt i on react i on s  are not fully understood . 

However , attempts to use var i ous model l i ng approaches f or 

desc r i b ing or pred i c t i ng the behav i our of P i n  so i l  have 

been met with g r eater succes s . 

A water -extract i on techn ique i s  a soi l-tes t i ng 

procedure wh ich i s  based on a conc ept of P sorpt i on ( Ryden 

et a l . ,  1 9 7 6 > .  Compa red to other empir ical soi l-tes t i ng 

procedures ,  the water-extract i on procedure may therefore be 

expected to better ref lect the ava i lab i l i ty of s o i l  P .  

Fur thermore , the water - ex tract i on procedure may be of va lue 

in model l i ng the relat i on s h ips between fert i l i zer P and 

soi l ,  and thus the pred i c t i on of t h e  avai lab i l i ty of 

fert i l i z er P .  Further i nves t igat i on into the poten t i a l  of 

the water-extract ion procedure is needed . 

Organ ic forms of so i l  P are a lso an important source of 

ava i lable P for plants fo l lowi ng m i neralisat ion . The rates 
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and pathways of P t hrough so i l  organ i c  matter are , however , 

poor ly unders tood when compared to phys ico-chemical aspects 

of so i l  i norgan ic P .  Recent development of methods for 

measur i ng microb i a l  P in soi l has enab led the contr i but ion 

of microb i a l  biomas s  to the avai lab i l i ty of s o i l  P to be 

i nves t igated . Fur ther research i nto t he dynamics of soi l 

organ i c  P and microb i a l  P i s  requ i r ed . This w i l l  improve 

our under s tand ing of the P cycle and a s s ist in the 

a s s e s smen t  of ava i lab i l i ty of so i l  P t o  plan t s . U l t imate ly , 

i t  shou ld lead to improved fert i l i zer manag ement pract ices . 
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CHAPTER 3 

PREDICTION OF P LANT-AVAILABLE P IN SOI LS US ING 

A COMB INAT I ON OF WATER-EXTRACTABLE P AND 

AN EST IMATE OF P BUFFERING CAPAC ITY 

3 . 1 I ntroduct ion 

A number of soi l - t e s t i ng procedures have been used , 

w i t h  varying degr ees of succes s ,  to determine the P status 

of s o i l s  and to as s i s t  i n  mak i ng ferti l i z er recommendat ion s . 

Extraction procedur e s  are r egarded as be i ng sui tab le i f  they 

s ucces s f u l ly pred ict respon ses and are suff i c i en t ly s i mple 

t o  be used on a rout i ne bas i s . The or ig in and amount of 

s o i l P extr acted by these emp i r ical procedures depend on t h e  

c h em i ca l  nature of t h e  extractant and the extract ion 

cond i t ions used . Some extractants are better s u i ted to 

certa i n  so i l  types t han others , but a l l  usua l ly requ i r e  

extens i ve f i eld ca l i brat ion . 

Idea l ly soi l-tes t i ng procedures should be bas ed on a 

s ound understand ing of nutr ient avai lab i lity . Schof i eld 

( 1 9 5 5 ) propos ed that at lea s t  three factor s  i n teract w i t h  

e a c h  other t o  determine t h e  relation s h i p  between plant 

uptake of P and so i l  P s tatus : ( i )  an i nten s ity factor ( I )  

descr ibes the concentration of P in  the so i l  solut ion ; ( i i )  

a quan t i ty term ( Q )  i s  a measure of the amount of P 

as soc i ated with the solid pha s e ; and < i i i )  a bu f f e r i ng 

capac ity t erm ( � Q/ �I )  mea sures the ab i l ity of a soi l to 

ma i n t a i n  the P concentrat ion of the so i l  solution aga i n s t  

changes caused b y  plant uptake or fert i l i z er add i t ion . Mos t  

soi l-tes t i ng procedur es character i s e  e i ther the quant i ty or 

the inten s ity factor , or both ( Kamprath and Wat son , 1 9 8 0 ) .  

Weak extractants , such as water and calcium chlor i de 

solut i on s , are thought to ref lect the i nten s i ty factor wh i le 

s tronger extractant s , such as acids , complex i ng ions , and 

alka l i ne-bu f f ered solutions , measure the quan t ity factor . 
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The f a i lure of s o i l-tes t i ng procedures to take into account 

the i n terrelat i on s h i p  between a l l  three par ameters ( Q ,  I ,  

and buffer i ng capac i ty ) probab ly exp l a i n s  why a s i ng le 

parameter i s  i nadequate for pred i ct i ng P ava i lab i l ity i n  a 

range of so i l s ( Olsen and Khasawn eh , 1 9 8 0 ) . 

Because plant roots can on ly absorb P from the so i l  

s o lution , the concentration of P i n  the s o i l  solut i on mus t  

b e  ma i ntai ned a t  a s a t i s factory level f o r  plant growth . 

Con sequen t ly , P avai l ab i l ity depends not only on the 

concentrat i on of s o i l  solut i on P at any t ime , but also on 

the abi l ity of the s o i l  to ma i n t a i n  that concentrat i on . 

S everal s tud i es of nutr i en t  movement i n  s o i l s  and root 

uptake ( e . g . , Barber , 1 9 6 2 ; Olsen and Watanabe , 1 9 6 3 ; Lewi s 

and Qu i r k , 1 9 6 7 ) have indi cated an apprec iable depletion of 

s o i l  P around plant roots and that the soil solut i on P mus t  

b e  renewed s everal t imes each day dur ing the growing season . 

T hese worker s con c luded that the buf fer i ng capac i ty of a 

s o i l  i s  poten t i a l ly a l im i t i ng factor for P uptake by 

p lants . Mor e  recent l y  there have been s everal plant uptake 

s tudi e s  wh i c h  have i n d i cated that so i l  P status can be 

predi cted better when i nten s ity , quan t i t y ,  and bu f f er i ng 

capac ity parameters are cons idered together ( e . g . , Gunary 

and Sutton , 1 9 6 7 ; Khasawneh and Copelan d , 1 9 7 3 ; Da lal and 

Hal lsworth , 1 9 7 6 ; Hol ford and Mat t i ng ly , 1 9 7 6 ) .  

I n  New Z ealand , there has been a l imi ted number of 

s tud ies wh i c h  have exam i n ed the use of a comb i nat ion of 

i n ten s i ty or quan t i ty and bu f f er i ng capac ity parameters to 

descr ibe s o i l P s tatus . The work of S incla i r  et al . ( 1 9 7 7 ) 

w i th so i l s  f r om the Macken z i e  Bas i n , i n d i cated that the 

s orpt i on proper t i e s  of the s o i l  strong ly mod i f y  the 

ava i lab i l ity of bot h  nat i ve and appl i ed P to pas ture plants . 

They sugges ted that b i carbonate P ( Ol s en et al . ,  1 9 5 4 a ) and 

bu f fe r i ng capac i t y  measurements s hould be used together i n  

pred i c t i ng respon s e s  to fert i l i z er P .  Dur i ng et al . ( 1 9 8 1 ) 

i nvest i gated the e f fect i venes s of the phosphate reten t i on 

( PR )  tes t ( Saunder s ,  1 9 6 5 ) ,  comb i n ed with the Olsen or w i th 

the Truog s o i l  test , for es t imat i n g  f er t i l i zer P requ ire

ments . It was found that a mode l  i n  wh i c h  the PR test was 
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comb i n ed with Olsen P or Truog P values accounted for 5 6  and 

6 9 % , respect i ve l y , o f  the var iat i on i n  P requirements . 

Although the i n c lus ion o f  the PR term improved the accuracy 

o f  predict i ng fer t i l i z e r  P requ i r ements , the model appl i ed 

only to a cer t a i n  so i l  g roup with a l imi ted range o f  

sorp t i on capac i ty va lues . In another study relat i ng t o  

a programme for t h e  ma i n tenance f er t i l i zer P requ i r ements o f  

a group o f  Nor t hland s o i l s , Shannon ( 1 9 8 1 ) proposed that the 

Olsen P test s hould be u s ed in con junction wi t h  the PR t e s t ; 

however , no r e s u lt s  have been made avai lable . 

Recen t l y  a model for calcu l a t i ng ma i ntenance P 

r equ i r ements of g r a z ed pastures has been proposed by 

Corn f orth and S in c la i r  < 1 9 8 2 ) .  I t  i s  based on est imates o f  

P l o s s e s  w i t h  var i ous comb i nat i on s  of s tock and land typ e . 

Soi l P los s e s  due to sorpt ion and immob i l i sa t i on are among 

the factor s i n corporated i n  the calcu lat i on . A soi l P t e s t  

( Ol sen ) i s  u s ed i n  t h e  model to a s s e s s  whether t h e  level o f  

ava i lable s o i l P i s  appropr iat e  for a ma i ntenance fer t i l i z er 

appl icat i on and to mon i tor the e f f ect i veness o f  the 

ma i n tenance fer t i l i z e r  P programme calcu lated by the model .  

I n  the present study , an attempt wa s made to pred i c t  

t h e  amount o f  plant-avai lable P i n  s o i l s  by us ing a 

comb inat i on of water-extractab l e  P ( as an inten s ity 

parameter ) and an est imate of buffer i ng capac i ty .  Two 

approaches were used to determi ne bu f f er ing capac i t y . The 

f i rst method was the PR test wh i ch is des i gned to measure 

the propor t ion of fert i l i z er P l i kely to be reta i n ed by a 

s o i l  ( Saunder s , 1 9 6 5 ) .  The second was based on the 

desorpt i on character i s t ic s  of a soi l .  It wa s con s idered 

that an e s t imate of bu f fer ing capac i ty bas ed on desorpt ion , 

w h i c h  indi cates the ab i l i ty of the s o i l to rep len i sh P ,  

m ight better ref lect the r ea l  s i tuat ion than an e s t imate 

based on sorption . 
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3 . 2 Mater ials  and Met hods 

3 . 2 . 1  Soi l s  

Twenty top s o i ls wer e  chosen to cover a wide range of 

P sorp t i on capa c i t y ,  P status , and p H . They were col lec ted 

f rom s i tes under permanent pa s ture wh i ch had rece i ved no 

f er t i l i zer P i n  the year pr ior to the samp l i ng . The s o i l s  

were s ampled t o  a depth o f  7 . 5  cm , a i r -dr ied , and s i eved 

( < 2  mm ) . 

3 . 2 . 2  S o i l propert i es 

S o i l  pH wa s measured i n  d i s t i l led water at a so i l :  

s olut i on rat i o  o f  1 : 2 . 5 ,  after a 2 4 -h equ i l ibrat i on per i od .  

Tota l carbon ( C )  was determi ned by the method of Tabatabai 

and B r emner ( 1 9 7 0 ) us i ng a Leco Gravimet r i c  Carbon 

Determinator . The s o i l descr ipt i on and some chem i ca l  

character i s t i c s  o f  the 2 0  s o i l s  s tud i ed are g i ven i n  Table 

3 . 1 .  

3 . 2 . 3  G l a s s house s tudy 

T he plant avai lab i l i ty of P i n  the 20 s o i l s  was 

determi n ed i n  a g las shou s e  exper iment , 

l:u. .§_�·:..:·· .\' -��d� :i..grr to measure the potential 

p lant-ava i lab l e  P i n  the s o i l s . Plant uptake of P i s  used 

i n  th i s  s tudy a s  a measure of plan t - avai lable P i n  the s o i l .  

The a i r-dr i ed s o i ls ( < 2 mm )  were hand packed into 6 0 0 -ml 

pots and f i l led to a volume of appr ox imately 5 0 0  ml . T he 

known we ight o f  each soi l per pot var i ed from 4 0 0  to 5 0 0  g 

depen d i ng on i t s  bu lk den s i ty .  The so i l s  were then watered 

to 9 0 % of f i e l d  capac i ty .  Perenn i a l  ryegras s ( Lol ium 

perenne L . , Gra s s lands " Nu i " > was u s ed as the tes t  plant and 

approx imately 3 0  s eeds were sown and later t h i n n ed to 2 0  

plants per pot . A minus-P nutr i e n t  solut ion ( Middleton and 

Toxopeus , 1 9 7 3 ) was app l i ed regu lar ly and mo i sture was 

ma intai ned at 9 0 %  of f i e ld capac i t y  by da i ly wat er i ng . Four 

harvests  were taken at 7 ,  1 2 , 1 6 , and 2 1  weeks after s ow i ng . 

Plants were cut to a level of 1 cm above the s o i l sur face . 

At each harves t ,  two pot s  of each s o i l were removed f r om the 

tr i a l  and the roots s eparated from the soi l by was h i n g  w i th 

water . The s o i l s  wer e  a ir -dr i ed , s i eved ( < 2 mm ) , and 
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Table 3 . 1  Descrip t i on and some chemical characte r i s t i c s  of the 20 soi l s  used in this s tudy 

Soi l type New Zealand Soi l Group Total carbon pH 

( % )  water 

1 .  Carnarvon b lack sandy loam ye llow-brown sand 8 . 1  5 . 7 4  
2 .  Dannevirke s i l t  loam ye l l ow-brown earth/ 8 . 7  5 . 8 0 

yel low-brown l oam i n tergrade 

3 .  Egmont brown loam ( low P )  yellow-brown loam 7 . 5  5 . 69 
4 .  Egmont black loam ( high P )  ye l low-brown loam 8 . 2  5 . 8 0 
5 .  Ham i l ton clay loam brown granular loam 6 . 0  5 . 07 
6 .  Kiwitea s i l t  loam ye l low-brown earth/ 3 . 5  5 . 6 4 

ye llow-brown loam i n tergrade 

7 .  Konini s i l t  loam ye llow-brown ear th/ 4 . 0  5 . 5 5 
yel low-brown loam i ntergrade 

8 .  Kumeroa s i l t  loam ( low P )  yellow-grey earth/ 5 . 8  5 . 8 3 
ye l l ow-brown earth i n tergrade 

9 .  Kumeroa s i l t  loam ( high P )  yel low-grey earth/ 
yel low-brown earth i n tergrade 

4 . 6  5 . 27 

10 . Manawatu fine s i l t  loam recent soi l 2 . 1  5 . 1 2 
1 1 .  Okaihau grave l ly c l ay brown granular loam 7 . 0  5 . 4 6 
12 . Patua loam ye l low-brown loam 1 1 . 3  5 . 5 1 
1 3 . Ram iha s i l t  loam ( low P )  yel low-brown earth/ 6 . 7  5 . 16 

yellow-brown loam i ntergrade 

14 . Ramiha s i l t  loam ( h igh P )  ye l low-brown earth/ 
yel low-brown loam i n tergrade 

6 . 6  5 . 4 2 

1 5 .  Taupe sandy s i lt ( low P )  ye llow-brown pumice soi l 6 . 7  5 . 4 1  
16 . Taupe sandy loam ( high P )  ye l low-brown pumice s o i l  9 . 6  5 . 4 2 
17 . Tokomaru s i l t  loam ( low P )  ye l low-grey earth 3 . 0  5 . 36 
1 8 .  Tokomaru s i l t  loam ( med ium P )  ye l low-grey earth 3 . 3  5 . 2 4 
19 . Tokomaru s i l t  loam ( h igh P )  yel low-grey earth 4 . 5  6 . 3 7 
2 0 .  wainui s i l t  loam ye l low-grey earth/ 4 . 5  5 . 2 5 

yel low-brown earth i n tergrade 
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analysed f o r  pH ( Sect i on 3 . 2 . 2 ) , water-extractable P 

( Sect i on 3 . 2 � 4 . 1 ) ,  and Ols en-extractable Pi ( Sect i on 

3 . 2 . 4 . 2 ) .  The above - so i l  herbage and the root mater i a l  wer e  

d r i ed a t  6 0 ° C ,  we ighed , and analysed for P b y  the method of 

Twine and W i l l iams ( 1 9 7 1 ) .  

Four pots of eac h  soi l rec e i ved a complete nut r i ent 

s o lut i on . Ryegra s s  f r om these pots wa s harves ted at the 

s ame t ime as that f r om pots rece i v ing mi nus-P nutr ient 

s o lut i on . The above - s o i l herbage wa s analysed for P at all 

f our harve s ts but the root mater i a l  wa s not col lected and 

analysed for P un t i l  the f i nal harves t .  The relat ive P 

uptake was calculated from P uptake on a soi l rece i v i ng a 

m i nus-P nut r i en t  solu t i on , expres s ed a s  a percentage of P 

uptake by p lants grow i ng i n  pots r ece i v i ng a complete 

nutr i ent s o lution . Relat i ve y i e ld was a l so ca lcu lated i n  

t h e  same way .  As a control , two mor e  pots of each s o i l  wer e  

n ot sown wi t h  ryegras s  but rece i ved a n  i dent i c a l  treatment 

t o  the ones with plants . At each harve s t , two cor es ( 2 -cm 

d i ameter ) o f  s o i l  wer e  taken f r om each plant- f r ee pot , 

combined , a i r-dr i ed , s i eved ( < 2 mm ) , and ana lysed for 

water -extractable P ( Sect i on 3 . 2 . 4 . 1 ) ,  Olsen-extractab le P i 
( Sect i on 3 . 2 . 4 . 2 ) , and p H  ( Sect i on 3 . 2 . 2 ) .  The pots were 

completely random i sed and re-po s i t i oned every week to 

m i n imi z e  any ef fects of uneven envi ronmental factor s , such 

as l ight and temperature . After the s econd harves t ,  a l l  
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pots were leached w i t h  2 , 0 0 0  m l  of d i s t i l led water t o  remove 

any exces s nutr i ents wh ich had accumu lated . A tot a](.,��..:�·�·Rgt)fj 
' · �·�- ..: en r'. h . ..... � us _,� \":o� �e . s.�� _ , 

3 . 2 . 4  So i l  P analys i s  

3 . 2 . 4 . 1 Water-extractable P ( S ing le-water 

extraction ) 

The procedure i nvolves shak i ng 2 g o f  a i r -dr i ed 

s o i l ( < 2 mm )  with 2 4 0  ml of d i s t i l led water at 2 0 ° C  for 1 h .  

T he samples were shaken i n  2 5 0 -ml polyethylene bot t les on an 

end-over-end s haker at 2 8  r . p . m .  On the comp let ion of 

s haking , the suspen s i on was f i ltered through a membrane 

f i lter ( Mi l l ipore , < 4 5 0  nm ) . 



3 . 2 . 4 . 2  Ols en-extractable P i ( Ol sen et a l . ,  

1 9 5 4 a ) 

One g of a i r -dr i ed s o i l ( < 2 mm )  was s haken with 

20 ml of O . SM NaHC03 ( pH 8 . 5 )  at 2 0 ° C  for 30 m i n . The 

s u spen s i on was then cent r i fug ed at 1 0 , 0 0 0  r . p . m .  for 2 min 

and f i ltered through a Whatman No . 5 f i lter paper . A 4 -ml 

a l i quot of the extract wa s then taken for ana lys i s  of 

i norgan i c  P .  Tota l  P in the extract was also determ i n ed 

af ter the convers ion o f  organ i c  P to i norgan i c  P by acid 

per s u lphate d i gest i on ( Envi r onmental Protect i on Agency , 

1 9 7 1 ) . Organ i c  P in the Olsen extract was calcu lated f r om 

the d i f ference between i norgan i c  P i n  the extract befor e and 

af ter acid d i g e s t i on . 

3 . 2 . 4 . 3  Bray1 -extractable P ( Bray and Kurt z ,  

1 9 4 5 ) 

Three g of a i r -dr i ed s o i l ( < 2  mm ) was shaken 

w i t h  2 1  ml o f  0 . 0 3M NH4 F and 0 . 0 2 5M HCl solu t i on for 5 mi n .  

The suspen s i o n  was cen t r i fuged and f i ltered a s  above . 

3 . 2 . 4 . 4  Truog-extractab le P ( Truog , 1 9 3 0 )  

One g of a i r - dr i ed s o i l  ( < 2 mm )  was s haken w i th 

2 0 0  ml of O . O O lM H2 S04 ( pH 3 . 0 ) f or 3 0 min and then 

centr i fuged and f i lter ed as above . 

3 . 2 . 4 . 5 I sotopical ly-ex changeab le P 

l . S g  of a i r -dr i ed s o i l ( < 2 mm )  was s haken wi th 

3 0  ml of d i s t i lled water conta i n i ng approximately 2 � C i  3 2 p 

( as carr i e r - f r ee H3
3 2 po4 > at 2 0 ° C  for 2 4  h .  After cent r i 

fugation a t  1 0 , 0 0 0  r . p . m .  for 5 m i n ,  the soi l suspens ion was 

f i l tered through a membrane f i lter ( Mi l l ipore , < 45 0  nm ) ,  and 

the extract ana lysed f or 3 l p and 3 2 p .  The act i v i ty of 3 2 p 

was determi ned by l i qu i d  s c i nt i l lat i on count i ng us i n g  a 

Tr i ton-toluene s c i nt i l lat ion cockta i l  ( Patter s on and Greene , 

1 9 6 5 ) .  

3 . 2 . 4 . 6 Total organ i c  P ( Wa lker and Adams , 

1 9 5 8 ) 

S amples of 0 . 8  g o f  a i r -dr i ed soi l ( < 2 mm )  were 

a shed at 5 5 0 ° C  for 1 h ,  then s haken wi th 4 0  ml o f  O . SM H2 S04 

5 3  



f o r  1 6  h ,  and cent r i f ug ed at 1 0 , 0 0 0  r . p . m .  for 1 0  min . 

S amples were a l s o  extr a cted w i t hout p r i or as h i ng . Total 

organ i c  P was calculated as the d i f f erence between the 

amounts of P i n  the extracts f r om samples with and wi thout 

an a s h ing pretreatment . 

3 . 2 . 4 . 7  Phosphate r etent ion ( PR )  ( Saunder s ,  

1 9 6 5 ) 

F i ve g of a i r -dr i ed s o i l  ( < 2 mm )  was s haken for 

2 4  h with 25 ml of 0 . 2M s odium acetate solut i on conta i n i ng 

1 , 0 0 0  �gP ml- 1  ( as KH2 P04 ) and ad j usted to pH 4 . 6 5 wi th 

g la c i a l  ace t i c  ac id . After cen t r i fugation and f i ltration , 

the extracts were ana l ys ed for P .  Phosphate retent ion was 

cal�u lated f r om the amount of P r emoved from solut ion by the 

s oi l , expressed as a p e rcentage o f  the amount or i g i na l ly 

added . 

3 . 2 . 4 . 8  An e s timate o f  bu ffering capa c i ty 

bas ed on desorpt i on 

When the concentrat i on o f  P in  the so i l  solution 

i s  decrea s ed , mor e  P wi l l  inva r i ab ly be desorbed f r om the 

s o i l  and released into the so i l  s o lut ion . I n  t h i s  s tudy , 

the s o i l  solut ion P concentrat ion wa s decreased by 

i nc r ea s i ng the soi l : solut ion rat i o . Soi l s  wer e  shaken with 

d i s t i l led water conta i n i ng 4 0  �g HgCl 2 ml-1 to suppr ess  

m i crob ial act i v ity . The so i l : solution ratios wer e  1 : 5 ,  

1 : 2 0 ,  1 : 4 0 ,  1 : 80 ,  and 1 : 1 2 0 . A prel imi nary exper imen t wa s 

car r i ed out on four soi l s  ( Dannev irke , Kumeroa- low P ,  

Kumeroa-high P ,  and Ram i ha- low P )  to determine the per i od of 

t ime requ i r ed for s ha k i ng . I t  was found that , i n i t i a l ly , 

desorption of P occurr ed rap idly but af ter 2 4  h the change 

became s ign i f i cantly s l ower , except at the so i l : s olut ion 

rat i o  of 1 : 5  ( Fig . 3 . 1 ) . The rap i d  rate of P desorpt ion at 

t h i s  s oi l : s olut ion ra t i o  con t i nued af ter 24 h in three 

s oi ls .  Cons equen t ly , a s hak ing per iod of 24 h was adopted 

for t h i s  desorpt ion s tudy . Samples were shaken on an 

end-over-end s haker a t  2 0 ° C .  After 24 h they wer e  

cent r i f uged at 1 0 , 0 0 0  r . p . m .  for 1 0  min , and f i ltered 
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through membrane f i lter s ( M i l lipor e , < 4 5 0  nm ) .  To pr event 

any i n te r ference from mer cury ( Hg ) , 1 ml of NaCl solut ion 

conta i n i ng 5 , 0 0 0  �gCl was added to the al iquot of extract 

before the analys i s  of P ( T i l lman and Syers , 1 9 7 5 ) . The 

amount s  of P desorbed wer e ca lcu lated and plotted aga i n s t  

the concentrat ions o f  P i n  so lut ion , g i ving a desorp t i on 

i s otherm for each so i l . 

I f  requ i r ed , suspens i ons wer e  centri fuged i n  a Sorva l l  

RC2-B r e f r i gerated centr i fuge ( at l 0 ° C ) . The method of 

Murphy and R i l ey ( 1 9 6 2 ) was used for the analys i s  of 

inorgan i c  P c 3 l p )  i n  all soi l extracts . Absorbance was 

measured at 7 1 2  nm us i ng either a Pye Un i cam 1 8 0 0 B or 

SPS - 3 0 0 spectrop hotometer . 

3 . 3 Res u l t s  and Discu s s i on 

3 . 3 . 1  P lant-ava i lab le P 

Tota l P uptake by ryegrass f r om the 20  s o i l s  after a 

growth per i od o f  21  weeks in  the g la s s house exper iment 

ranged from 7 . 5  � g  g-1 s o i l  wi t h  Rami ha- low P so i l  to 

1 5 0  �g g - 1  s o i l with Egmont-high P s o i l  ( Table 3 . 2 ) . The 

ryegras s p lants became very P def i c ient as the t r i a l  

progr e ss ed . At the end o f  21  weeks the rate of P uptake was 

only a sma l l  f r ac t i on of the rate ma i nta i ned by plants 

grow i ng i n  pot s  rece i v i n g  a complete nutr ient solution , 

including P ( Table 3 . 3 ) .  Con sequently , it i s  sugges ted that 

the pool of p lant-avai lab le P in mos t  of the so i l s  wa s 

vi rtua l ly at or near exhaus tion after 21  weeks . However , in  

soi ls of high P status , this poo l may not be exhaus ted 
. 

completely . For example , , s jmilarly lar ge -a�ounts o f  �. ��ei��� 
taken up from Egmont- h i g h  P so i l  i n  the f inal harvest 

( harvest 4 )  in  compar i son with ear l ier harve s t s  ( Table 3 . 4 ) .  

I t  i s  pos s ib l e  t hat i n  s uch high P soi ls plant uptake data 

may under e s t imate the pool of plant-avai lable P .  The 

imp l i cation · of t h i s  pos s i b i l i ty wi l l  be d i scus s ed later . 

3 . 3 . 2  Water-extractable P 

The amount of water-extractable P in the 2 0  s o i l s  

before cropp i ng ranged f r om 1 . 2  � g g- 1  s o i l  i n  the 
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Table 3 . 2  P lant-ava i lable P and various measurements of soi l P for the 2 0  so i l s  

used i n  the s tudy ( A l l  units are � g  g- l 
except where indicated) 

Soil 

1 .  Carnarvon 

2 .  Dannevirke 

3 .  Egmor. t- low P 

4 .  Egmont-high P 

5 .  Ham i l ton 

6 .  Kiwitea 

7 .  Konini 

8 .  Kumeroa-low P 

9 .  Kumeroa-high P 

1 0 .  Manawatu 

1 1 .  Okaihau 

-12 ._ Patua 

1 3 .  Ramiha- low P 

14 . Rami ha-high P 

1 5 .  Taupo - l ow  P 

1 6 . Taupo- high P 

17 . Tokomaru- low P 

18 . Tokomaru-medium P 

1 9 . Tokomaru-high P 

2 0 . Wa inui 

Plant Water-

avai lable extractable 

• 
p p 

15 . 8  
2 0 . 6  

8 . 1  
1 5 0 . 2  

1 1 . 6  
27 . 3  
30 . 3  
18 . 0  
6 8 . 4  
6 7 . 9  
4 3 . 5  

8 . 6  
7 . 5  

78 . 5  
1 8 . 0  
90 . 9  
34 . 8  
70 . 5  

1 3 6 . 8  
4 1 . 7  

3 . 8  
4 . 6  
1 . 8  

1 8 . 4  
3 . 2  
3 . 7  
4 .  4 
5 . 7  

1 3 . 0  
5 . 1  
5 . 6  
2 . 2  
1 . 2  
6 . 7  
3 . 0  
7 . 8  
6 . 7  
9 . 9  

2 3 . 6  
4 . 9 

• •  
Ol sen-

extractable 

p
i 

P
O 

8 . 9  
2 2 . 7  
1 2 . 0  
5 8 . 6  
1 3 . 6  
10 . 7  
1 2 . 3  

9 . 0  
3 2 . 6  
2 5 . 4  
2 0 . 6  
1 1 . 8  

6 . 2  
2 5 . 7  
18 . 0  
40 . 0  
16 . 3  
2 1 . 1  
3 5 . 2  
1 2 . 7  

17 . 3  
19 . 2  
1 2 . 3  
6 6 . 2  
1 9 . 7  
1 5 . 0  
1 3 . 9  
1 3 . 4  
1 9 . 3  

6 . 0  
9 . 4  

12 . 5  
1 5 . 7  
10 . 0  
16 . 8  
1 8 . 6  
17 . 0  
1 4 . 6  
16 . 2  
2 2 . 1  

Isotopica l ly

exchangeable 

p 

26 . 7  
1 2 1 . 4  
119 . 9  
1 8 2 . 4  

4 4 . 7  
4 3 . 1  
4 2 . 7  
3 1 . 4  
6 7 . 0  
7 4 . 7  

107 . 1  
6 6 . 0  
2 0 . 9  
7 1 . 6  
4 5 . 7  
9 1 . 5  
3 2 . 0  
4 2 . 3  

1 0 2 . 2  
57 . 2  

• Determined by uptake of P by ryegrass in 2 1  weeks in the gla s shouse . 

• •  Inorganic and organic fract ions i n  Olsen e x tracts ( O l sen e t  a l . , 1 9 5 4 ) . 
I Phosphate retention test ( Saunde r s , 1 9 6 5 ) . 
l t  An e s timate o f  buf fering capacity derived from s lope of desorption 

i sotherm ( Se c t i on 3 . 2 . 3  ( v i i ) ) .  

Bray P 

1 0 . 7  
18 . 8  
16 . 1  
7 9 . 5  
14 . 1  
1 3 . 9  
1 0 . 6  
1 0 . 6  
4 4 . 1  
4 6 . 4  
3 0 . 1  

4 . 7  
2 . 4  

4 3 . 6  
2 5 . 3  
37 . 4  
2 1 . 0  
3 0 . 7  
4 4 . 9  

7 . 0  

Truog P 

2 5 . 6  
48 . 7  
2 8 . 3  
8 2 . 5  
2 1 . 0  
2 7 . 8  
17 . 0  
1 5 . 6  
3 8 . 6  
8 7 . 6  
6 4 . 1  
1 2 . 1  

5 . 7  
4 3 . 2  
37 . 0  
9 4 . 0  
1 9 . 4  
3 4 . 0  
7 4 . 3  
1 2 . 4  

PR
I 

( % )  

4 5  
9 1  
8 2  
7 5  
6 6  
4 0  
4 3  
3 0  
3 0  
1 9  
4 5  
98  
8 8  
55 
53  
6 7  
19 
1 4  
2 1  
3 6  

S l opeD !  
. .  

- 1 ) ( ml g 

1 5 . 5  
2 . 1  
0 . 8  
4 . 8  
8 . 5  
2 . 8  

2 5 . 0  
2 4 . 5  
2 7 . 2  

5 . 4  
0 . 1  

1 4 . 9  
9 . 4  

2 1 . 0  
2 5 . 0  
4 3 . 7  
2 8 . 0  
5 4 . 2  
3 4 . 2  

Organic P 

5 6 0  
1 2 3 5  
1 3 0 0  
1 5 3 1  

3 7 1  
6 4 9  
396 
589 
5 6 8  
309  
2 2 3  

1 2 2 9  
5 8 5  
6 5 3  
596  
8 5 3  
4 1 7  
4 3 7  
4 99 
4 8 2  

(J1 
-...) 



Table 3 . 3  R e la t i ve P uptake by ryegrass from the 2 0  s o i l s  
s tud i ed i n  the glas s house experiment a t  harves t 4 
( 2 1 weeks ) 

So i l  Relat ive P uptake 
( % ) 

1 .  Carnarvon 9 

2 .  Dannev i r ke 1 2  

3 .  Egmont- low p 5 

4 .  Egmon t - h i g h  p 5 9  

5 . Hami l ton 7 

6 .  Kiwi tea 1 4  

7 .  Kon i n i  1 3  

8 .  Kumeroa- low p 7 

9 .  Kumeroa- h i g h  p 2 3  

1 0 . Manawatu 2 5  

1 1 . Oka i hau 1 9  

1 2 . Patua 6 

1 3 . Rami ha- low p 6 

1 4 . Rami ha-h i g h  p 3 1  

1 5 . Taupo- low P 9 

1 6 . Taupo - h i g h  p 3 3  

1 7 . Tokomaru- low p 1 5  

1 8 . Tokomaru-med i um p 2 4  

1 9 . Tokomaru- h i g h  p 4 0  

2 0 . Wa i n u i 2 1  
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Table 3 . 4  Upt ake of P by ryegras s from the 20  s o i l s  used in 
the glas shou s e  exper iment at each harves t 

1 .  

2 .  

3 .  

4 .  

5 .  

6 .  

7 .  

8 .  

9 .  

1 0 . 

1 1 . 

1 2 . 

1 3 . 

1 4 . 

1 5 . 

1 6 . 

1 7 . 

1 8 . 

1 9 . 

2 0 . 

* 

S o i l  

Carnarvon 

Dannev i r ke 

Egmont- l ow p 
Egmont - h i g h  p 
Hami lton 

Kiwi tea 

Kon i n i  

Kurneroa- low p 
Kumeroa- h i g h  P 

Manawat u  

Oka i hau 

Patua 

Rami ha- low p 
Rarni ha - h i g h  p 
Taupe- l ow P 

Taupe- h i g h  P 

Tokomar u- low p 
Tokomar u-
med i um P 

Tokomar u-
h i gh p 
Wa i n u i  

P lant P uptake ( �g g- 1 ) 

Harvest 
1 

4 . 7  

4 . 7  

3 . 3  

3 4 . 6  

6 . 3  

1 4 . 5  

1 2 . 6  

7 . 4  

1 5 . 5  

1 7 . 7  

1 2 . 9  

5 . 8  

4 . 5 

1 9 . 9  

9 . 5  

2 2 . 7  

1 4 . 9  

2 7 . 9  

4 1 . 8  

1 9 . 5  

Harvest 
2 

3 . 9  

8 . 1  

1 . 1 

3 9 . 0  

0 . 5 

4 . 9  

1 0 . 3  

5 . 4  

1 5 . 6  

1 6 . 4  

8 . 4  

1 . 8  

0 . 6 

2 6 . 1  

1 . 6  

2 4 . 0  

8 . 8  

1 5 . 9  

4 0 . 7  

8 . 7  

Harvest 
3 

4 . 9  

7 . 5  

4 . 3  

3 7 . 0  

6 . 8  

6 . 8  

2 . 0  

- 0 . 4  

1 5 . 0  

1 2 . 9  

1 2 . 9  

1 . 1 

0 . 8  

1 8 . 5  

7 . 9  

1 8 . 7  

3 . 8  

1 0 . 7  

3 0 . 8  

6 . 8  

Har ves t 
4 

2 . 3  

0 . 3  

- 0 . 6 * 

3 9 . 6  

- 2 . 0  

1 . 1  

5 . 4  

5 . 6  

2 2 . 3  

2 0 . 9  

9 . 3  

- 0 . 1  

1 . 6  

1 4 . 0  

- 1 . 0  

2 5 . 5  

7 . 3  

1 6 . 0  

2 3 . 5  

6 . 7  

Negat ive uptake was due to death of ex i st i ng roots 

exceed i n g  new growt h . 
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Ram i ha- low P so i l  to 2 3 . 6  �g g- 1  s o i l i n  the Tokomaru-high P 

s o i l  ( Table 3 . 2 ) .  Water-extractable P va lues wer e  

con s i derably sma l ler than est i mates o f  plant-ava i lable P 

i ndi cated by total P uptake by ryegras s  over 2 1  weeks . The 

r e latively low values wer e  expected because water or other 

weak extractants are cons idered to ref lect the i n t en s ity 

parameter ( i . e . , soi l solut i on P )  wh i c h  i s  norma l ly sma l l  

( Wi l l i ams a n d  Knight , 1 9 6 3 ) .  N evertheless , water

extractabl e  P i n  the 2 0  s o i l s  wa s clos e ly related to plant

ava i lable P ( r  = 0 . 9 0 *• ) ( Fig . 3 . 2a ) . This high correlation 

supports the f i nd i ngs of a number of workers who have also 

r eported t hat the water - extra c t i on method provides a good 

i nd i ca t i o n  of P ava i lab i l i ty i n  a wide range of s o i l s  ( e . g . , 

B ingham ,  1 9 4 9 ;  Thompson et al . ,  1 9 6 0 ; van der Paauw , 1 9 7 1 ; 

Lus combe et al . ,  1 9 7 9 ) .  I n  these stud i e s , the amoun t of 

soi l P extr acted by water was found to correlate wel l  with 

r e lative y i eld , yi eld r e spons es to appl ied P ,  or with 

pred i c t i o n  o f  fert i l i z e r  P requ i r ements . I n  the present 

s tudy , s i gn i f i cant cor r ela t i on s  were also found between 

water-extractable P and a number of other plant growth 

paramete r s , including total dry matter yield , re lat ive dry 

matter y i e ld , re lat ive P uptake , and herbage P content 

( Table 3 . 5 ) .  The 20 s o i l s  u s ed i n  th i s  study covered a wide 

range of soi l types and textures ( Table 3 . 1 > ,  and var i ed 

con s iderably i n  the i r  P status and buf fer i ng capac i ty ( Table 

3 . 2 > .  The results are con s i stent w i th the f i nd i ngs of Ryden 

et al . ( 1 9 7 6 ) and Luscombe et a l . ( 1 9 7 9 ) who con f i rmed the 

sugges t i on of van der Paauw ( 1 9 7 1 ) that the water -extrac t i on 

method i s  not greatly a f f e cted by so i l  type . I n  contras t , 

Smith and Gregg ( 1 9 8 2 ) r eported that water-extractab le P was 

dependent on soi l type . They exam i ned , in a g las s house 

exper iment ,  the r e lat ions h i p  between water -extractab le P and 

relat i ve yield of pas ture on two s o i l  types wh i c h  had 

d i f f er en t  buf f er i ng capac i t ies and were col lected f r om s i tes 

of var y i ng P status . It  wa s found that closer rela t i o n s h ips 

wer e  obt a i ned among s amp l e s  of the s ame s o i l  type than when 

the two s o i l  types wer e  cons i dered together . Although there 

was a large number of samples of d i f f eren t P s tatus for each 

s o i l  type , only two s o i l  types wer e  used . I n  the present 
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Table 3 . 5  Correlat ion coe f f i c ients between water-extractab le P 

and var i ou s  parameter s rela t i ng to ryeg r a s s  growth 

on the 2 0  soi l s  stud i ed 

* 

* *  

Parameter 

Tota l P uptak e  

Rela t i ve P uptake 

Total dry mat ter yi eld 

Rela t i ve dry matter y i e ld 

% herbage P 

S ig n i f icant at 5 %  leve l 

S ig n i f icant at 1 %  leve l 

r 

o . 9 o * *  

0 . 8 3 * *  

o . 8 5 * *  

0 . 81 * *  

0 . 90 * *  



s tudy , 1 4  d i f ferent so i l  types were used , includ i ng so i l s of 

d i f ferent P s tatus for some soi l type s . When a compar i son 

was mad e  between relat ive y i e ld and water-extractable P ,  

some d i f f erences were obta i ned between soi l types 

( Fi g . 3 . 3 a > . However , the d i f ferences were wi t h i n  the error 

l im i t  of the overall  relat ion s h i p  ( Fi g . 3 . 3 b ) , wh i c h  was 

found to be highly s i gn i f i cant ( r  = 0 . 8 7 * * > .  I t  appea r s  

that the l imi ted number of so i l  types used in t h e  study of 

Smi th and Gregg ( 1 9 8 2 ) exp lains  the i r  f i nd i ng of the 

dependence of the water-ex tract i on procedure on soi l type . 

Evidence f r om the glas shous e  exper iment sugges t s  that 

some h i g h  P s tatus soi l s  may not have been exhausted 

completely after ryegrass  was grown for 21 weeks ( Se c t i on 

3 . 3 . 1 ) .  Water-extractabl e  P va lues i n  the 20  s o i l s  af ter 2 1  

weeks ( Table 3 . 6 )  suggested that 1 3  s o i l s  wer e  a t  or near 

exhau s t i on wh i le the other seven s t i l l  had water-extractable 

P values of mor e  than 2 �g g-1 soi l .  The ef f ect of 

i n complete exhaus t i on would be to underestimate p lant

ava i lable P i n  so i l s  with high i n i t i a l  water- extractab l e  P 

value s . A reg r e s s ion l i ne between plant-ava i lable P and 

water-extractab le P woul d  then have a lower s l ope than 

norma l . However , i n  t hi s  s tudy there was ver y  l i tt l e  

d i f f er ence i n  t h e  s lopes o f  the regress ion l i nes whether the 

s even h i g h  P s o i l s  were inc luded or not ( Fi g . 3 . 2 ) . 

Furt hermore , the exclus i on of the s e  s even s o i l s  d i d  not 

improve the correlat i on coe f f i c i e n t  for the relat i on s h i p  

between p lant-avai lable P and water-extractab le P 

( r  = 0 . 9 o * *  f or a l l  2 0  so i ls , r = 0 . 7 8 * *  f or 1 3  s o i l s  

on ly > . Therefore , herbage data for a l l  2 0  s o i l s  wi l l  be 

con s i dered i n  th i s  s tud y . 

3 . 3 . 3 O l s en -extractable P 

The amoun t  of Olsen-extractab le P i in the 2 0  s o i l s  

stud i ed var ied between 6 . 2  �g g- 1  so i l  i n  the Ram i ha - low P 

s o i l and 5 8 . 6  �g g-1 s o i l  i n  the Egmont-hi gh P so i l  ( Table 

3 . 2 ) .  The quant i ty of Olsen-extractable P i was l e s s  than 

the amount of p lant-ava i lable P in mos t , but not a l l  s o i l s . 

Excep t i on s  i n c lude the Dannev i rke , Egmont- low P ,  Hami l ton , 

Patua , and Taupe- low P soi l s . I n  these so i l s , values of 
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T ab le 3 . 6  Water-extractable P i n  the 2 0  soi ls s tudi ed before 
and after grow i ng ryegras s for 2 1  weeks in the 
g lasshouse 

Water - extractab le P ( llg g- 1 ) 
Soi l  

I n i t i a l  After 21 week s 

1 .  Carnarvon 3 . 8  1 . 3 

2 .  Dannevirke 4 . 6  0 . 7  

3 . Egmont-low p 1 . 8  0 . 5  

4 .  Egmont-high p 1 8 . 4  7 . 6  

5 .  Hami lton 3 . 2  0 . 9  

6 .  Kiwi  tea 3 . 7  1 . 3 

7 .  Kon i n i  4 . 4  1 . 2 

8 .  Kumeroa- low p 5 . 7  1 . 3 

9 .  Kumeroa-high p 1 3 . 0  6 . 4  

1 0 . Manawatu 5 . 1 5 . 1 

1 1 . Oka i hau 5 . 6  1 . 8  

1 2 . Patua 2 . 2  0 . 4  

1 3 . Rami ha- low p 1 . 2  0 . 4 

1 4 . Ramiha-high p 6 . 7  2 . 4  

1 5 . Taupe- low P 3 . 0  1 . 0  

1 6 . Taupe-high p 7 . 8  2 . 2  

1 7 . Tokomaru- l ow p 6 . 7  1 . 7  

1 8 . Tokomaru-med i um p 9 . 9  3 . 3 

1 9 . Tokomaru- h ig h  p 2 3 . 6  7 . 6  

2 0 . Wa i nu i  4 . 9  1 . 3 
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Olsen-extractable P i wer e  s l i ghtly higher than , or s imi lar 

to those for plant-ava i lable P .  There was no apparent 

reason for the s e  excep t i on s  apar t  f r om the fact that they 

are a l l  low P s tatus s o i l s  and have med ium to h i g h  PR 

( Table 3 . 2 ) .  

P la nt-avai lable P i n  the 2 0  soi ls stud i ed was h i ghly 
. - * *  cor r elated w 1 th Olsen-extractab le P i ( r  = 0 . 9 0 , Tab le 

3 . 7 ) . T h i s  is con s i s tent with the resu lts of a numbe r of 

stud i e s  wh i c h  i n d i cate that the Ols en procedure is a 

r e l i ab l e  i ndex of plant-ava i lable P in so i l s  ( Ol s en et al . ,  

1 9 5 4a ; B lanchar and Ca ldwe l l , 1 9 6 4 ;  Kamprath and Wat s on , 

1 9 8 0 ) . The corr elation coe f f i c i en t  for the r e lat i on s h i p  

between plant-avai lable P and Ols en -extractab le P i was found 

to be as h i g h  as that for the water-extractable P ( Table 

3 . 7 ) . 

3 . 3 . 4  Est imate of buf fer i n g  capacity 

T he buf f er i n g  capa c i ty of the 2 0  soi l s , as measured by 

the P R  method , var i ed f r om 1 4 %  in the Tokoma ru-med i um P soi l 

to 9 8 %  i n  the Patua soi l ( Table 3 . 2 ) .  For so i l s  w i t h  the 

same amount of water-extractab le P ,  plant P uptake wa s found 

to i n crease with increas i ng PR . T h i s  is i l lustrated by the 

f i r s t  two examples in Table 3 . 8 ,  where compar i sons were made 

between the Tokomaru- low P and the Ramiha-h igh P soi ls , and 

between the Kumeroa- low P and the Okai hau so i ls . T h i s  

f i nd i ng support s  the concepts proposed by Khasawneh ( 1 9 7 1 ) 

that , i n  s o i l s  of equal P inten s i ty ,  P uptake s hou ld be 

proport i onal to bu ffer i n g  capac i ty .  This  is the case 

becaus e  the h igher the bu f fer i ng capacity the mor e  P i s  

desorbed a s  the inten s i ty i s  decreased by root uptake . 

However , the oppos ite e f fect was observed i n  the thi rd 

examp l e  ( Table 3 . 8 ) ,  where there was only a sma l l  d i f f erence 

between the PR values of the two s o i l s . I n  th i s  cas e  

d i f f er ences i n  other factor s ,  such a s  organ i c  P leve l s , pH , 

and texture , may have a more s ig n i f icant i n f luence on plant 

growth than the sma l l  d i f ference i n  P buf fer i ng capac i ty .  

I t  appears that PR va lues help to exp lain the d i f f er ences i n  

P uptake from s o i l s  hav i ng s imi lar water-extractable P va lue 

the i r  PR values d i f f e r  wide ly�;;;;;;;;;;;;;;;; 

6 6  



Tab le 3 . 7  Cor r e lation coe f f i c i ents for the relationsh ips 
between var ious measurements of ava i lable so i l  P 
and plant-avai lable P for the 2 0  s o i l s  stud i ed 

Ava i lable soi l P 

Water- extractable P 

O lsen-extractable P i 

Bray P 

Truog P 

I sotop i ca l ly-exchangeable P 

r 

o . 9 o * *  

o . 9 o * *  

0 . 8 9 * *  

0 . 7 6 * *  

0 . 5 9 * *  
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Tab le 3 . 8  Compar i son of plant uptake of P from soi l s  wi t h  
equa1 amounts of water-extractable P and contrast-
i ng P retent ion ( PR )  values 

Wate r - extractable PR Uptake P 
Exampl e  Soi l p 

( lJg g-1 ) ( % ) ( lJ9 g-1 ) 

1 Tokomaru-low P 6 . 7  1 9  3 4 . 8  

Ram i  ha-high p 6 . 7  55  7 8 . 5  

2 Kumeroa- low p 5 . 7  3 0 1 8 . 0  

Oka i hau 5 . 6 4 5  4 3 . 5  

3 Kiwi  tea 3 . 7  4 0  2 7 . 3 

Carn ar von 3 . 8  45  1 5 . 8  



The PR test was developed to measure P sorp t i on 

capac i ty and to g i ve a measure of the ab i l ity of a s o i l  to 

retain P f r om added fert i l i z er ( Saunder s , 1 9 6 5 ) .  However , 

uptake of P by plants i s  gover n ed by the ab i l i ty of a soi l 

to supply P to plant roots or by the desorption capac ity of 

a s oi l .  Many workers have shown that desorpt ion does not 

f o l low the s ame pathway as sorpt i on ( e . g . , Ka fkaf i et al . ,  

1 9 6 7 ;  Syers et al . ,  1 9 70 ; Hings ton et al . ,  1 9 7 4 ; Mun n s  and 

Fox , 1 9 7 6 ; Barrow ,  1 9 8 3 b ) . Con s equen t ly , it wa s con s idered 

i n  thi s s tudy that an est imate of buf fer i ng capac ity bas ed 

on the desorption process should r e f lect the P-supp l y ing 

power of so i ls more c losely than an estimate der i ved from 

the sorpt ion process . 

I n  the desorption study , f i nal P concentra t i o n s  i n  the 

extract i ng solut i on were plotted aga i n s t  the amoun t s  of P 

desorbed f r om soi l af ter 2 4  h a t  var i ous so i l : s o lut i on 

r a t i os to g i ve a desorpt ion i sotherm . Examples of some 

des orption i sotherms of the so i ls stud i ed are s hown i n  F i g . 

3 . 4 .  Gener a l ly , the s hape of the desorpt ion i sotherms a r e  

cur v i l inea r , b e i n g  re lat ive ly f lat at high P con centrat ions 

and s teeper at lower P con cen t r a t i on s . The desorp t ion 

i s otherm of the Manawatu so i l  ( data not presented here ) i s  

except ional because i t  i s  e s s en t i a l ly vertica l , i n d i cat i ng 

constant concentrat ions of solu t i on P regardless of the 

amounts of P bei ng desorbed . T h i s  behaviour is con s i stent 

w i t h  the r e s u lts from the glas s hous e  exper iment whe r e  

water-extractable P i n  the Manawatu soi l rema i n ed con stant 

throughout the per iod of ryeg r a s s  growth desp i t e  the removal 

of 6 7 . 9  �g g -1 soi l by plants ( Tables 3 . 2  and 3 . 6 ) . It  

appears that the r e lease of P f r om the Manawatu so i l  is  

control l ed e i ther by desorpt i on f r om essenti a l ly saturated , 

s orbing sur faces or by d i s solu t i on of some P-con ta i n i n g  

s o l i d  phas e .  T h e  Man awatu so i l  i s  a recent so i l  and has 

a low P sorpt ion capa c i ty . It s eems l i kely that the 

d i s solution of a ca l c i um phosphate , poss ibly r es u l t i ng f r om 

f e rt i l i zer P add i t ion , i s  a mor e  l i ke ly exp lana t i on . The 

exceptional P-release pattern of the Manawatu soi l mean t  

that i t  was not pos s i ble to der i ve the s lope o f  the 

6 9  



desorpt ion i sotherm wh i c h  was requ i r ed to ind i cate the 

buf f er i ng capa c i ty of the soi l . 

The s lope of the desorpt i on i s otherm at the h i ghest 

solut i on P concentration was used to indicate the buf f er i ng 

capac i ty o f  the so i l ,  because at that concentrat i on the 

s oi l : solut i on rat io ( i . e . , 1 : 5 )  was nar rowest and closes t 

to the rea l soi l solution �ond i t i on . The slope , wh i ch i s  

the amount of P desorbed per un i t  decrease i n  solut i on P 

concentrat i on , should therefore c losely represent the 

ab i l ity of the soi l to rep l en i s h P i n  the soi l solut i on when 

the leve l is reduced by plant uptake . 

I t  was found that the s lopes of the desorpt ion 

i sotherms ( s lopeoi > var i ed f r om 0 . 1 ml g -1 for the Patua 

soi l to 5 4 . 2  ml g- 1  for the Tokomaru-high P soi l ( Tab l e  

3 . 2 ) . T h e r e  was a negat i ve r e lation s h i p  between s lopeoi and 

PR values ( r  = - 0 . 7 3 * * > .  For each so i l  i n  th i s  s tudy , the 

s lopeoi c hanged w i th the concentration of P i n  the so i l  

solut i on ( Fi g . 3 . 4 ) .  I t  was then con s idered that the 

s lope0I m i ght ref lect not only the buf fer ing capa c i t y  of a 

so i l ,  but also the level of P a l ready presen t  i n  the soi l  

s olut i on ( i . e . , inten s i ty ) .  However , i t  was found that the 

i n c lus ion of a measure of intens i ty ,  such as the amount of P 

extracted at a soi l : solut ion rat i o  of 1 : 5 ,  d i d  not improve 

the var iance accounted for . 

When e i ther the PR value or the s lopeoi was i n cluded in 

the regr e s s i on of plant uptake of P on water -extractable P ,  

there wer e  no s i gn i f i cant i n c r eases i n  the var i ance 

accounted for ( Table 3 . 9 ) . I t  appears that the s uccess of 

the PR test i n  exp la i n i ng d i f f er ences i n  P uptake f r om so i l s  

with s imi lar water-extractabl e  P va lues was l imi ted to a f ew 

soi l s , as s hown previous ly ( Table 3 . 8 )  and does not apply to 

the over a l l  range of soi l s  u s ed in t h i s  study . T he f a i lure 

of both e s t imates of buf f e r i ng capac ity to s i gn i f i cantly 

improve the var i at i on of plant P uptake accounted for by 

water-extractable P ,  wh i ch is a l r eady substant i a l , may a l s o  

suggest t h a t  t h e  avai lab i l i t y  of soi l P i n  t h e s e  soi l s  i s  

contro l l ed ma i n ly b y  the inten s i ty factor . Th i s  s i tuat i on 
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Table 3 . 9  Percentage var i ance i n  plant uptake of P 
accounted for by water- extrac tab le P wi th and 
w i thout the i n c lu s ion of P retent ion ( PR )  or 
s lope of the desorpti on i s otherms ( s lope0r > for 
the 20 s o i l s  s tud i ed 

Parameter s 

Water-extractable P 

Water -extractable P + s lopeor 

Water - extractable P + P R  

% var i ance accounted for 

81 

86 

8 1  

7 2  



i s  commonly found i n  P-enr i ched so i ls ( Menge l  and K i rkby , 

1 9 8 2 ) but i n  the present s tudy the 2 0  s o i l s  used var i ed 

widely i n  P status from extr emel y  low to very h i g h  ( Table 

3 . 2 ) .  

Another pos s i ble exp lanation i s  that the water

extraction procedure may r epresent not just the i n ten s i ty 

factor , but also g ives a measure of buf f er i ng capac i ty .  

Thomas and Pea s lee ( 1 9 7 3 ) s tated that the intens i ty factor 

f or soi l P i s  gener a l ly ref lected in extraction w i t h  water 

or a very d i lute acid at a narrow soi l : solut ion r a t i o . The 

water-extraction procedure used i n  the pres ent s tudy employs 

a wide s o i l : solution ratio ( i . e . , 1 : 1 2 0 ) .  The suggest ion 

that the water extrac t i on may r e f lect part of the capac i ty 

f actor as wel l  as the inten s i ty factor is  supported by the 

f ind i ng that the cor relat ion between the amoun t s  of P 

extracted at a soi l : solut ion rat i o  of 1 : 5  and at 1 : 1 2 0  was 

i ncreased s i gn i f i cantly from 0 . 8 6  to 0 . 9 0 by i n c l ud i ng PR 

values in the regress ion equat ion . Therefore , the close 

correlation between p la nt-ava i lable P and wate r - extractab le 

P can probab ly be attr i buted to the fact that water

extractable P ref lects both the inten s i ty and capac i ty 

f actors to some degr ee . 

Thi s f inding i s  i n  accord w i t h  the study of Rennes 

( 1 9 7 8 ) ,  who developed a kinet i c  mode l  for  P sorpt ion to 

descr i be the dec l i n e  in water -extractab le P in so i l  

fol lowing P add i t i on . The model wa s based on the concept of 

P sorpt i on proposed by Ryden et al . C l 9 7 7a ) , who sugges t ed 

that the amount of P r emoved by water extract i on i n c ludes P 

i n  the s o i l  solut ion , more-phys i ca l l y  sorbed P ,  and some 

chemisorbed P .  The amount of more-phys ica l ly sorbed P i s  

i n f luenced b y  the degree o f  saturat ion of the chemi sorption 

s ites . Accor d i ng to this P sorpt i on model , the overa l l  

buf fer i ng capa c i ty of a soi l is  re lated to the number of 

s i tes ava i lable for chemi sorption wh i c h , in tu rn , determi n e  

t h e  amoun t  of mor e-phys i ca l l y  sorbed P .  S i gn i f i cantly , 

water extract i on has been shown to es s ent i a l ly 

quan t i tat i vely r emove the more-phys i ca l ly sorbed P .  T hi s  

concept s trong ly supports the sugges t i on that water-
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extractable P ref lects both the i n t en s ity and capac i ty 

factors of so i l  P .  

The i n f luence of buf fer i ng capac i ty on P ava i lab i l i ty 

i n  the 2 0  s o i l s  stud i ed i s  more clea r l y  demons trated by the 

r esults for Olsen-extractab le Pi than by those for water 

extractable P .  For soi l s  with s imi lar Olsen-extractab le P i , 

plant P uptake was i nver se l y  propor t ional to PR va lues 

( Table 3 . 10 and P late 3 . 1 ) . Thi s  f i nd ing aga i n  con f i rms the 

sugge s t i on of Khasawneh ( 1 9 7 1 ) who s tated that for so i l s  of 

equal quant i t i es ( as oppos ed to inten s ity > of s o i l  P ,  p lant 

uptake w i l l  be i nver s e ly proport i onal to buffer i ng capac i ty 

becaus e  the h i g her the capa c i ty the lower wi l l  be the P 

concentrat ion i n  solution . Furthermore ,  when PR va lues were 

i n c luded i n  the regres s ion of plant-avai lable P on 

Olsen -extractable P i , the var iance accounted for was 

s ig n i f i cantly improved f r om 8 2  to 8 9 % . S imi lar ly , the 

i n c lus ion of s lopeDI values i n  such regres s i on a l s o  improved 

the var i ance accounted for f r om 82 to 8 8 % . The marked 

i n f luence of buf fer ing capa c i ty on the value of 

Olsen -extractable P i as an est imate of p lant-av a i lable P i s  

con s i s tent w i t h  a number o f  stud i e s  i n  New Z ea land ( S i n c la i r  

e t  al . ,  1 9 7 7 :  Dur i ng et a l . , 1 9 81 ) , a s  we ll a s  from ove r s eas 

( Barrow , 1 9 6 7 a :  Helyar and Spencer , 1 9 7 7 : Hol f ord and 

Matt i ng ly , 1 9 7 9 ) .  

3 . 3 . 5  Other soi l  P measurement s  

Dur i ng the f i r s t  seven weeks o f  ryegras s growth , there 

were s i g n i f i cant i ncreases in Olsen-extractable P i i n  

a number o f  the s o i l s  ( Table 3 . 1 1 ) .  These incr eases  wer e  

more mar ked i n  the absence o f  p lants . The increa s es suggest 

that some P was released from les s -ava i lable forms of so i l  

P ,  probably as a result of miner a l i s at ion of s o i l  organ i c  P 

and/or desorpt i on of sorbed P .  I n  the g lasshou s e , the so i l s  

exper i e nced relat i vely h i g h  temperatures ( average mi n imum 

and max imum a i r  temperatures were 1 8  and 25 ° C , respect i ve

l y ) ,  and s evera l  drying and wett ing cycles . These 

cond i t ions are known to enhance the mi neral i sat ion of so i l  

organ i c  matter ( Dalal , 1 9 7 7 ) .  I t  i s  pos s ible that so i l  

organ i c  P may make a s ign i f i cant contr ibution t o  the supply 
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Table 3 . 10 Compar i s on of plant uptake of P from soi l s  wi th 
s imi lar amounts of Olsen-extractab le P i and 
contr a s t i ng P retent ion ( PR )  va lues 

Olsen- PR Plant uptake 
Example Soi l extractab le P i 

( � g  g- 1 ) ( % )  ( lJ gP g- 1 ) 

1 Egmont- low p 1 2 . 0  8 2  8 . 1  

Ham i l ton 1 3 . 6  6 6  1 1 . 6  

Wa i n u i  1 2 . 7  3 6  41 . 7  

2 Dannevirke 2 2 . 7  9 1  2 0 . 6  

Oka i hau 2 0 . 6  4 5  4 3 . 5  

Manawatu 2 5 . 4  1 9  6 7 . 9  
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Table 3 . 1 1 Compar i s on of the amounts of Olsen- extr actab le P i 
p r es ent i n i t i a lly and after seven weeks ( harvest 1 )  
i n  the presence and absence of plants for the 
2 0  s o i l s  s tud i ed 

Olsen-extractable P ·  l ( lJg g-1 ) 

Soi l 
Af ter 7 weeks ( harve s t  1 )  

I n i t ia l  W i t h  plant Without plant 

1 .  Carnarvon 8 . 9  11 . 5  1 3 . 2  

2 .  Dannev i rke 2 2 . 7  2 4 . 0  2 7 . 8  

3 .  Egmont - low p 1 2 . 0  1 3 . 7  16 . 7  

4 • Egmon t - h i g h  p 5 8 . 6  6 3 . 6  7 8 . 1  

5 .  Hami l to n  1 3 . 6  1 3 . 2  1 4 . 4  

6 .  K iwi tea 10 . 7  8 . 2  1 4 . 3  

7 .  Kon i n i  1 2 . 3  1 0 . 0  1 3 . 9  

8 .  Kumeroa- l ow p 9 . 0  1 0 . 8  1 4 . 5  

9 .  Kumeroa- h i g h  p 3 2 . 6  3 6 . 5  4 6 . 5  

1 0 . Manawat u  2 5 . 4  2 9 . 0  3 8 . 1  

1 1 . Oka i ha u  2 0 . 6  2 1 . 1  26 . 9  

1 2 . Patua 1 1 . 8  1 1 . 3  1 3 . 1  

1 3 . Ram i ha - low p 6 . 2 6 . 3  7 . 5  

1 4 . Rami ha- h i g h  p 2 5 . 7  2 8 . 3  37 . 5  

1 5 . Taupo- low P 1 8 . 0  1 8 . 4  22 . 3  

1 6 . Taupo - h i g h  P 4 0 . 0  3 6 . 1  4 7 . 8  

1 7 . Tokomaru- low p 1 6 . 3  1 0 . 9  16 . 4  

1 8 . Tokomaru-med i um p 2 1 . 1  2 6 . 3  3 7 . 7  

1 9 . Tokomaru-high p 3 5 . 2  3 6 . 4  4 8 . 5  

2 0 . Wa i n u i  1 2 . 7  1 3 . 8  1 9 . 5  



o f  avai labl e  P i n  soi l because the decreases i n  Olsen

extractable P i in mos t  so i l s  dur i ng the whole growth per i od 

could only account for a sma l l  f r ac t i on of tota l plan t  P 

uptake . Because the Olsen extraction removes mos t ly 

i n organ i c  sources of ava i lable P ,  i t  i s  sugge sted that the 

s upply of ava i lable P from soi l  P reserves , such a s  so i l  

o rgan i c  P and sorbed P ,  probab ly accounted for a large 

p r oportion of plant P uptake . The amount of P uptake that 

wa s not accounted for by the decreases in Olsen-extractable 

P i dur ing the growth per i od is refer red to as ' mob i l i s ed P ' . 

A h i ghly s i gn i f i cant cor r elat i on was found between 

' mobi l i sed P '  and Ols en-extractable P i ( Table 3 . 1 2 ) ,  

i nd i cating that the i n organ i c  pool of soi l P may be 

an important source o f  the ' mob i l i s ed P ' . 

I t  i s  pr obab le t hat soi l organ i c  P also contr i bu ted to 

t h e  ' mobi l i s ed P ' . To examine whether the amount of 

' mobi l i sed P '  i s  related to any soi l organ ic P par ameters ,  

correlat ions between a number of these parameter s and 

' mobi l i s ed P '  were determi ned ( Table 3 . 1 2 ) .  The two 

s i gn i f icant soi l organ ic P parameter s wer e  the organ i c  

f r act ion of the Olsen-extractable P ( Ol s en-extractable P0 ) 

and the % organ i c  P ( i . e . , organ i c  P expressed as a percent

age of total P ) , wh i c h  s howed s i gn i f i cant pos it i ve and 

n egat ive correlations with ' mob i l i s ed P ' , respect i ve l y  

< Table 3 . 1 2 ) .  However , Olsen-extractable total P < P i + P0 ) 

was better corr elated with ' mob i l i s ed P '  than wa s any of the 

o rgan i c  P parameter s alone . Thes e results suggest that the 

i nput into the pool of the plant-ava i lable P came from the 

i n organ i c  P res erve ( sorbed P ) , with s ome contr i bu t ion a l s o  

f r om s o i l  organ i c  P .  

When % organ i c  P was included i n  the regres s i on of 

p lant-avai lab le P on water-extractable P ,  the var i an c e  

a ccounted for was s i g n i f i cantly improved from 8 1  t o  8 5 % . 

S imi lar ly , the improvement i n  var i ance result ing f r om the 

i nclus ion of the abs o lute amoun t  of s o i l organ i c  P in the 

regress ion of plant-ava i lable P on the Olsen -extractable P i 
was from 8 2  to 8 6 % . These f i n d i n g s  suggest that organ i c  P 

i n  the 2 0  s o i l s  stud i ed also makes a contribut i on to the 

supply of avai lable s o i l  P to plants . 
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Table 3 . 1 2  Corr elat i on coef f ic ients for the rela t i on s h ips 
between var i ous par ameters of so i l  organ i c  P 
and ' mob i l i sed p • #  for the 2 0  so i l s studied 

Soi l organ i c  P par ameter 

O l s en -extractable Pi 

O l s en-extractable P0 

O l sen-extractable Pi + P0 

Total soi l organ ic P 

% s o i l orga n i c  p # #  

C : P  

C : o rgan i c  P 

r 

0 . 9 1 * *  

0 . 5 4 * 

o . a o * *  

0 . 1 3  

- 0 . 4 5 * 

- 0 . 4 4 

-0 . 1 6  

# Calcu lated from tota l P uptake - changes i n  Olsen 
extractable P i bef or e  and a fter p l a n t  growth . 

# i  Soi l  organ i c  P expres sed a s  a percentage o f  total so i l  P .  
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The results of a mult iple reg r es s i on analys i s  show that 

s o i l  pH is another factor wh i c h , in con j unct ion wi th Olsen

extractable P i and PR , can s i g n i f i cant ly increa s e  the 

var i ance in plant-ava i lable P accounted for . The i n c lus ion 

of soi l pH in the regress i on on Olsen -extractable P i and PR 

s i g n i f i cantly ( P< 0 . 0 5 )  improved the var i ance accounted for 

f r om 89 to 9 2 % .  The regress i on equation was : 

P lant-avai lable P = - 91 . 4  + 2 . 7 4 O l s en -extractabl e  P i 

- 0 . 4 4 PR + 1 9 . 1  pH 

T h i s  equa t i on imp l i e s  that for so i ls with the same amount of 

Olsen-extractable P i and the s ame PR va lues but wi th 

d i f f erent pH values , the so i l  with a h i g her pH wi l l  have 

a greater amount of p lant-ava i lable P .  A s imi lar trend wa s 

a l s o  obs erved with the regre s s i on on water-extractable P and 

P R , a lthough the improvement was not stat i s t i ca l ly s i gn i f 

i c an t . It  appear s  f r om these results  that soi l pH , together 

w i th e i ther water-extractabl e  P or Olsen - extractable P i , can 

a ccount for mos t  of t he var i a t i on of p l ant-ava i lable P i n  

the 2 0  s o i l s  s tudi ed . 

Among the other measurements of ava i lable s o i l P 

cons idered , Bray1 -extractab le P was the mos t strongly 

correlated with plant-ava i labl e  P ,  f o l lowed by Truog

extractabl e  P and i s otop i ca l ly-exchangeable P ( Table 3 . 7 ) . 

The correlat ion coe f f i c i ent for the re lation s h ip between 

p lant-ava i lable P and Bray1-extractabl e  P was only s l ightly 

l ower than those for water-extractable P or Olsen

extractab l e  P i · Ther e  was a s ign i f i cant inf luence of 

bu f f e r i ng capa c i ty on the regress i on of plant-ava i lab le P on 

Bray1 -extractable P .  Inclus i on of the s l opeD! i n creased the 

var i ance accounted for f r om 79 to 8 8 % .  However ,  there was 

n o  s ign i f i cant improvement from the i n c lusion of PR , 

i n d i cat i ng t hat , when used i n  con j unct ion with the Bray! 
t es t ,  the s l opeD ! r e f lects the replen i s hment capac ity of 

s o i l  P better than PR . 

A s im i lar result was a l s o  found with the Truog test . 

The var iance accounted for was improved from 5 7  to 71 % when 

the s lopeD ! was i n cluded i n  the regre� s i on of plant-
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ava i lable P on Truog-extractab le P .  There was no improve

men t  from the i nclus i on of PR . The correlat ion of 

Truog-extractable P with plant-ava i lable P wa s r e lat i vely 

weak , par t ly because the Truog reagent extracts unava i lable 

c a l c i um-bound P ( such as apat i te ) wh i ch is commonly found in 

r ecent soi ls , certa i n  yel low-grey earth so i l s , and some 

b r own-grey earth soi l s  ( Gr i gg , 1 9 6 5 , 1 9 7 2 ; Syer s , 1 9 7 4 ) .  

T h i s was c lear ly demonstrated i n  the present study by the 

exceptional ly h i g h  value for Truog-extractable P in the 

Manawatu s oi l ,  wh i c h  is a recent s o i l  ( Table 3 . 2 ) . The 

f i nd i ng that the Truog test i s  less sat i s factory than other 

s o i l-tes t i ng procedures is in accordance with the results  of 

a number of g las s house ,  ( Gr i gg , 1 9 6 8 ;  Sherrel l ,  1 9 7 0 ) and 

f i e ld stud i es ( Dur i ng , 1 9 6 9 ;  Gr i gg , 1 9 7 2 ; Gr igg and Stephen , 

1 9 7 4 ) . 

The cor r elat i on between plan t-ava i lable P and i s otop i c 

a l ly-exchangeable P ( 2 4 h )  w a s  t h e  weakest among the 

e s t imates o f  avai lable so i l  P con s idered ( Table 3 . 7 ) . 

Exchangeabl e  P overest imated the amoun t  of plant P uptake i n  

a number of s o i l s , part i cularly i n  s oi ls w i t h  a h i g h  

P s orpt ion capac ity ( Tab le 3 . 2 ) .  A f ew ot her workers have 

a l s o  obta i ned exces s i ve est imates of i s otop i ca l ly

exchangeab l e  P for so i l s  with h i g h  P-f i x i ng capac i ty ( Amer 

et a l . ,  1 9 6 9 ;  McConaghy et al . , 1 9 6 6 ; Dalal and Ha l l sworth , 

1 9 7 7 ) .  I n  the present s tudy , th i s  was c lear ly ev i dent for 

the Dannev i rke , Egmont- low P ,  Patua , and Rami ha- low P soi ls 

wh i ch have very h i g h  P s orpt ion capac i t i es , and i n  the 

Oka i hau so i l  whi ch is  r i ch i n  f r ee i ron ox ides ( Table 3 . 2 ) .  

When thes e  so i l s wer e  omi tted , the relat ionship between 

exchangeable P and plant-ava i l able P approached a rat i o  of 

1 : 1  ( Fi g . 3 . 5 )  and the correla t i on coe f f icient was 

s i gn i f i cantly improved from 0 . 5 9 to 0 . 8 9 . Although there 

may be appreciable amount s  of P on the sorb i ng sur faces of 

these high P-sorbi n g  soi l s , the amounts wou ld be sma l l  

compared t o  the number o f  vacant s i tes rema i n i ng on the 

s u r faces . Consequently , the P concentration in the soi l 

s olut i on wou ld be ma i ntai ned at a level that i s  too low for 

opt imum plant growth . 
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F i gure 3 . 5  Re lation ship between p lant-avai l ab le P and 

i so topic a l ly-exchangeab l e  P fo r the 2 0  so i l s  

stud i ed , exc luding fo ur so i l s  w i th v e ry high 

P - so rption capac i ty ( Dannev irke , Egrno nt - low P ,  V 

Patua , and Rarniha- low P )  and a so i l  wi th h i gh 

f re e  iro n  o xide co ntent ( Okaihau) ( A  = exc l uded 

so i l s ) 
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For the 2 0  s o i l s  s tudi ed , the i n f luence of buf f er i n g  

capac i ty on the r e la t ion s h i p  between plant-avai lable P and 

exchangeable P is s imi lar to that for the other ava i lable 

s o i l  P parameters stud i ed . The i n c lus ion of s lopeD! values 

i n  the r eg r e s s ion of plant-ava i l able P on exchangeable P 

s i gni f i ca n t ly improved the var i ance accounted for from 3 5  to 

6 6 % .  S im i l a r ly , the var i ance ac counted for was improved 

f r om 35 to 6 2 %  by i nclud ing PR values in the regr e s s i on . 

3 . 4  Conclus i ons 

The p lant avai l ab i l ity of P i n  a group of 20 soi ls , 

varying widely i n  their  P sorpt i on capacity and P status , 

was evaluated i n  a g las s hous e  exper iment , us i ng an 

exhaust ive cropp ing techn i que involv ing four harve s t s . 

Among the s o i l P meas urement s  exami n ed , water-extractab le P 

and Olsen-extractab le P i were the mos t  h ighly cor r e lated 

w i th plant-ava i lable P ,  followed by the Bray! tes t , the 

T ruog tes t , and i sotop i ca l ly-exchangeable P .  I t  was 

i n i t ia l ly t hought that the water-extract ion procedure wou ld 

r e f lect the i nten s i ty factor of soi l P and that , when 

c ombi n ed w i t h  an est imate of bu f fer i ng capac i ty , it could be 

u s ed to predict the amount of plant-avai lab le P in s o i l s . 

However , i t  was found that the i nclus i on of ei ther PR or 

s l opeD! d i d  not improve the ab i l i ty of water-extr actab le P 

to pred ict plant-ava i lable P .  I t  appear s that when a wide 

s o i l : solut i on rat io is used i n  the water -extrac t i on 

p rocedur e ,  not on ly i s  the inten s ity factor measured but 

a l so a par t  of the bu f f er i ng capa c i ty of so i l  P .  Thi s 

s ugges t ion was supported by the f i nd i ng that the corr elat i on 

between the amounts of P extracted at a soi l : s o lut ion rat i o 

o f  1 : 5  and that at 1 : 1 2 0  was s i gn i f i cantly improved by 

i nclud i ng a n  est imate of bu f f e r i ng capac ity ( PR ) . It  has 

been s hown ( Ryden and Syer s , 1 9 7 7 b )  that water extraction 

e s s ent i a l l y  r emoves the more-phys i cally sorbed P,  the level 

o f  wh ich i s  determi ned by the number of vacant s i tes 

avai lable f or chemi sorption . Th i s  could exp la i n  how 

water-extr actable P may r e f lect both the inten s i t y  and 

buf fer i ng capa c i ty f actor s . The s i gn i f i cant relat i on s h i p  
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between plant-ava i lable P and water-extractab le P was a l s o  

n o t  i n f luenced b y  soi l type . 

Buf f er i ng capac i t y  had some i n f luence on the ab i l i ty of 

all other s o i l  P measurements ( Ol s en - extractable P i , Bray1 
tes t , Truog test , and i s otop i c a l ly-exchangeab le P )  t o  

p r ed i ct plant-avai lab l e  P in the 2 0  s o i l s  stud i ed . The 

i n c lus i on of s lopeor improved the cor re lat ion between a l l  of 

these soi l P meas urements and p lant-avai lable P ,  wh i le the 

i n c lus ion of PR improved the pr ed i c t i on given by Ols en

extractable P i and i s otop i cal ly-exchangeable P on ly . 

The decreases i n  mos t  soi l P measurements af ter growing 

ryegras s accounted for on ly a sma l l  fract ion of plant P 

uptake , sugge s t i ng that some P was supp l i ed by other 

s ources , such as so i l  organ i c  P and mor e  tightly-he ld 

i n organ i c  P .  

Water extr ac t i on appears to have a useful role as 

a soi l-te s t ing procedure for the pred i c t ion of plant

avai lable P .  I t  may have advantages over other so i l  P tes t s  

because i t  appears t o  be i ndependent o f  soi l type and i s  not 

g r eatly i n f luenced by the buf f e r i ng capacity of so i l s . 
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CHAPTER 4 

EFFECTS OF SEASON , DEPTH OF SAMPLING , AND 

FERT I LI ZER P ADDITION ON THE AMOUNTS OF 

WATER-EXTRACTABLE P IN SOILS 

4 . 1 I n t roduction 

One of the ma j or s ources of var iat ion in soi l tes t i ng 

· i s  s easonal or tempor a l  var iat ion . Mos t  worke r s  have 

r epor ted s i g n i f icant ef f ects of s eason and conc luded that 

the accuracy of a soi l P test result can be i n f luenced by 

s ea sonal f luctuat ions ( see Sect ion 2 . 3 . 3 . 3 ( i i i) �  However , 

i n  New Zea land , Moun t i e r  and Dur i ng ( 1 9 6 6 > found that 

s easonal var i at ion s in Truog so i l  P test ( Truog , 1 9 3 0 )  

r e s u lt s  wer e  general ly lower than var i at ions as soc i ated w i t h  

l aboratory ana lys i s .  Saunders a n d  Met son < 1 9 7 1 ) postulated 

t h a t  so i l  P tests might be higher i n  spr ing than i n  autumn 

and wi n ter but f a i led to obta i n  any support i ng evidence . 

The ava i lab i l ity of P in mos t  so i l s  var i e s  with depth ,  

espec i a l ly i n  soi ls under gra z ed pas ture in wh ich nutr i en t s  

accumulate n ear t h e  soi l surface ( Fr i es en and Bla i r , 1 9 8 4 ) .  

The accumu la t ion of s o i l organ i c  matter i n  the top so i l  a l s o  

mea n s  that there i s  the poten t i a l  for larger amounts of so i l  

P t o  be made avai lable from the organ i c  pool through the 

m i n eral i sa t i on proces s  near the so i l  sur face . 

The importance of minera l i s a t i on of so i l  organ i c  P i n  

p r ovid i ng plant-ava i lab le P has been we ll estab l i s hed 

( Do rmaar , 1 9 7 2 ; Da la l , 1 9 7 7 ) .  Soi l mi crobial  bioma s s  i s  

a r e la t ively lab i le f r act i on of so i l  organ i c  matter ( Co l e  et 

a l . ,  1 9 7 7 ) and results from recent stud ies have i n d i cated 

that s i gn i f i cant amoun t s  of ava i lable soil  P cou ld be 

s upp l i ed from th i s  source in pasture soi ls ( Ha lm et al . ,  

1 9 7 2 ;  Cole e t  a l . ,  1 9 7 7 ; Brookes et a l . ,  1 9 8 2 ; Perrott and 

S a rathchandra , 1 9 8 2 ) .  Consequently , it is poss ible that 

c hanges i n  avai lable s o i l  P ar e related to so i l  m i c r ob i a l  

b ioma s s  P .  
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Most agr i cu ltur a l  s o i l s  cannot prov ide adequate amounts 

o f  ava i lable P for p l an t  growth , and requ ire r eg u lar 

app l ication s  of fert i l i z er P .  The ava i labi l i ty of 

f er t i l i zer P depends on a number of factors , i n c lud ing the 

types and forms of fert i l i zer , methods of app l i ca t i on , and 

s o i l  propert i es . Fur thermore ,  the ef f ectiveness  of 

f er t i l i zer P dec l ines with time f o l low i ng appl ication 

( Barrow ,  1 9 8 0 ) .  It  i s  therefore important to unders tand how 

ava i lable soi l P changes af ter f e rt i l i zer appl i cat i on . 

I n  the pas t  i n  New Z ea land , the role of so i l  tes t i ng 

has  been to p r ed i c t  responses to fert i l i z er P dur i ng pas ture 

development and i n  ma i ntenance s i tuat ions . Th i s  has changed 

s ince the recent introduct ion of the new fert i l i z e r  

r ecommendation scheme bas ed o n  a model proposed by Cornforth 

and S i nc l a ir ( Syers , 1 9 8 2 ) . I n  t h i s  model ,  so i l  P tests are 

used to assess whether the level of so i l  P i s  approp r iate 

for the level of product i on requ i red , as we l l  as to mon i tor 

the effect i veness of the ma i ntenance fert i l i z e r  P programme 

( S i n c l a i r  and Corn forth , 1 9 8 2 ) . 

A good s o i l  test s hould be s uf f i c i ently s en s i t i ve to 

i n d i cate whe ther the rate of f e r t i l i zer app l i cat ion i s  

approp r iate . At the same t ime , i t  s hould be prec i s e  and 

i ndependent of var iables such as season . 

The ob j e ct ive of t h i s  study was to evaluate the 

var i at i on in the amoun t s  of water-extractable P in s o i l s . 

F ie ld tr i a l s  were estab l i s hed on two contras t i ng soi l s  and 

were used to i nves tigate the var i at ion s  in water - extrac tab le 

P values i n  r e lation to season and depth of sampl ing . The 

e f f ect of f er t i l i zer P add i t ion on the amounts of 

water-extractab le P in soi l wa s a l s o  determined . 

Compar i sons were made with the currently used Olsen P tes t . 

Measurements of pas ture uptake of P and so i l  microb i a l  

b i omas s  P wer e  made i n  a n  attempt t o  explain changes i n  the 

s o i l  test values with t ime . 
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4 . 2  Mater i a l s  and Met hods 

4 . 2 . 1  T r i a l  s i te descr ipt i o n  

F ie ld tr i a l s  wer e  located o n  two contrast i ng soi l s : 

a h i g h  P-sor b i ng Ram i ha soi l and a low P-sorbing Tokomaru 

s o i l .  Both tr ial  s i tes wer e  on f lat areas under estab l i s hed 

pas tures wh i c h  had regular ly been g r a z ed by sheep . The 

pasture compos i t i on on the Tokoma ru s i te wa s pr edom i n a n t ly 

a m i xture of peren n i a l  r yegras s ( Lo l i um per enne ) and wh i t e  

c l over ( Tr i f o l i um repens ) .  On the Ramiha s i te there was 

a s i gn i f icant amount of browntop ( Agros t i s  tenu i s > ,  together 

wi t h  ryegrass and wh i te c lover . The s o i l s  at both s i tes had 

pre v i ou s ly received sma l l  amounts of f er t i l i z er P ( as super

phosphate ) ,  and therefor e had a moderately low P status . 

The locat ions and soi l descr ipt ions  of the two f i eld tr i a l  

s i te s  are g i ven i n  Table 4 . 1 . 

4 . 2 . 2  Tr i a l  des ign and fert i l i zer treatments 

Three rates of superphospha t e  were sur f ace appl i ed to 

each s i te i n  January , 1 9 8 3 . The rates of superphosphate 

add i t ion are g iven i n  Table 4 . 2 .  The treatment s  wer e  

r ep l i cated four t imes o n  plots of 6 m x 6 m .  Prel imi nary 

so i l  samp l i ng was car r i ed out on each plot so that the plots 

could be grouped into four blocks of s imi lar i n i t i a l  so i l  P 

t e s t  values . Treatments were then a s s i gned to the plots 

us i ng a random i sed block des ign . 

A comb i n a t i on of sheep gra z i n g  and mowi ng was used on 

the tr ials . Graz i ng a l l ows for the return of nutr i e n t s  and 

so the ef fects of recyc led nutr i en t s  on changes in the so i l  

t e s t  can be stud i ed . I t  has also been shown that gra z ing 

causes less changes i n  pasture compo s i t ion t han cont i nuou s 

mow i n g  ( Sear s , 1 9 5 3 ; Har r i s , 1 9 7 8 ) .  Occas ional mow i ng was 

carr i ed out to provide s ome indi cat ions of plant uptake and 

y i e ld i n  relat ion to changes i n  the soi l tes t parameters . 

At the Ram i ha s i te , however , d i f f i cu l t i es were exper i enced 

in the control of s heep graz i ng , and the tr i a l  was 

a c c identally g r a z ed dur i ng the i n i t i a l  per iod of the 

exper iment . I t  was then dec ided to cont i nue the tr i a l  at 

the Ramiha s i t e  as a mow i ng tr i a l  on ly . 
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Tab le 4 . 1  Locat i on s  and soi l desc r ipt i on sa of the Ram i ha 
and Tokomar u  t r i a l  s i te s  

Locat ion 

S o i l type 

N ew Z ea land 
S oi l  Group 

Bulk den s i ty 
( 0 - 5  cm ) ( kg m- 3 ) 

S oi l  pHC ( water ) 

Tot a l  carbonc ( % ) 

Organ i c  pc 
( lJg g - 1 } 

P retentionc ( % )  

Extractable P i n  
s o i lc ( llg g-1 > 

Water 

O l s en 

Rami ha tr i a l  

1 0  km east of 
P a lmer ston North 
( Tararua range ) 

Rarn i ha s i lt loam 

Ye l low-brown earth/ 
ye l l ow-brown loam 
i n tergrade 

9 6 3 

5 . 5 1 + o . o 4 b 
-

7 . 6  

5 8 5  

8 8  

1 . 9  + 0 . 3 

1 0 . 4  + 0 . 5 

Tokornaru t r i a l  

5 km south o f  
Palmers ton North 
( Hi g h  r i ver ter race ) 

Tokornaru s i l t loam 

Yel low-grey ear t h  

1 3 0 5  

5 . 6 9  + 0 . 0 4  

4 . 5  

4 2 0  

2 0  

6 . 0 +0 . 3 

8 . 6  + 0 . 3  

a - For methods of so i l  analys i s  s ee Chapter 3 .  

b - S tandard er ror . 

c - 0 - 7 . 5  ern s amp l ing depth . 
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Table 4. 2 Rates of superphosphatea add i t ion { kgP ha-1 ) 
f o r  the Rami ha and Tokomaru tr i a l s  

Treatment 
T r ial s i te 

PO Pl P2 

Rami ha 0 4 0  8 0  

Tokomar u  0 2 0  4 0  

a - Superphosphate con t a i n s  9 . 2 % tota l P . 
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4 . 2 . 3  Samp l i ng techn ique 

4 . 2 . 3 . 1 Soi l sampl i ng 

To mon i tor the change s  i n  so i l  paramete r s , soi l  

s amp l i ng was car r i ed out i n i t i a l l y  at two-week interva l s  

dur i ng the f i r s t  three months a f t e r  the app l i cation of P and 

then at monthly i nterval s  for a f u rther n i n e  months . The 

ef fect of depth of so i l  s amp l i ng on the soi l tes t  parameters 

was examined by samp l i ng the soi l s  to two depths : 0 - 4 . 0  and 

0 -7 . 5  cm . Twe lve soi l cores ( 2 . 5  cm d i ameter ) wer e taken 

r andom ly from each plot to a depth of 4 . 0  cm and 1 0  cores 

to a depth of 7 . 5 cm . Soi l cores f r om the same p lot were 

bu lked for each depth . A subsamp l e  was taken from the 

bu lked 0 - 7 . 5  cm depth s ample and pas s ed through a 2 -mm 

s i eve , wh i le f i eld moi s t , for the d eterminat ion of s oi l  

m i crob i a l  bioma s s  P ( Sect ion 4 . 2 . 4 )  and soi l mo i s ture 

content .  The r ema i n i n g  soi l samp l e s  were a i r -dr i ed ,  s i eved 

( < 2 mm ) , and analysed for water-extractable P ( Sect i on 

3 . 2 . 4 . 1 ) , Ols en -extractab le P ( Sect i on 3 . 2 . 4 . 2 ) , and s o i l  pH 

( Sect i on 3 . 2 . 2 ) . A s tandard soi l s amp l e  was also i n c l uded 

i n  the analys i s  of so i l  s amples taken at eac h  samp l i ng i n  

order t o  as s e s s  var iab i l i ty i n  t h e  laborator y . 

4 . 2 . 3 . 2  Assessmen t  of plant uptake 

and pas ture product ion 

The uptake of P by plants was determined by 

means of herbage cuts wh i c h  were car r i ed out at the t i mes of 

s o i l s amp l i ng whenever there was s u f f i c i ent pas ture g r owth . 

At the Tokomaru s i te , pas ture was hand-cut to a level of 

1 cm above ground us i n g  a quadrat ( 5 0 cm x 2 0  cm ) .  Three 

quadrats were taken from each plot and the f r e s h  we i g h t s  

wer e  r ecorded . The herbage samp l e s  f r om the three quadrats 

wer e  comb i n ed ,  thoroughly mixed , and two subsamples  ( approx

imate l y  1 0 0  g )  were taken for the a s s es sment of dry matter , 

P content , and botan ical  compos i t i o n . The f i r s t  subsample 

was we i ghed , oven-dr i ed at 6 0 ° C  f or 24 h ,  and rewe i ghed . 

Dry matter per centages were calcu lated and then conver ted to 

total pasture product i on expre s s ed i n  terms of kg of dry 

matter per ha . Af ter the rewe i g h i n g , the dry herbage samp l e  

was t h e n  ground and analysed f o r  P ( Sect ion 3 . 2 . 3 ) . The 
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s econd subsample was d i s s ected into clover ( ma in ly wh i te 

c l over ) ,  and gras s es . Af ter dryi ng separately at 6 0 ° C  for 

2 4  h ,  the gras s and c lover samples were we ighed , and clover 

content was calcu lated a s  a percentage of total dry we i ght 

o f  g r a s s  and c lover comb i n ed . Af ter each herbage cut , s heep 

wer e  a l lowed to qu ickly g r a z e  the p lots , leaving approx

imate l y  1 cm of pas ture beh i nd . The amount of pas ture 

r emoved by s heep was a s s umed to be the same as the amount 

measured at the t ime of s amp l i ng . 

I n  the Rami ha tr i a l , pasture p roduction was a s s e s s ed 

us i n g  a rotary mower . A hand-cut herbage samp le was also 

taken from each plot for asses sments of mo i s ture conten t ,  

P cont ent , and botan i ca l  compos i t ion , as des c r i bed 

prev i ous ly . 

4 . 2 . 4  Measurement of microb i a l  bioma s s  P in so i l  

The method used for measur i n g  mi crobial  b i omas s  P i n  

t h i s  s tudy was developed by mod i f y i ng the procedures used by 

Hed ley and Stewart ( 1 9 8 2 ) and Brookes et al . ( 1 9 8 2 ) .  The 

amount of P in soi l  microb ial bioma s s  was est imated by 

add i n g  ch loroform ( CHCl 3 > to soi l to lyse mi crob i a l  c e l l s  

a n d  measuring t h e  amount of microb i a l  P released t o  O . SM 
N aHC03 ( pH 8 . 5 )  extracts . Calcu la t i ons of total microb i a l  

P wer e  based o n  t h e  d i f f erence between P removed b y  NaHC03 
extract ion of CHCl 3 -treated and untreated samples . The 

f umi gat ion and extract i on procedur e s  were bas i cally as 

des cr i bed by Hedley and Stewart ( 1 9 8 2 ) except for the 

omi s s i on of the pre- i n cubat ion step . It was cons idered that 

the p r e - i n cubation wou ld i nva l idate any pos s i ble e f f ects of 

s eason wh ich was one of the ma i n  ob jectives of t h i s  study . 

I t  has been sugges ted that some CHC l 3-releas ed P i s  sorbed 

by soi l  dur i n g  fumigat i on and extraction ( Hed ley and 

S tewa r t ,  1 9 8 2 ; Hed ley et al . ,  1 9 8 2 b ;  Brookes et al . ,  1 9 8 2 ) . 

A techn ique proposed by Brookes et al . ( 1 9 8 2 ) was adopted i n  

t h i s  s tudy t o  overcome th i s  problem . The procedure i nvolved 

add i n g  a known amount of i norgan i c  P dur i ng extract i on and 

corr e c t i ng for r ecovery .  

The mod i f i ed method used to measure mi crobial  b i omas s P 

i n  th i s  s tudy i s  a s  fol lows . A s et of e i ght s amples ( 3  g )  
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o f  s ieved , f i e ld -mo i s t  so i l  was placed i n  2 5 0 -ml poly

ethylene bot t le s . One ml of CHCl 3 was added to three 

s amp l e s  and the bottle caps were replaced for 1 h dur i n g  

wh i c h  t h e  bott l e s  wer e  hand-shaken every 1 5  min . Th i s  was 

to ens ure opt imum contact between s o i l and CHCl 3 . After 

1 h ,  the caps wer e  removed and the CHCl 3 was a l lowed to 

evaporate over n i ght i n  a f ume hood at room temperature 

( 2 0 +5 ° C ) . The r ema i n i ng f i ve untreated samp les were a l so 

p laced in the f ume hood overn ight . Samples i n  a l l  e i g h t  

bott l e s  were t h e n  s haken with 1 2 0  m l  o f  0 . 5M NaHC03 ( pH 

8 . 5 )  f or 1 6  h at 2 0 ° C  on an end-over -end shaker . Before 

s ha k i n g , 1 ml o f  KH2 P04 s olut ion conta i n i ng 1 5 0  g P ml -1 

was added with the 0 . 5M NaHC03 to t hree of the un treated 

s amp l e s  ( no chlorform added ) .  Af ter centr i fugat ion at 

1 0 , 0 0 0  r . p . m .  for 2 min ( l 0 ° C ) , the extract was f i ltered 

through a Whatman No . 5  f i l ter paper . I norgan i c  P ( P i > i n  

the extract was ana lys ed b y  the met hod o f  Murphy and Ri ley 

( 1 9 6 2 ) .  The extract was a l s o  analysed for total P fol low i ng 

a per s u lphate d i g e s t i on ( Envi ronmental Protection Agency , 

1 9 7 1 ) .  An a l i quot ( 4  ml ) of the extract was placed i n  

a 5 0 -m l  Er lenmyer f lask conta i n ing 3 0  m l  of d i st i l led water . 

After the add i t i on of 0 . 4  g ammon i um persu lphate and 1 ml of 

5 . 5M H 2 S04 , the f lask was broug ht to the boi l gently for 

3 0  m i n . The d igest was then neutra l i s ed with 5M NaOH us i ng 

p - n i tr ophenol a s  an indi cator befor e  be i ng analysed for P i 
by the method of Murphy and Ri ley ( 1 9 6 2 ) .  

M i crob i a l  b i omas s  p i n  soi l wa s calculated a s  follows : 

mi crob ial bioma s s  p * = ( a  - b )  X C .  F .  X 10 X ( 1  - w ) /Kp 

( * -

where 

expressed a s  11g p g - 1  oven-dr i ed so i l > 

a = 11g P ·  1 i n  4 m l  of CHCl 3 -tr eated sample 

b = 11 g P ·  1 i n  4 m l  of untreated samp le 

C . F .  = correction factor for p sorpt ion 
= P · 1 added ml - 1  extract/P i recover ed ml-1 extract 

Kp = recovery factor = 0 . 4  ( Brookes et al . ,  1 9 8 2 ) 

D . F .  = d i lut ion factor 

= 1 2 0  ml extract/ < 3 g s o i l  x 4 ml a l iquot ) = 10 

w = gravimet r i c  water content of soi l .  
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I t  has been suggested that 0 . 5M NaHC03 extracts some 

r e la t i ve ly lab i l e  organi c  P as we l l  as inorgan i c  P ( Ha lm et 

a l . ,  1 9 7 2 � Perrott and Sarathchandra , 1 9 8 2 ) .  Halm et a l . 

( 1 9 7 2 ) showed that NaHC03 - extractab le organ i c  P was 

pos i t i vely correlated wi th soi l phosphatase act i v i ty and 

m i crob i a l  biomas s dur ing the growing s eason . Bowman and 

Cole ( 1 9 7 8 ) evaluated the NaHC03 extraction method and found 

that labi le organ i c  compounds , such as RNA , nucleotide s , and 

g lycerophosphates , were recoverable from the extract . 

Perrott and Sarathchandra ( 1 9 8 2 ) r epor ted a h ig h ly 

s i gn i f i cant cor r e lation of microb i a l  biomas s  P and total P 

( organ i c  + i norgan ic ) i n  the NaHC03 extract . These worker s 

therefore propos ed that total P i n  NaHC03 extracts could be 

a bett e r  measure of P ava i lab i l i ty i n  a soi l t han the 

pre s e n t ly determined inorga n i c  P in  the NaHC03 extract 

( i . e . , Olsen-extractable P ) . The i r  suggestions ,  however , 

wer e  not based on any plant stud i e s . 

I n  t h i s  s tudy the procedures for measur i ng s o i l  mi cro

b i a l  b i omas s  P i nvolved the us e of 0 . 5M NaHC03 ( pH 8 . 5 )  as 

an extracting solut i on and the analys i s  of both inorga n i c  

a n d  organ ic P in t h e  extract ( Sect ion 4 . 2 . 4 ) .  Th i s  extract

ing s olut ion is identi ca l  to that used in the Olsen method 

( Sect i on 3 . 2 . 4 . 2 ) . The amount s  of i norgan i c  and orga n i c  P 

i n  ext racts of the untreated sample < no chloroform or P 

added ) f r om the microb i a l  b i omas s  s tudy were exam i n ed . 

Thes e  a r e  ref erred to as NaHC03 -extractable i n organ i c  P and 

NaHC03- extractabl e  organ i c  P ,  and the comb ined total as 

NaHC03 - extractable total P .  

4 . 2 . 5 Stat i s t ical ana lys i s  

A l l  results f r om f i e ld tr i a l s  i n  t h i s  s tudy were 

che cked for homogeneity us i ng Bar t lett ' s  Tes t  ( Little and 

H i l l s , 1 9 7 2 ) ,  and when neces sary , a logar ithm i c  tran s 

forma t i on was app l i ed before analys i s  of var iance was 

car r i ed out . 
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4 . 3 Results and D i scuss ion 

4 . 3 . 1  S easonal var i a t i on s  

Water-extractable P s howed s ig n i f i cant ( P < O . O l ) 

s eason al var iations i n  both the 0 - 4 . 0  and 0 - 7 . 5  cm depth s  of 

the unf ert i l i z ed Rami ha and Tokomar u  s o i l s  ( F ig . 4 . 1 ) . For 

the Tokomaru so i l ,  the coe f f i c i ents of var iat i on of water

extractable P ove r  the 1 2 -month per i od were s imi lar to those 

o f  the Olsen-extractable P but i n  the Rami ha s o i l  the former 

were con s iderably greater ( Table 4 . 3 ) . A s imi lar f i nd i n g  

was a l s o  obta i n ed for the var i ab i l i ty between plots a t  each 

s amp l i ng ( Table 4 . 4 ) . I t  i s  poss i b l e  that the relat ively 

low values of water- extractable P in  the Ram i ha soil are 

partly respon s i b l e  for the high coe f f i c i ents of var iat ion . 

T h i s  i s  supported by the evidence that the var i ab i l i ty o f  

t h e  absolute values was h i g her f o r  t h e  Olsen-extractable P 

than for water-extractable P .  For example , dur ing the 

1 2 -month per i od , water-extractable P i n  the 0 - 4 . 0  cm depth 

of the Ram i ha soi l  var i ed from 1 . 3 t o  7 . 9  � g  g- 1  soi l 

whereas Olsen-extractable P ranged f r om 9 . 6  to 21 . 8  � g g- 1  

s o i l .  

Var iab i l i ty dur i ng the 1 2  mont h s  i n  water- and Olsen

extractable P was greater in the 0 - 4 . 0  cm than i n  the 0 - 7 . 5  

cm depth of the Ramiha soi l ,  but was s imi lar i n  both depth 

i nterva l s  of the Tokomaru s o i l  ( Tab l e  4 . 3 ) .  W i t h i n  the 

0 - 4 . 0  cm zone , nutr i en t  uptake by roots ( Jackman and Mouat , 

1 9 7 2 a ) and mi crob i a l  act i v i ty ( Ander son , 1 9 7 5 ) are the most 

act ive . As these act i v i t i e s  are s t r ong ly af fected by 

env i r onmental factor s , such as mo i s ture and temperatures , 

ava i la bi l i ty of nut r i ents i n  t h i s  zone i s  therefore expected 

to be s ens i t ive to changes i n  env i ronmental cond i t ions 

occur r i ng between season s . The Ram i ha soil  contai ned h i gh 

amounts of roots and organ i c  matter , part icu la r ly i n  the top 

4 -5 cm . This  cou ld exp l a i n  the h i gher seasona l var i ab i l i ty 

in extr actable s o i l  P i n  the 0 - 4 . 0  cm than in the 0 - 7 . 5  cm 

depth . In  contrast , there were no s i gn i f icant ef f ects of 

s amp l i ng depth on the var i ab i l ity of water- and Olsen

extractable P i n  the Ram i ha s o i l  wi t h i n  each samp l i ng ( Tabl e  

4 . 4 ) .  
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F i gure 4 . 1  Change s i n  water -extrac tab le P over the 1 2 -month 

pe r i od in un f er t i l i zed Ramiha ( a )  and Tokomaru ( b )  

soi l s  a t  the 0 -4 . 0  and 0 - 7 . 5  cm s amp ling depths 

* Lea s t  s i gn i f i c ant di f fe renc e at 1 and 5% leve l s  



Table 4 . 3  Coef f i c i en t s  of var i at i on ( % )  of the mean s  of 
water- and O l s en-extractable P dur i ng the 1 2 -month 
per iod in the Ram i ha and Tokomaru so i l s at the 
0 -4 . 0  and 0 - 7 . 5  cm s amp l i ng depths 

Depth ( cm )  

Water-extractab le P 0 - 4 . 0  

0 - 7 . 5  

O l s en -extractable P 0 - 4 . 0  

0 - 7 . 5  

Rami ha 

4 5 . 4  

2 2 . 9  

21 . 6  

16 . 4  

Tokomaru 

1 2 . 5  

1 4 . 8  

9 . 0  

1 2 . 4  

9 6  



Table 4 . 4  Average va lues for coef f i c i ents of var iat ion ( % )  
of water- and Ols en-extractable P w i t h i n  each 
samp l i ng i n  the un f er t i l i zed Ram i ha and Tokomaru 
so i l s  at the 0 - 4 . 0  and 0 - 7 . 5  cm samp l ing depths 

Parameter Depth ( cm )  Rami ha Tokomaru 

Water-extractabl e  P 0 - 4 . 0  21 . 3  1 0 . 1  

0 - 7 . 5  1 9 . 2  1 0 . 8  

Olsen -extractab le P 0 - 4 . 0  1 3 . 2  1 1 . 5  

0 - 7 . 5  10 . 0  1 3 . 0  
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Samp l i ng depth a l s o  had a s i g n i f i cant ef f ect on the 

amounts of water- and O l s en-extractable P in both s o i ls . 

Values for bot h  extractable so i l  P parameters wer e  a lways 

h i g he r  in the 0 -4 . 0  cm than in the 0 - 7 . 5  cm depth ( F i g . 4 . 1  

and 4 . 2 ) .  Thi s  f ind i ng i s  con s i s tent with the general 

observat ion that a gra z ed permanent pas ture sys tem 

encourages the accumu la t ion of nut r i ents near the soi l  

sur f ace . When compar i so n s  were made between the average 

values of the two sampl i ng depths over the 1 2 -month per iod , 

water-extractable P was 4 5 -1 0 6 %  h i g her in the 0 - 4 . 0  cm than 

i n  the 0 - 7 . 5  cm depth wh i le in the case of Olsen-extractable 

P ,  the d i f ferences wer e  on ly 1 8 -2 9 %  ( Table 4 . 5 ) . Th i s  

impl i e s  that most o f  the so i l  P i n  the 0 - 7 . 5  cm depth wh ich 

was r emoved by water extract i on was presen t i n  the 0 - 4 . 0  cm 

depth . 

4 . 3 . 2  Ef f ect of f e rt i l i z e r  P add i t ion 

For both the Ram i ha and Tokomaru soi ls , the add i t i on of 

f er t i l i z e r  P s ig n i f i cantl y  increa s ed ( P <O . O l >  water- and 

Olsen - extractable P at both the 0 - 4 . 0  cm and 0 -7 . 5  cm 

samp l i ng depths . Genera l ly the i n cr eases wer e  largest 

immed i ately fol l ow i ng the add i t i on of ferti l i z e r  P and then 

gradually became sma l ler with t ime ( Fi g . 4 . 3 , 4 . 4 ,  4 . 5 ,  and 

4 . 6 ) .  The i n i t i a l  increases in water- and Olsen- extr actab le 

P in the 0 - 4 . 0  cm of both s o i l s  ( Table 4 . 6 )  were found to be 

propor t i onal to the rate of fert i l i z e r  P add i t i on .  The 

increases were approximately doubled when the rates of P 

add i t ion were i ncreased twofold . T hi s  i s  con s i stent with 

the s tudy of Rennes ( 1 9 7 8 ) who repor ted proport ional 

i ncreases i n  wate r-extractable P w i t h  i ncreas i n g  rates of 

P add i t i on .  

the 0 - 7 . 5  cm 

could part ly soi l s  were 

sampled only two week� af ter the appl i cation of f e r t i l i z er . 

Dur ing t h i s  short per iod , i t  i s  u n l i ke ly that fert i l i z er P 

would have penetrated to and reacted with soi l  mate r i a l  i n  

the lower depth , thus res u l t i ng i n  t h e  i ncon s i stent pattern 

of increases in extractab le soi l P at the 0 - 7 . 5  cm depth . 

Furthe rmore , i f  the added P had not penetrated to the lower 
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Table 4 . 5  Average values of water- and Olsen-extractab l e  P 
over the 1 2-month per i od i n  the Ram i ha and 
Tokomaru so i l s  at the 0 - 4 . 0  and 0 - 7 . 5  cm samp l i n g  
depths 

Water-extractable Olsen-extractable 
S o i l Depth ( cm )  p p 

( � g g-1 ) ( �g g -1 ) 

Rami ha 0 - 4 . 0  3 . 7  16 . 2  

0 - 7 . 5  1 . 8  1 2 . 6  

( %  d i f f erence 
rela t i ve to va lue ( +1 0 6 ) ( +2 9 ) 
at 0 - 7 . 5  cm ) 

Tokomaru 0 -4 . 0  7 . 1  10 . 3 

0 - 7 . 5  4 . 9  8 . 7  

. ( %  d i f f er ence 
relat ive to val ue ( +4 5 ) ( +1 8 ) 
at 0 - 7 . 5  cm >  

1 0 0  
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pe r iod i n  the Ramiha s o i l  at the 0 - 4 . 0  ( a )  and 

0 - 7 . 5  ( b )  cm s amp l i ng depths f o l l owing the 

add i t i ons of 0 ( P O ) , 4 0  ( P l ) , and 8 0  ( P 2 )  k gP ha
- l  

o f  superpho sphate 

* Least s i gn i f i cant d i f ferenc e at 1 and 5 %  leve l s  



0 Cl) ...... I 
0'1 

a.. 
0'1 
3 
n. 

QJ ---' 
..0 
cJ 

-
u 
d 
t-

-
)( 
QJ 
I 

c QJ Cl) ---' 
0 

1 0 4  

(a) 0 - 4·0cm depth 

30 Jnd[ ) ( ] [ ) [  [ ] [  NS ] (  [ [ ) [ NS LSD* 

20 

0 
J F M A 

{b) 0 -7·5cm depth 

2o Nsl [ [ NS] c J  [ [ 

M 

[ 

J F M A M 

J 

NS NS 

J 

P2 
- - � - - � P 1  - -x- - - "7'.- "*- 1< po 

J A s 0 N 0 

NS [ NS NS r LSD* 

J A S 0 N 0 
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Tab l e  4 . 6  Amoun ts o f  water - and Olsen -e xtra c table P i n  the Ram iha and Tokomaru so i l s  
a t  the 0 - 4 . 0  and 0 - 7 . 5  c m  s ampl i ng depths two weeks a f ter the add i tion o f  
ferti l i zer P 

Wate r-extractab le P O l s e n-extrac tab le P 
- 1  - 1  

llg g llg g 

S o i l P add i tion 
- 1  0 - 4 . 0  cm 0 - 7 . 5  cm 0 - 4 . 0  cm 0 - 7 . 5  cm kg ha 

depth depth depth depth 

Rami ha 0 3 . 1  1 . 4 1 3 . 4 1 1 . 3  

4 0 8 . 1 ( 5 . 0 ) a 5 . 5  ( 4 . 1 )  2 4 . 0  ( 1 0 . 6 )  2 1 . 3 ( 1 0 . 0 ) 

8 0  1 4 . 9  ( 1 1 . 8 )  7 . 2  ( 5 .  8 )  3 8 . 5  ( 2 5 . 1 ) 2 4 . 5  ( 1 3 . 2 ) 

Tokomaru 0 6 . 3  4 . 5  1 0 . 8  7 . 1  

2 0  1 1 . 8  ( 5 . 5 ) 6 . 0  ( 1 .  5 )  1 5 . 0  . ( 4 . 2 ) 1 2 . 5  ( 5 . 4 )  

4 0  1 6 . 2  ( 9 .  9 )  9 . 8  ( 5 .  3 )  2 2 . 1  ( 1 1 . 3 ) 1 5 . 1  ( 8 . 0 ) 

a - N umber i n  brackets i s  the increase from c on trol trea tment . 

1-' 
0 
\J1 



depth , i t  i s  l i kely that some r esorpt ion of P cou ld occur 

dur i ng the extr act ion of the soi l s ample taken from the 

0 - 7 . 5  cm depth . The i n i t i a l  ef f ec t  of fert i l i z er P add i t ion 

on extractable so i l  P wa s ther e f o r e  les s var i able in the 

0 - 4 . 0  cm than in the 0 - 7 . 5  cm s amp l e . 

The e f f ec t  of fert i l i zer P add i t ion on water-extract

ab le P i n  the 0 - 4 . 0  cm depth of bot h  soi ls per s i s ted 

throughout the 1 2 -mon th per i od , wh i le i n  the 0 - 7 . 5  cm depth 

the d i f f er ences became i n s ign i f i ca n t ly sma l l  dur ing the 

winter-spr i ng per i od ( F i g . 4 . 3  and 4 . 4 ) . The ef fect of 

added P on Ols en-extractable P wa s a l s o  more pronounced and 

more con s i s tent in the 0 - 4 . 0  cm than in the 0 - 7 . 5  cm depth 

( F i g . 4 . 5  and 4 . 6 ) . Ther e  were a l s o  highly s i g n i f i cant 

i n teract i on s ( P < O . O l )  be tween the e f fect of fert i l i z e r  P 

add i t ion and the ef fect of samp l i ng t ime in bot h  soi l s  at 

both samp l i n g  depths . These s trong interact ion s  imply that 

the e f f ect of added P on ext ractabl e  P va lues wou ld var y  

depen d i ng o n  t h e  t ime when the s o i l i s  sampled i n  relat i on 

to s eason as we l l  as the t ime a f t e r  fert i l i z er app l i cat ion . 

4 . 3 . 3  Relat i on s h i p  between extractable so i l  P 

and P uptake by pa s t u r e  

Two impor tant features wer e  observed i n  t h e  seasonal 

pattern of water -extractable P i n  the so i ls s tud i ed ( F i g . 

4 . 3  and 4 . 4 ) . F i r s tly , low leve l s  of water - extractab l e  P 

were obtai ned i n  the autumn ( March ) ,  and second ly , a 

bu i ld -up occurred dur ing the wi nter months . Th i s  pattern 

was not found in the ana lys i s  of the s tandard soi l samp l e , 

so the e f f ect was not a result of var iab i l i ty i n  the 

laboratory . These features in the seasonal pattern of 

water-extractable P wer e  more pronounced in the fert i l i z ed 

than i n  the unf e r t i l i z ed so i l s . 

I t  i s  sugges ted that the low l eve l of water -extractable 

P i n  autumn was assoc i ated wi t h  the autumn f lu s h  of pa s ture 

growth , wh i c h  resu lted f r om i n cr ea s es i n  ra i n f a l l  and 

ava i lable soi l  moi s ture af ter a re lat ively dry summer 

per i od . The r a i n f a l l  data and soi l mo i stur e contents s hown 

i n  F ig . 4 . 7  and 4 . 8  i n d i cated that heavy ra i n s  in Mar c h  

1 0 6  
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tempe rature a t  1 0  c m  ( c )  a t  the Tokoma ru s i te 

during the 1 2 -month p e r i od 
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r e s u lt ed i n  s i gn i f i cant i ncreases i n  s o i l mo i s ture content 

wh i c h  wer e  as soc iated wi th low water-extractab le P ( Fig . 

4 . 1 ) .  V i s ual asses sment of pas ture i n d i cated rap id pas ture 

growth dur i ng Mar ch . 

A s im i lar seasonal pattern for extractab le soi l P was 

obta i n ed by Saunders and Metson ( 1 9 7 1 ) who reported that , 

af ter heavy r a i n s  i n  March , there was a marked autumn f lu s h  

of growth . Dur i ng t h e  autumn f lush the increa s ed P 

concentrat i on in the pasture was accompan ied by a fa l l  i n  

extractab l e  soi l P va lues . Th i s  concept has prev iou s ly been 

sugges t ed by Larsen ( 1 9 6 7 ) and Wi l s on ( 1 9 6 8 ) who cons idered 

that the read i ly-ava i lable sour ces of P were depleted dur i ng 

per iods of rap id growth and then restored from more s lowly 

ava i lable sources dur i ng subsequent per iods of s low growth . 

The bu i ld-up of water-extractab le P dur i ng wi nter was 

ev ident i n  the 0 - 4 . 0  cm depth , par t i cular ly i n  the Ram i ha 

soi l ( Fi g . 4 . 3 ) . Dur i ng winter months , pas ture growt h was 

ver y  s l ow ( Fi g . 4 . 9 ) ,  and hence the ut i l isation of so i l  P 

wou ld be r e lat ively low . Dur i ng th i s  per iod of low soi l 

temperatures ( F ig . 4 . 7 ( c ) ) and h i g h  s o i l  mo i s ture content 

( F ig . 4 . 7 ( a )  and 4 . 8 ( a ) ) ,  conver s ion o f  var i ous forms of 

so i l  phosphate i nto a plant -ava i lable form would st i l l  

proceed , even thoug h at a sub-opt imum rate . Con s equently , 

read i ly-avai lable s o i l P wou ld accumulate over the winter 

per iod r e s u lt ing in high plant ava i lab i l ity of so i l  P in 

spr i ng . T h i s  was a l s o  indi cated by h i g h  P concentrat ion i n  

pasture over the wi nter per iod ( F ig . 4 . 1 0 > .  A s imi lar 

suggestion made by Scott and Cu l len ( 1 9 6 5 ) is that avai lab le 

P accumu lates in the soi l dur i ng the w i nter per i od of s low 

growth and i s  then ab le to support the rap id i ncr�as e i n  

spr i ng g r owth . A n  at tempt b y  Saunders and Met son ( 1 9 71 ) t o  

examine t h i s  hypothes i s  h a s  fai led t o  s how any s i gn i f icant 

var i a t i o n s  i n  so i l  P meas ured over the winter - s p r i n g  per i od 

that cou ld ind icate a bu i ld-up of ava i lable P i i n  the late 

wi nter and ear ly s p r i ng . They sugges ted that the rap id 

r e lease of P from organ i c  res idues and so i l  organ i c  matter 

i n  the spr i ng cou ld prov ide su f f i c ient avai lab l e  phosphate 

to ma i n ta i n  a high rate of pas ture g r owth wi thout any 

1 0 9  
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Figu re 4 . 1 0 Change s i n  pa sture P c oncentration on the 

Tokornaru so i l  ( a )  f o l l owing the add i t ions o f  

0 ( P O ) , 2 0  ( P l ) , a n d  4 0  ( P 2 )  k g P  ha - l  o f  

superphospha te ; a n d  Rarniha soi l ( b )  fo l l ow ing 

the addi tions of 0 ( P O ) , 4 0  ( P l ) , and 

80 ( P 2 )  kgP ha - l  o f  supe rphosphate 



appr ec iab le change occur r i ng i n  the level of so i l  P 

measured . The s e  f eatur e s  were a l s o  observed i n  the seasonal 

patte r n  of the Olsen-extractable P i n  both s o i l s  ( F i g . 4 . 5  

and 4 . 6 ) .  

The dec l i n e  in water-extractab le P i n  spr i ng was 

probably a result of spr i ng f l ush growth . On both so i l s , 

the rates of pasture growth ( F ig . 4 . 9 )  and P uptake ( Fi g . 

4 . 1 1 )  i n creased cons iderably over the spr ing per i od . If  it 

is a s s umed that most of the plant P i s  taken up f r om the 

0 - 4 . 0  cm depth ( G i l l i ng ham et al . ,  1 9 8 0 ; Sye r s  et al . ,  

1 9 8 4 ) ,  then the total uptake of P dur ing spr ing cou ld not be 

accounted for by decreas es i n  water -extractable P i n  th i s  

z on e  a lone . For example , dur ing S eptember -November 

a dec r ease i n  water-extractable P of 0 . 9  �g g- 1  i n  the 

Tokomaru so i l  from the 0 - 4 . 0  cm depth ( Fi g . 4 . 1 )  wou ld be 

equ i valent to 0 . 5 kgP ha-1 ( based on a bu lk den s i ty of 1 , 3 0 5  

kg m- 3 , Tab le 4 . 1 ) . However , pa s ture P uptake dur i ng th i s  

per i od was 9 . 8  kg ha-1 ( F i g . 4 . l l ( a ) ) .  Ther e f ore mor e than 

9 kg P ha- 1  mus t have been made avai lable to the plants from 

l e s s  read i ly-avai lab le sources of s o i l  P ,  such as adsorbed P 

and s o i l  organ i c  P .  There i s  cons iderable ev idence that 

so i l  cond i t ions in spr i ng are mos t  sui table for a h i g h  leve l 

of b i ol og i ca l  act i v i ty wh i c h  enhances minera l i s at i on of s o i l  

orga n i c  ma tter ( e . g . , Ha lm e t  al . ,  1 9 7 2 ) .  

I n  the Ramiha soi l the temporary deplet ion of extract

ab le s o i l  P in spring was fol lowed by sudden i n creases in 

ear ly summer ( F ig . 4 . 3  and 4 . 5 ) .  I t  wa s found that after 

the sp r i ng per i od of rap id growt h , the rate of pas ture 

growt h , P con centrat i on , and P uptake on the Ram i ha s o i l  

decreased mar ked ly ( Fi g . 4 . 9 ( b ) , 4 . 1 0 ( b ) , and 4 . 1 2 ( b ) ) 

probably due to water s tress cau s ed by lack of ra i n f a l l  

( F i g . 4 . 8 ( b ) ) and incr eas ing temperatures ( Fi g . 4 . 7 ( c ) ) 

dur i ng November -December .  The resu ltant decreased P uptake 

apparently led to s i gn i f i can t i n cr eases in extractable P i n  

the Ram i ha so i l  a t  t h e  beg i n n i n g  of December ( Fi g . 4 . 3 ( b )  

and 4 . 5 ) , wi t h  the except ion of the water-extractable P in 

the 0 - 4 . 0  cm depth ( Fi g . 4 . 3 ( a ) ) .  I t  i s  pos s i ble that the 

sma l l  amounts of ra i n  dur i ng November-December may have been 

1 1 2  
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s u f f i c ient to wet the top 1 - 2  cm of the soi l on ly . As 

a resu l t , p lant uptake of P wou ld con t i nue from wi t h i n  t h i s  

t op layer of so i l ,  thus al lowi ng n o  accumulat i on o f  water

extractable P in the top 4 cm layer . I n  con tras t ,  such 

i ncreases i n  extractable P in ea r l y  summer wer e  not observed 

i n  the Tokomaru soi l ( F ig . 4 . 4  and 4 . 6 ) .  Th i s  can be 

exp la i ned by the con t inual ly h i g h  pas ture growth rate ( Fi g . 

4 . 9 ( a ) ) and high P uptake ( F ig . 4 . l l ( a ) ) after spr i ng . In 

the Tokomar u  soi l ,  the so i l  mo i s ture con tent ( Fi g . 4 . 7 ( a ) ) 

was not so markedly r educed as to adver s ely af fect pasture 

g rowt h . 

The ef fect of f e rt i l i zer P add i t ion on plant ava i l 

ab i l i t y  o f  P i s  evident i n  the increases of total pas ture 

uptake of P wh ich resulted ma i n ly f rom an i n crease in P 

concentrat i on i n  the plants rather than from an i ncrease in 

pasture dry matter . Fol lowing the add i t ion of fert i l i z er P ,  

s ig n i f i cant increas e s  ( P < O . O l ) were found in the P 

concentrat i on ( %P )  o f  pastur e .  However , there wer e  no 

s i gn i f i cant d i f ferences in the pasture dry mat ter product i on 

( Append i ces I and I I ) .  Th i s  cou ld be due to l imitations of 

other nut r i ents . 

4 . 3 . 4  Relat ion s hip between so i l  mi crob i a l  biomas s  P 

and water -extractab le P 

M i crob i a l  bioma s s  P i n  bot h  Ramiha and Tokomaru so i l s  

f luctuated cons iderab ly throu g hout the growing season ( F i g . 

4 . 1 3  and 4 . 1 4 ) . I t  r anged from 8 7  to 1 5 4  �g g -1 soi l 

( oven -dr i ed bas i s ) for the so i l  and from 87 to 1 3 5  �g 

g - 1  s o i l  f or the Tokomaru so i l .  Of par ticular i nterest i s  

t he fact that the add i t i on o f  f er t i l i z er P had n o  i n f luence 

o n  the amounts of microb i a l  biomas s  P i n  either so i l .  The 

h i ghes t  rate of fert i l i zer P added was 80 kgP ha-1 to the 

Ramiha so i l , wh ich wa s equ ivalent to 111 �gP g- 1 . Ther efore 

it i s  surpr i s i ng that the add i t ion of ferti l i z er P did not 

have any measurable e f fect on the pool of microb i a l  b ioma s s  

P wh i c h  averaged approximately 1 1 8  � g g- 1 . Alt hough water

extractable P showed s i gn i f i cant season a l  f luctuat ion s , no 

d i r ect relat ion s h ip was obta i n ed 

able P 
���� 

1 1 5  
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* Le a s t  s i gn i f i cant di f f e rence at 1 and 5% l eve l s  
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other words , var iat ions i n  water-extractable P cou ld not be 

exp l a i ned by changes in mi crob i a l  b i omas s  P in these so i ls . 

T h i s may be due to the fact that the changes in water

extractable P wa s too sma l l  to be explai ned by a much larger 

poo l of so i l  microb i a l  b i oma s s  P .  For examp le , dur i ng the 

1 2  months the standard er ror of wa ter -extractable P in the 

un f er t i l i z ed Rami ha soi l in the 0 - 7 . 5  cm depth was 0 . 4  

�g g- 1  a s  compared to the standard e r ror of s o i l m i c r ob i a l  

b i omas s  w i t h i n  each samp l ing o f  6 . 2  �g g-1 . 

Although s o i l  microb i a l  bioma s s wa s determi n ed in the 

so i l  s amples taken from the 0 - 7 . 5  cm depth , wh i c h  is the 

s ta ndard s amp l i n g  depth , it  is con s i dered with  h i nd s i ght 

that the determi nat ion of soi l m i c r ob i a l  bioma s s  P in so i l  

s amp l e s  f r om the 0 - 4 . 0  cm depth may be more u s e f u l  in 

attempts to exp l a i n  var i a t i ons i n  water-extractable P .  Thi s 

i s  because the amounts of water-extractable P i n  the 

0 - 4 . 0  cm depth appeared to be mor e  s en s i t ive to f er t i l i z e r  P 

add i t i on and season s  than those i n  the 0 - 7 . 5  cm depth . The 

ab s en ce of s i gn i f i cant relat i on s h i p  between water-extract

ab le P and microb i a l  b i omas s  P s eems to conf l i c t  with the 

s ugg e s t i on that soi l microb i a l  b i omas s  P ,  be i n g  a measure of 

lab i l e  organ i c  P ,  should be a usefu l ind icator of P ava i l

ab i l i ty in a s o i l ( Ha lm et al . ,  1 9 7 2 ; Brookes et a l . ,  1 9 8 2 ; 

Hedley and Stewa r t , 1 9 8 2 ; Perrott and Sarathchandra , 1 9 8 2 ) . 

These workers obtained good cor r e la t i ons between s o i l  

mi crob i a l  b i oma s s  P and avai lable s o i l  P ,  when compar ing 

acros s a range of d i f ferent so i l s . Alt hough on ly two s o i l 

types were used in t h i s  s tudy , they represent s o i l s  of 

con trast ing proper t i e s , i nclud i ng P sorption capa c i ty ( Table 

4 . 1 ) • 

I t  is l i kely that mi crob i a l  b i ornas s  is s trong ly 

i n f luenced by environmental factor s , such a s  mo i s ture and 

temperatur e ,  hence its va lue wi l l  vary con s i derab ly w i t h  

changes i n  those factors . In t h i s study , g r eatest 

f l uctuat i ons i n  microb i a l  bioma s s  P occur red between January 

and May ( F ig . 4 . 1 3 and 4 . 1 4 ) when there wer e  a l s o  s ig n i f i

cant var iat i on s  i n  soi l mo i s ture contents ( F i g . 4 . 7 ( a )  and 

4 . 8 ( a ) ) .  Sharp i ncreas es i n  mic rob i a l  biomas s  P in Mar c h  
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appear to be associ a ted with  the dry ing and wet t i ng of 

s o i l s . I t  i s  known that one o f  the mos t  impor tant factors 

i n f luenc i n g  microb i a l  ac t i v i ty under f i e ld cond i t i ons is 

f l uctuat i o n s  in soi l mo i s ture ( Lund and Goksoyr , 1 9 80 ) ,  and 

that the most s i gn i f i cant con s equence o f  the dryi ng/wett ing 

ef f ect is  the acce lerated release of plant nut r i ents 

( Marumoto et al . ,  1 9 8 2 ) .  Da l a l  ( 1 9 7 7 ) suggested that part 

of the organ ic matter wh i ch decompos es dur ing the dry i ng 

per i od later di sper ses into the soi l so lut ion upon wett ing 

and also t hat dry i n g  and wett i ng breaks up wa ter-s table s o i l 

aggregates such that the hum i c  matter that ha s been in

acces s i ble to the s o i l  mi croorgan i sms becomes exposed for 

decompos i t i on .  

Dur i n g  the w i n ter per i od the va r i at ions i n  microb i a l  

b i oma s s  P became relat ively sma l l , pos s i bly due t o  low 

mi crob i a l  act iv ity caused by a comb i na t ion of cold 

temperatur e  ( Fi g . 4 . 7 ( c ) ) and exces s ively h i g h  so i l  mo i s tu r e  

( F i g . 4 . 7 ( a )  and 4 . 8 ( a ) ) .  Mi c rob i a l  a c t i v i ty c a n  be 

i n h i b i ted not on ly by un favourably low temperatures but a l s o  

b y  exces s i ve so i l  mo i s ture wh i ch restr i cts aerat i on 

( Ru s s e l l , 1 9 7 3 ) .  

Res u l t s  for mi crob i a l  b i omas s  P i n  both the Ramiha and 

Tokomaru s o i l s  seem to be high compared with pub l i s hed dat a  

f r om New Z ea land a n d  over s ea s  stud i es ( Anderson a n d  Doms ch , 

1 9 8 0 ; Brookes et a l . ,  1 9 8 2 ; Hed ley and Stewart , 1 9 8 2 ; 

Perrott and Sarathchandra , 1 9 8 2 ) .  Brookes et a l . ( 1 9 8 2 ) 

recorded s o i l  bioma s s  P va lues of 5 . 3  t o  7 2 . 3  �g g-1 from 

the top 0 - 1 0  cm of seven Eng l i s h  soi l s , whereas Perrott and 

Sarathchandra ( 1 9 8 2 ) obtai ned a range o f  20 to 8 8  �g g- 1  

( mean = 5 1 ) f o r  a group of 20  New Z ea land s o i l s  under we l l 

e s tab l i s hed pa stur e .  I n  Canada , Hed ley and Stewart ( 1 9 8 2 ) 

repor ted a value of 1 8 . 2  � g  g -1 of microb i a l  P .  Us i ng C : P  

r a t i os rang i ng from 7 : 1  to 1 7 : 1 ,  Ander s on and Domsch ( 1 9 8 0 ) 

est imated that the average quan t i ty of microb i a l  P in the 

top 1 2 . 5  cm of forest so i l s  is 70  kg h a-1 wh i c h  is equ i v

a lent to 5 6  �g g- 1  s o i l  a s s um i ng a bu l k  den s i ty of 1 , 0 0 0  kg 

m- 3 . S im i larly , Chauhan et a l . ( 1 9 8 1 ) ca lculated that 

mi crob i a l  P va lues in s o i l could range from 1 . 5  to 50  �g g -1 

s o i l .  
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I t  i s  i nevitable that var i a t i o n s  i n  the procedures used 

by d i f f erent workers  to measure mi crob i a l  bioma s s  P i n  s o i l s  

wou ld contr i bute to d i f feren ces in the est imate s . I t  i s  

l i kely t hat so i l s samp led from a lower depth wou ld g i ve 

lower e s t imates of mi crob i a l  b i omas s  P .  The method used by 

Brookes et al . ( 1 9 8 2 ) and Perrott and Sarathchandra ( 1 9 8 2 ) 

emp loyed a so i l : s o lu t i on rat i o  of the extract i ng solut ion of 

1 : 2 0 and an extract i on t i me of 30 mi n .  The method chosen 

for the present s tudy us ed a so i l : s o l u t i on of 1 : 4 0 and 

an extract ion t ime of 1 6  h .  The wider ra tio was adopted 

f o l low i ng the recommenda t i on by Hed l ey and Stewart ( 1 9 8 2 ) 

that the ratio s hou ld be between 1 : 3 0 and 1 : 6 0 . They a l s o  

reported that a n  ext ract i on t ime o f  1 6  h gave h i g her results  

for mi c r ob i a l  P than d i d  the 3 0  mi n per i od . I t  was decided 

that the larger amount o f  P extracted dur ing a longer 

extract i on t ime wou ld he lp to improve the accur acy when 

calcu lat i ng the amount of microbial b i oma ss P from the 

di f f erence of two measurements . The mod i f i ca t i on of the 

procedure probab ly contr i buted to the compara t i vely h i g h  

va lues of microb i a l  biomas s  P meas ured in th i s  s tudy . 

Another pos s i b le source of var i a t i on i s  the manner i n  

wh i ch r e s u l t s  are expressed . Est imates o f  va r i ous forms of 

s o i l P are usua l l y  expres s ed in un i t s  of P per un i t  we ight 

of soi l on an a i r -dr i ed bas i s ,  as  s o i l s  are norma l ly 

ai r -dr i ed be fore the ana lys i s . The meas urement of s o i l  

mi crob i a l  biomas s  P ,  however , i nvo lves the use of 

f i e ld-mo i s t  samp l e s  so the resu lts mus t be cor r ected for 

va r i a t i o n s  i n  soi l mo i s ture contents . Wh i le some wor ker s 

( Brookes et al . ,  1 9 8 2 ) have corrected for th i s  and expres sed 

the i r  results as per un i t  we ight of s o i l  on an oven -dr i ed 

bas i s , others have g i ven no ind i cat ion whether or not the 

cor rec t i on has been made or whether the results are 

exp r e s s ed on an a i r -dr i ed or oven-dr i ed bas i s  ( Anderson and 

Doms ch , 1 9 8 0 ; Hed ley and Stewar t , 1 9 8 2 ; Per rott and 

Sarathc handra , 1 9 8 2 ) .  Both the mod i f i cat ion of the 

procedures and the fact that results are expressed on an 

oven-dr i ed bas i s  pos s i b ly account for the hi gher va lues o f  

microb i a l  b i oma s s  P obtai ned i n  th i s  s tudy compared w i t h  the 

pub l i s hed data . 
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4 . 3 . 5  Rel a t i onship between changes in NaHC03 - so luble 

organ i c  P and wa ter-extr actable P 

I t  was f ound that NaHC03 -extractable organ i c  P was not 

a f f ected by the add i t i on of fe rt i l i z er P in both the Ram i ha 

and Tokomar u  s o i l s , but var i ed s i gn i f i cantly w i t h  sampl ing 

time ( P < O . O l )  ( F ig . 4 . 1 5 ( a )  and 4 . 1 6 ( a ) ) .  I n  the Ram i ha 

so i l ,  NaHC03 -extractable org a n i c  P tended to decrease from 

high va l ues i n  late summer to relat ively low va l ues dur i ng 

autumn and winter , and then i ncrea s ed again towards summer 

( F i g . 4 . 1 5 ( a ) ) .  The relatively low va lues dur i ng the wi nter 

per i od may be the result of a low l eve l of microb i a l  

act i v i ty . I n  contrast to the Ram i ha s o i l , var i at i on s  i n  

NaHC03-extractable organ i c  P i n  the Tokomaru s o i l did not 

s how any de f i n i te s easonal patter n s  ( Fi g . 4 . 1 6 ( a ) ) .  

Also there was no rela t i on s h i p  between microb i a l  

bioma s s  P ( Fi g . 4 . 1 3  and 4 . 1 4 ) a n d  NaHC03 -extr actab l e  

organ i c  ( Fi g . 4 . 1 5 ( a )  and 4 . 1 6 ( a ) ) or total P ( Fi g . 4 . 1 5 ( b )  

and 4 . 1 6 ( b ) ) .  T h i s  f i nd i ng i s  i n con s i s tent w i t h  thos e o f  

Halm et a l . ( 1 9 7 2 ) a n d  Per rott a n d  Sarathchandra ( 1 9 8 2 ) who 

obta i ned s i gn i f i ca n t  correla t i on s  between these pa r ameter s .  

Furt hermor e ,  changes in  Na HC03 -extrac table tota l P 

( F i g . 4 . 1 5 ( b )  and 4 . 16 ( b ) ) bear no relat ion to changes i n  

water- or O l s en-extractab le P ( F i g . 4 . 3 ,  4 . 4 ,  4 . 5 ,  a n d  4 . 6 ) .  

I t  appear s that , i n  these soi l s , es t imates of NaHC03 -

extractable organ i c  or total P d i d  not relate e i ther to the 

ava i labi l i ty of s o i l P as i n d i cated by water - or Ol sen

extractab le P or  to  microb i a l  b i oma s s  P .  

4 . 3 . 6  Re lat i onship between changes in s o i l pH 

and water -extr actable P 

Soi l pH at bot h  the 0 - 4 . 0  and 0 - 7 . 5  cm depths showed 

s i gn i f i c a n t  var iat i on s  ( P < O . O l )  w i t h  s amp l i ng t imes for both 

soi l s  ( Appendi ces I I I  and IV ) . Var i a t ions in s o i l  pH , 

however , d id not he lp expla i n  the seasonal f luctuat ions of 

wat er - extractab le P ( Fig . 4 . 3 and 4 . 4 ) . The add i t i on of 

s uperphosphate appeared to lower the pH of both soi l s  at 

both depths . However , only i n  t he 0 - 7 . 5  cm depth o f  the 

Ramiha s o i l were the decreases su f f i c i ently con s i s tent to be 

s t at i s t i c a l l y  s i gn i f i cant ( P < 0 . 0 5 ) .  
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4 . 4 Conclus ions 

T he Ram i ha and Tokomaru s o i l s  s howed s ig n i f i cant 

seasonal var i at i ons in water- and O l s en-extractable P .  The 

var i a t i ons dur i n g  the 1 2 -month per i od of study were larger 

for wa ter-extractable P than for O l s en-extractable P .  For 

examp l e , the coe f f i c i ent of var iat i on of wa te r-extractable P 

dur i n g  the 1 2 -month per i od i n  the Ramiha so i l  ( 0 - 4 . 0  cm 

depth ) wa s 4 5 . 4 %  compared with 2 1 . 6 %  for Ol sen-extractable 

P .  Seas ona l f luctuat ions were c los e ly related to the 

patte r n  of pa sture P uptake wh i c h , in turn , was i n f luenced 

by s ea s ona l factors such a s  ra i n f a l l and temperatur e .  Low 

va lues of ext ractable P were a s soc i a ted wi th autumn and 

spr i n g  f lushes of pasture growt h , wh i le high va lues wer e  

obtai n ed dur i ng per i od s  o f  s l ow growth in wi n ter and in one 

case i n  summer a l so . 

I n  contrast to the s easonal var i at ions , the var i ab i l ity 

of wat er -extractable P wi t h i n  each s amp l i ng was s imi l a r  to 

that o f  Olsen -extractab l e  P .  The impl i cation of t h i s  

f i nd i ng i s  that , al though level s  o f  water-extractable P i n  

s o i l  a r e  genera l ly sma l le r  than those o f  Olsen-extractable 

P ,  the var i ab i l i ty associ a ted with  water-extractable P 

w i th i n  each s amp l i ng i s  comparable with that of Ol sen

extractable P .  

S ampl ing depth a f f ec ted the levels of wa ter- and Olsen

extractab le P i n  both s o i l s . The va lues in the 0 - 4 . 0  cm 

depth were h i gher than t hose i n  the 0 - 7 . 5  cm dept h . The 

seasonal var i ab i l i ty of water - extrac table P i n  the 0 - 4 . 0  cm 

depth was lower in the Tokomaru so i l  and h i g her i n  the 

Ram i h a  soi l than in the 0 - 7 . 5  cm depth . The ef f ec t  of 

samp l i ng depth on the var iabi l i ty o f  water-extractable P ,  

ther e f ore , var i ed with s o i l .  Further stud i e s  on a wider 

range of s o i l s  may prov i d e  a more conc lus ive r e s u lt . I t  

appea r s  that t h e  ef fect o f  samp l i ng depth i n  th i s  study wa s 

ma i n ly on the absolute leve l s  of extractable s o i l  P .  There 

was no s i gn i f i cant inf luence of s amp l i ng depth on the 

var i ab i l ity w i t h i n  s amp l i ng of ext r actab le s o i l  P in both 

so i l s . 
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T he add i t ion of f er t i l i zer P to the Ram i h a  and Tokomaru 

s o i l s  caused s ig n i f icant i ncreas e s  i n  wa ter- and O l s e n 

extractable P .  T h e  ef fect o f  added P ,  however , var i ed 

con s i derably w i t h  samp l i ng t ime dur i ng the growing season . 

I n i t i a l ly ther e were mar ked f l uctuat ions in the mont h s  

immed iately f o l lowing t h e  addit ion of fert i l i z er P .  The s e  

var i a t i ons became sma l le r  wi th t ime . These r e s u l t s  s upport 

the genera l r e commendat i on that so i l  sampl ing s hou ld not be 

carr i ed out wi t h i n  the f i rst few months after fert i l i zer 

app l i cat ion . The seasonal pattern i n  fer t i l i z ed so i l s  was 

e s s e n t ia l ly the same as i n  the un fer t i l i z ed so i l s . W i th the 

add i t i on of fer t i l i zer P ,  the deplet ion i n  the autumn and 

the w i n ter bu i ld-up of extractab l e  P were more pronoun ced . 

The r e latively h i g h  va lues of water-extractable P i n  late 

w i n te r  also accentuated the ef f ec t  of fert i l i z e r  P add i t i on . 

There fore values of water-extractable P in so i l  s amp les 

col l ected i n  late wi nter or ear ly spr ing ( i . e . , before 

spr i n g  f lu s h ) should bes t  reflect the poten t i a l  ava i l ab i l i ty 

of s o i l  P a s  a f f ected by P add i t i on . 

I t  was f ound that i ncreases in water -extractable P i n  

t h e  0 - 7 . 5  cm depth due to added P were n o t  a s  marked as i n  

t h e  0 - 4 . 0  c m  depth . T h e  e f f e c t  of fer t i l i z er P add i t ion 

became i n s ign i f i cant i n  the 0 - 7 . 5  cm depth w i t h i n  a f ew 

mon t h s  of add i t ion . T h i s  was des p i t e  the con t i nu i ng 

responses to added P as indi cated by hi gher P concen trat i on 

of pas ture i n  the fer t i l i z ed than i n  the control treatment . 

I t  appears that water-extractable P in the 0 - 7 . 5  cm depth 

wa s not a s u f f i c i ently s ens i t i ve indi cator wh i c h  could 

accurately or fu lly ref lect the e f f ect of fert i l i z er P 

add i t i on on these two s o i l s . Hence it i s  proposed that , to 

mon i tor the e f f ect of fert i l i z er P add i t ion , water -extract

able P should be determi ned f r om the 0 - 4 . 0  rat her than the 

0 - 7 . 5  cm dept h . 

Seasona l f luctuat ions in water -extractable P wer e  not 

r e l a ted to· changes i n  s o i l mi crob i a l  bioma s s  P wh i c h  

averaged 1 1 8  a n d  1 0 5  � g  g-1 s o i l ( oven-dr i ed bas i s ) f o r  the 

Ram i ha and Tokomaru s oi ls ,  respec t i vely . It is un l i kely 

that var i a t ions i n  water -extractable P cou ld be exp l a i n ed by 
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change s  i n  a much larger poo l of mi crob i a l  b i omas s  P .  The 

add i t i on of fert i l i z er P had no e f f ect on so i l  mi crob i a l  

b i oma s s  P i n  e i t her so i l . The r e s u l t s  obta i ned sugge s t  that 

m i crob i a l  b i oma s s  P may be a less sen s i t i ve index of s o i l P 

ava i labi l i ty than prev i ou s ly thoug ht . 
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CHAPTER 5 

EFFECT OF SOIL pH ON OLSEN- AND 

5 . 1 Introduct ion 

WATER-EXTRACTABLE P VALUES 

Ground l i mestone ( Ca C03 ) is app l i ed to many agr i 

cu ltural so i l s  throug hout the wor ld with a view t o  over 

com i ng soi l ac idity . T he resu lt i ng i ncrease i n  so i l  pH can 

a f f ect the ava i la b i l i ty of several  p lant nu t r i ents , 

i n c lud i ng P .  In some s i tuations , lime has been repor ted to 

decrea s e  the ava i lab i l i ty of s o i l  P ( e . g . , Pea r s on , 1 9 7 5 ) ,  

whereas i n  others it i s  thoug ht that l iming can i n crea s e  

P ava i lab i l ity ( e . g . , Lambert and Grant , 1 9 8 0 ; Haynes and 

Ludecke , 1 9 8 1 ; Haynes , 1 9 8 2 ) .  T h i s  i ncreased ava i lab i l i ty 

has been att r i buted to a reduction i n  P sorp t i on due to 

a n  i ncrease i n  pH ( Hs u  and Renn i e , 1 9 6 2 ; Murrmann and Peech , 

1 9 6 9 a ;  Dala l , 1 9 7 7 ;  Otabbong , 1 9 8 1 ) and a l so to an increa s ed 

rate of miner a l i s at i on of organ i c  P ( Ha l stead et a l . , 1 9 6 3 ;  

Dala l , 1 9 7 7 ;  Otabbong , 1 9 8 1 ) .  

Con f us i on in the l i terature concerni ng the ef f ects of 

l ime on so i l  P i s  partly due to the exper imenta l d i f f i cu lt

i e s  involved in such a s s es smen ts . D i rect measurements can 

eas i ly be made of plant y i e ld , P con tent , and thus P uptake , 

but a l l  of these pa rameter s can a l s o  be inf luenced by 

f actors wh i c h  are not rela ted to the chemi stry or ava i l

ab i l i ty of s o i l  P .  For example , wi t h  very acid s o i l s , 

l im i ng often i ncreases P uptake of plants by decrea s i ng Al 

tox i c i ty rather than by i ncreas ing the actual P ava i lab i l ity 

( Ryan and Smi l l i e , 1 9 7 5 ; Vickers and Zak , 1 9 7 8 ; Haynes and 

Ludecke , 1 9 8 1 ) . Attempts to char acter i s e  the e f f ect of l ime 

on ava i lab le so i l  P by the use of chemica l extractants have 

a l s o  g i ven contrad ictory results ( e . g . , Gr i f f i n , 1 9 7 1 ; 

Amaras i r i  and Ol sen , 1 9 7 3 ;  Sumner , 1 9 7 9 ; Haynes and Ludecke , 

1 9 8 1 ; Thoms on , 1 9 8 1 ) . Th i s  can be attr ibuted to the 

var i a t i on in extracta n t s  used by var i ous workers and a l s o  to 

the d i f ferences in the range of soi l pH va lues cons idered . 

1 2 7  



I n  New Z ea l a nd , the Olsen P tes t  ( 0 . 5M NaHC03 , pH 8 . 5 ,  

Olsen e t  a l . ,  l 9 5 4 a ) has been used a s  a rout ine s o i l-tes t i ng 

procedure s ince 1 9 7 6 . I t  wa s developed or i g i n a l ly for 

calcar eous s o i l s  but was la ter used succes s f u l ly on a c i d  and 

neutr a l  soi ls ( Ba r row and S haw , 1 9 7 6 ) .  Recent ly ,  i t  ha s 

been sugges ted that the i n terpretat i on of the Ol sen test i s  

i n f luenced by so i l  pH , at least w i t h  o n e  pa rt i cular soi l 

group , name ly the yel low-grey earth gr oup ( Saunders , 1 9 8 1 ) .  

He obta i ned the f o l lowing rela t i on s h ip : 

Relat ive yield = 21 . 2  l n  ( Ols en P )  + 1 3 . 3  ( So i l  pH ) - 4 4 . 8  

wh i c h  i ndi cates that pasture product ion rela t i ve to maximum 

i s  dependent on s o i l  pH as we l l  as on the Olsen P test . It 

was suggested f r om th i s  relat i on s h i p  that a so i l  w i t h  a pH 

of 5 . 5  wou ld requi r e  an Olsen test of 1 9  to g i ve 9 0 %  of 

max imum yield . I n  contr a s t , for a s o i l with a pH of 6 . 5 ,  

an Olsen test of 1 0  would be requ i r ed to g i ve the same level 

of product i on . A s im i la r  relat ion s h ip was a l s o  obtai ned for 

a group of 2 0  s o i l s  used in the study descr i bed in Chapter 3 

( i . e . , Plant P uptake = - 9 1 . 4  + 2 . 7 4 ( Olsen-extractable P )  -

0 . 4 4  ( Phosphate retent ion ) + 1 9 . 1  ( So i l pH ) ,  Sect ion 3 . 3 . 5 ) . 

Soi l p H  had a pos i t ive e f f ect on the predi ct i on of 

plant -avai lable P by the Olsen and PR tests . In  ot her 

words , if the pH of a s o i l  is increas ed by one un i t  the 

Olsen test requ i r ed to pred ict the s ame leve l of plant

ava i lable P wou ld decr eas e  by seven un its . 

There are a t  lea s t  two pos s ib le exp lanations that may 

account for such a rela t i on s h ip : F i r s tly , it is pos s i ble 

that when so i l  p H  i s  increased , plants can use so i l  P more 

e f f i c i ently and therefore they requ i re lower s o i l  P leve l s  

to ma i ntain  the s ame level o f  production ( Edmeades and 

Crouch ley , 1 9 8 1 ) . T h i s  is genera l l y  referred to as 

a phosphate-spa r i ng e f f ect of t ime ( Dur ing et al . ,  1 9 6 0 ) .  

T he s econd pos s i b i l i ty i s  that the Olsen extraction 

procedure i s  i t s e l f  pH-dependent and does not correctly 

indicate the amount of ava i lable so i l  P in high pH s o i l s . 

Ev idence i s  accumulat i ng to suggest that on some s o i ls , 

the O l s en test g i ves lower values a s  the pH i s  increased and 
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that th i s  dec l ine i n  the Olsen test va lues i s  not supported 

by herbage data or by a l ternat ive s o i l tests ( Al l brook and 

S t i e f e l , 1 9 7 7 ; Lambert and Grant , 1 9 8 0 ; Dav i s , 1 9 8 1 ; 

T homson , 1 9 8 1 ; Ho l f ord , 1 9 8 3 ) . I n  other words , th i s  an oma ly 

may be a result o f  an ar t i f act in the Olsen pr ocedur e .  T h i s  

h a s  obv i ous imp l i cat i on s  t o  the interpr etat i on o f  the 

O l s en P va lues of l i med s o i l s  when u s ed for mak i ng 

f e rt i l i z er P recommendat ion . 

I n  t h i s  s tudy , the suggested dependence of the O l s en 

test on so i l  pH wa s i nves t i gated by compari son wi th other 

est imates of ava i lable soi l P ,  i n c lud i ng water -extractable 

P .  Attempts were made i n  labor atory exper iments to s tudy 

t he or i g i n  of the e f f ect of l ime add i t i on on Olsen P va l ues . 

Also g l a s s hous e  and f i e ld exper iments were carr i ed out to 

eva luate the l i kely s ig n i f i cance of the results obta i ned . 

5 . 2 Mater i a ls and Methods 

5 . 2 . 1 Soi ls 

Two soi ls w i t h  contra s t i ng P retent ion proper t i e s  were 

u s ed : a n  Egmont b lack loam wi th a h i g h  P retention capac i ty 

and a Tokomaru s i lt loam with a low P retent i on capac ity . 

T he s o i l s  were sampled to a depth of 7 . 5  cm from low 

f e r t i l i ty s i tes under pastur e ,  a i r -dr i ed , and s i eved 

( < 2 mm ) . They wer e  f i r s t  incubated w i th three rates of P 

( as solut ions of K H2 P04 , Table 5 . 1 )  for eight weeks . After 

be i ng a i r-dr i ed and s i eved ( < 2 mm ) , the soi l s  were 

re- i n cubated with four rates of l ime ( as Ca ( OH ) 2 , Table 5 . 1 )  

for a f urther e i g h t  weeks . The i n cubat ing soi ls we re 

ma i nt a i n ed at a mo i s ture content cor r espond i ng to 8 0 % f i e ld 

capa c i t y  and a t  a temperature of 20 + 5 ° C . The mo i s ture 

content at f ie ld capa c i ty wa s determ i n ed at -50 cm pr e s s ure 

poten t i a l . At the end of the i ncubat i on per i od , the so i l s  

were a i r -dr i ed and s i eved ( < 2 mm ) . So i l  pH wa s mea sured i n  

d i s t i l led water a s  descr i bed in Sect i on 3 . 2 . 2 .  
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Tab l e  5 . 1 Rates of P ( KH 2 P0 4 ) and l i me ( Ca ( OH ) 2 added 
in the i n cubat ion s t udy 

Treatment 

P ho spha te add i t i on ( � g P  g - 1  so i l )  

Z ero 

Med i um 

H i g h  

L i m e  add i t i on ( kg ha - 1 ) # 

Lo 

Egmon t 

0 

2 0 0  

4 0 0  

0 

2 0 0 0  

4 0 0 0  

60 0 0  

S o i l 

Tokomaru 

0 

7 5  

1 5 0  

0 

5 0 0  

1 0 0 0  

2 0 0 0  

# Rates o f  add i t i on o f  Ca ( OH ) 2 we re ca lculated on t h e  bas i s  
o f  Ca eq u i va l e nt t o  k g  CaC0 3 ha - 1 , assuming a s o i l depth 
of 7 . 5  cm and a b u l k  den s i t y of 8 1 0  and 1 2 5 0  kg m- 3 for 
t h e  Egmont and Tokoma ru s o i l s , respec t i vely . 
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5 . 2 . 2  Soi l P ana lys i s  

Water- and O l s en-extractable P i n  soi l s  wer e  determi n ed 

by the methods de scr i bed i n  Sect i on s  3 . 2 . 4 . 1  and 3 . 2 . 4 . 2 .  

I sotop i ca l ly-exchangeable P was determi ned by pre

equ i l i br a t i ng 2 g of a i r -dried s o i l  wi th 39  ml of d i s t i l led 

water for 5 h bef ore add i ng 1 ml of car r i er - f r ee H3 3 2 po4 
( prov id i ng 1 and 3 �C i  3 2 p per samp le of the Tokomaru and 

Egmont so i l s , respect i vely ) and s h a k i ng for 1 h .  After 

centr i f ug i ng , the s o i l  s u spen s i on was f i ltered throug h 

a membrane f i lter ( Mi l l i pore , < 4 5 0  nm ) ,  and the ex tract 

ana lys ed for 3 l p and 3 2 p ,  as des c r i bed in Sect ion 3 . 2 . 4 . 5 .  

5 . 2 . 3  Gla s s hous e  s tudy 

The plant ava i lab i l i ty of P i n  each of the 2 4  s o i l s  

( three rates o f  P x four rates o f  l ime x two s o i l s ) w h i c h  

had been incubated with  P and l i me was determi ned i n  a pot 

exper iment us i n g  the method of Stanford and DeMent ( 1 9 5 7 ) .  

Thi s  techn ique i s  des i gned to be h i g hl y  exp l o i t ive for the 

nut r i ent under s tudy . A 2 5 0 -ml p l a s t i c  contai ner with the 

bottom removed was placed i n  a second intact conta i ner and 

f i l led with 3 0 0  g of wa s h ed r iver sand . Per en n i a l  ryeg r a s s  

( Lo l i um perenne L . , Grass lands " Nu i " >  was used as the test  

plant and 3 0  s eeds were sown , later thi nned to 15  p l an t s  per 

pot . A complete nutr i en t  solut ion ( Middleton and Toxopeus , 

1 9 7 3 ) was appl i ed regular ly and mo i s ture was ma i nta i n ed at 

f i e ld capa c i ty by da i ly water i ng . Af ter eight week s , the 

roots of ryeg r a s s  had grown th roughout the sand med i um and 

formed a dense mat at the bottom of the pot . The plants  

were cut to a level of 2 cm above the soi l surface . The 

i nner pot ( wi t h  roots ) was then t r a n s f erred onto another 

intact pot con t a i n i ng 20 g of incubated soi l wh ich had 

previ ously been mo i s tened to f i eld capac ity . As a control 

treatment , the inner contai ner was transferred onto 2 0  g o f  

washed r i ver s a nd . I n  the three weeks pr ior to the 

tran s fer , a nutr i ent solut ion free of P ( Middleton and 

Toxopeus , 1 9 7 3 ) was app l i ed to the pots , rep l a c i ng the 

complete nutr i en t  solut ion , and t h i s  was con t i nued unt i l  the 

comp l e t ion of the exper iment . The pots were watered da i ly 

to f i e ld capac i ty .  
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Two harvests were taken at 5 and 1 0  weeks af ter the 

plants were placed in contact with the so i l s . After the 

f i n a l  harvest , the soi l was s eparated from the sand , and the 

roots s eparated f r om the so i l .  Roots in the sand were 

wa s hed and comb i ned w i t h  those s eparated from the so i l . The 

a bove-ground herbage and the root mater i al were then 

analysed for P a s  des c r i bed i n  Sect i on 3 . 2 . 3 .  

5 . 2 . 4  Explan a t i on of the ef f ect of soi l pH 

on Ols en-extractable P 

5 . 2 . 4 . 1  Ana lys i s  o f  Olsen extracts 

The pH of the Olsen extr act after shak ing wi t h  

t h e  s o i l wa s mea s u r ed u s ing a p H  meter and comb i n a t i on 

el ectrode , and the ea concen tration determined us i ng atomi c 

absorpt i o n  spectrophotometry . 

5 . 2 . 4 . 2  Add i t ion of ea 

To determi ne whether the decrea s e  i n  Olsen

extractable P va lues was related to the increased leve l of 

ea in l imed so i l s , the concentration o f  ea in un l imed s o i l s  

was ra i s ed art i f i c i a lly by t he add i t i o n  of s o l i d  eael 2 
immed iately prior t o  the Olsen extr act ion . So l id eael 2 
( supplying 3 , 2 40 �gea g -1 Egmont so i l  and 1 , 0 8 0 � gea g- 1  

Tokomaru so i l ) w a s  thoroughly mi xed w i t h  the s o i l s  that had 

previously been i n c ubated w i t h  the med i um rate of P ( Ta b le 

5 . 1 ) .  The amoun t s  of ea added we re equ i valent to the 

h i ghest rate of l ime ( L3 > in the in cubat ion s tudy . The 

s o i ls wer e  then extracted with  the Olsen reagent and the 

extracts ana lys ed for P ,  a s  des c r i bed in Sec t i on 3 . 2 . 4 . 2 .  

The pos s i b i l i ty that eaeo3 could be prec ipit ated i n  the 

Olsen ext r acts of l imed s o i l s  and P be sor bed subsequen t ly 

by the precipitate wa s explored as fol lows . The Olsen 

extractant ( 3 8 ml ) was f i r s t  s haken for 15 mi n wi th 1 ml of 

ea solut ion ( as eae l 2 > ·  The concentrations of ea in the 

solution were calcu lated to cover the range of ea leve l s  

found i n  the Olsen extracts o f  l imed s o i l s . Then 1 ml o f  

a so lut i on o f  KH2 P04 < conta i n i ng 3 0  �g P  ml -1 ) was added and 

the suspen s i on s haken for a further 1 5  min . The extr act was 

centr i fuged , f i ltered through a membrane f i lter ( Mi l l ipor e , 

1 3 2  



< 4 5 0  nm ) ,  and ana lys ed for Ca and P as des c r i bed in Sect i ons 

5 . 2 . 4 . 1 and 3 . 2 . 4 . 8 ,  respect i vely . 

5 . 2 . 5  F i eld study 

To i nves t igate the ef fect of lime addit ion on Ol sen

extractable P under f i e ld cond i t ions , an  exper iment wa s 

estab l i s hed on the s i te from wh i c h  the Tokomaru so i l  wa s 

col lected ( so i l pH = 5 . 5 ,  Olsen-extractable P = 11 �g g- 1  

s o i l ) .  The s i te wa s under a permanent ryeg ra s s -clover 

pastur e . Ther e  were four treatments : 

1 .  Control 

2 .  Lime 1 :  2 , 5 0 0  kg CaC03 ha-1 

3 .  Lime 2 :  5 , 0 0 0  kg CaC03 ha-1 

4 .  Gypsum : CaS 04 prov i d i ng ea equ iva lent to 

treatment 2 ( Lime 1 )  

T he s e  were sur f ace-app l i ed to plots ( 1 0 x 1 0  m ) , in 

a comp letely r a ndomi s ed block layout with f i ve rep l i cates . 

A bas a l  dres s ing of superphospha te ( 4 0 kgP ha- 1 ) was app l i ed 

to a l l  plots a t  the s ame t ime a s  the l ime i n  March , 1 9 8 2 . 

Soi l s amp l i ng was car r i ed out at monthly interva l s  following 

l ime app l i cat i on . At each so i l  samp l i ng , 15 s o i l cor es 

( 0 - 7 . 5  cm dep t h  and 2 . 5 cm d i ameter ) were taken f r om eac h  

p lot , and bu lked . T h e  s o i l was then a i r -dr i ed a n d  s i eved 

( < 2  mm ) . Subsamples of so i ls wer e  taken for the determ i n 

a t i on of water- and Olsen-extractable P ( Sections 3 . 2 . 4 . 1  

and 3 . 2 . 4 . 2 )  and soi l p H  ( S ect i on 3 . 2 . 2 ) . The tr i a l  wa s 

rotat i ona lly g ra z ed by sheep , as requ i r ed ,  to con trol 

pasture growt h . I n  Septembe r ,  1 9 8 2 , and February and Apr i l , 

1 9 8 3 , yield cuts wer e  taken pr i or to gra z ing . The herbage 

f r om mown str ips was we i g hed and subsampled for P analys i s  

( S ect i on 3 . 2 . 3 )  and y i e ld determ i n a t i on . 
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5 . 3  Res u lts and D i s c u s s i on 

5 . 3 . 1  Extractab le so i l  P 

Add i t i on of the h i ghest rate of Ca ( OH ) 2 inc reased s o i l  

p H  f r om 5 . 3  t o  6 . 5  i n  t h e  Egmont so i l  and f r om 5 . 0  t o  6 . 2  i n  

t h e  Tokomaru s o i l  ( Table 5 . 2 ) . T h e  e f f ects of Ca ( OH ) 2 
add i t i on on extractab le so i l  P were var iable ( Tab le 5 . 3 ) . 

I nc r eas i ng so i l  pH caused a s i gn i f i cant reduct ion ( P < O . O l )  

i n  Olsen-extractable P i n  both s o i l s  at a l l  leve l s  of P 

add i t ion . The decrease wa s s imi lar in both so i l s . 

I n  contra s t , there was a s i gn i f i cant i n crease ( P < O . O l )  

w i t h  l ime add i t ion i n  the amounts of i s otop i ca l ly

exchangeab le s o i l  P .  There was only a sma l l  increa s e  in the 

amounts of wat er-extractab le P as a result of l i m i ng . The 

i n cr ease was s ign i f i cant ( P< 0 . 0 5 ) on ly wi th the Egmon t so i l . 

Th i s  di sagreement between the e f f ect of lime on the Olsen 

test  and that on a lterna t i ve so i l  tests supports t he wor k  of 

Lambert and Grant ( 1 9 8 0 ) ,  Dav i s  ( 1 9 81 ) ,  and Thoms on ( 1 9 8 1 ) .  

I n  the i r  s t ud i e s , liming resu lted i n  a decl i n e  i n  O l s en 

ext ractabl e  P but a n  i ncrease i n  the Truog P test . I n  

a long term f i eld exper imen t ,  Al l brook and S t i e f e l  ( 1 9 7 7 ) 

recorded higher Truog P va lues i n  a limed s o i l than i n  the 

un l imed soi l but when the Truog test was rep laced by the 

O l s en test the reverse was obta i n ed . A sma l l  e f f ect of l ime 

add i t i on on water -extractable P was a l so repor ted by Man s e l l  

( 1 9 8 1 ) ,  who f ound that when a yel low-brown earth and 

a yel low-brown loam wer e  l imed , Ols en-extractable P 

decreased wh i le there was no change in water -extractable P .  

Edmeades and Crouchley ( 1 9 8 1 ) ,  however , did not obs erve any 

d i s agreemen t  between s o i l P tes t s  on a ye l low-grey earth as 

a r e s u lt of l i mi ng . They reported decreas es in Olsen - ,  

wat e r - , and cac1 2 -extractable P .  I n  a recent study , Wheeler 

and Edmeades ( 1 9 8 4 ) r epor ted that l ime addit i on decreas ed 

O l s en P va lues by 5 0 %  on a yel low-brown loam . I t  appea r s  

that the e f f e c t  o f  l i me add i t ion o n  extractab le so i l  P may 

var y  from s o i l to soi l .  
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Table 5 . 2  pH va lues o f  s o i l s  i n cu bated w i t h P and l i me 

Rate o f  p Rate of l i me add i t i on 
S o i l add i t i on 

Lo Ll L2 L3 

Egmont Z e ro 5 . 3 5 . 7  6 . 2  6 . 5  

Med i um 5 . 3 5 . 7  6 . 1 6 . 5  

High 5 . 3 5 . 8  6 . 2  6 . 5  

Tokoma ru Z ero 5 . 0  5 . 2  5 . 4  6 . 2  

Med i um 5 . 0 5 . 1  5 . 4  6 . 2  

H i gh 5 . 0  5 . 2  5 . 4  6 . 2  



Table 5 . 3  Amounts o f  O l s e n - and water-e xtractable P ,  exchangeable P ,  and plant - avai lab l e  P 
i n  the _!gmont and Tokomaru so i l s  a f ter i ncubat i on with P and l ime ( expre s sed as 
�g P g soi l )  

Ol sen-extractable P 
Z e ro P 
Med ium P 
H igh P 

Wate r -extractab le P 
Z er o  P 
Medium P 
H i gh P 

Exchangeab l e  P 
Zero P 
Med ium P 
H i gh P 

Plant-avai lable P
# 

Z ero P 
Medium P 
High P 

Egmont 

Rate of l ime add i tion 

L a L l L2 

l a . 8  9 . 3  8 . 4  
2 4 . a  2 3 . 8  2 1 . 9  
3 2 . 8  2 9 . 2  2 6 . 1  
LSD ( P< a . a 5 )  = 1 . 2  
LSD ( P< a .  a l )  = 1 .  6 

a . 4  a . 4  a . 4  
1 . 7  1 . 9  1 . 9  
3 . 5  3 . 6  3 . 5  

LSD ( P < a . a 5 )  = a . 4  
LSD ( P < a . a l )  = a . 6  

2 6 . 1  2 4 . 9  2 8 . 8  
3 3 . 2  3 4 . 2  3 7 . 3  
4 8 . 6  4 9 . 3  5 3 . 4  
LSD ( P < a . a 5 )  = 5 . 5  
LSD ( P < O . a l )  = 7 . 4 

4 1 . 6  4 7 . 2  2 9 . 7  
7 3 . 8  7 6 . 1  6 8 . 1  

l a 5 . 5  9 6 . 9  7 4 . 9  
LSD ( P< 0 . 0 5 )  = 2 7 . 2  
LSD ( P< a . a l )  = 3 6 . 5  

8 . 3  
1 8 . 2  
2 5 . 6  

a . 4  
2 . 6  
3 . 6  

3 3 . 8  
4 a . 3  
5 4 . 3  

3 3 . 3  
7 2 . 1  
8 3 . 6  

# Indic ated by P uptake o f  ryegr a s s  i n  1 0  weeks . 

L 3 

Tokomaru 

Rate o f  l ime addi tion 

La Ll L2 

l a . 2  l a . a  8 . 7  
2 3 . 9  2 2 . 9  2 a . 5  
3 9 . 5  3 8 . a  3 5 . 1  
LSD ( P < a . a 5 )  = 0 . 8  
LSD ( P < a . a l )  = 1 . 1  

2 . 8  2 . 8  2 . 8  
8 . 2  7 . 8  8 . 1  

1 5 . 8  1 5 . 7  1 5 . 6  
LS D ( P < a . 0 5 )  = l . a  
LSD ( P < a . a l )  = 1 . 3  

6 . 4  6 . 9 6 . 9  
1 5 . 7  1 5 . 3  1 7 . 0  
2 2 . 4  2 4 . 9  2 3 . 4  
LS D ( P < a . a 5 )  = a . 7  
LSD ( P < 0 . 0 1 )  = 0 . 9 

1 5 . 8  1 8 . 0  1 6 . 1  
4 9 . 5  4 3 . 2  3 9 . 8  
7 a . 5  8 2 . 6  8 6 . 2  
LSD ( P < 0 . 0 5 )  = 1 8 . 7  
LSD ( p < a . a l )  = 2 5 . 1  

L3 

8 . a  
1 8 . 6  
3 2 . 8  

2 . 8  
7 . 9  

1 5 . 8  

9 . 3  
1 9 . 1  
2 6 . 5  

2 1 . 9  
3 9 . 9  
8 3 . 8  

....... 
w 
0'1 



5 . 3 . 2  Plant -ava i lable P 

A s ign i f i ca n t  ( P < O . O l )  response to added P was obta i n ed 

w i t h  both soi ls dur i ng the 1 0 -week g r owth per i od , as 

a s s es sed by both dry matter yield and P uptake by ryeg r a s s  

( Table 5 . 3 ) .  Add i t i on o f  l ime , however , had n o  s i gn i f i cant 

e f f ect on ei ther y i e ld or P uptake by ryegra s s . Certa i n ly 

t here was no con s i s tent dep res s i ng e f f ect of l ime , wh i c h  

might have been imp l i ed by the dec l i ne i n  Olsen-extractable 

P va l ue s . This f i nding i s  in accord with  the result 

reported by Dav i s  ( 1 9 8 1 ) for a ye l low- brown earth subsoi l ,  

wh i ch s howed that the dec l i ne in Ols en test fol lowing l iming 

was  not accompan i ed by a reduct ion in  P uptake of wh i t e  

c l over o r  lucerne . 

The f i nd i n g s  f r om th i s  glas s hou s e  study and the var ious 

extract ions of s o i l P indi cate that lime has an i n f luence on 

the amounts of s o i l P extracted by the Olsen reagent wh i ch 

i s  not con s i s tent with  i t s  effect on plant ava i labi l i ty or 

the amounts of water-extractable and exc hangeab le P .  T h i s  

sugge s t s  that the decrea s e  i n  Ol s en - extractable P ,  w i t h  

i ncrea s i ng soi l p H , may b e  a n  ar t i fact in t h e  Olsen 

procedure wh ich r e s u lts i n  the remova l  of P from solut i o n  in 

the Olsen extrac t i on rather than there being a sma l ler pool 

of ava i lable P in the s o i l  itsel f . 

5 . 3 . 3  Explanat i on of the effect of so i l  pH 

on O l s en -ext ractable P 

5 . 3 . 3 . 1 Ana lys i s  o f  Ol s en ex tracts 

The pH of the Olsen extracts of so i l s  that had 

been l i med at d i f ferent rates wa s es sentially cons tant at 

8 . 6  ( Fi g . 5 . 1 ) , despite the ma rked d i f ferences in the 

or i g i n a l  soi l pH ( Table 5 . 2 ) . Thus it i s  un l i kely that 

changes in f i na l  pH of the extract i n g  solut i on are a 

domi nant factor i n  the dec l i ne of Ol sen-extractable P va lues 

of l imed soi ls . 

I n  contra s t  to pH , marked chang e s  were obtai ned i n  the 

concen trations of Ca rema i n ing in the Olsen extracts of 

l imed s o i l s  ( Fi g . 5 . 1 ) . As the rates of l ime add i t ion wer e  

i ncr eas ed ,  the ea concentr ations i n creased u p  t o  a cer t a i n  
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level and then decreased . The sudden decr ease in the ea 

concentrat ions at h i g h  rates of l ime add it ion suggests that 

prec i p i t a t i on o f  ea has occurred . The decrease i s  a l so 

cons i s tent with the reduction in P concentra t ion in Olsen 

extracts . 

5 . 3 . 3 . 2  Add i t i on of ea 

The add i t ion of ea ( as s o l id eae l 2 > to the un

l imed soi l s  immed i at e ly pr i or to the Olsen extraction 

resulted in a decrease in Olsen-extractable P i n  both so i l s 

( F ig . 5 . 2 ) . The decrease wa s mor e  pronounced in the Egmont 

s o i l  than i n  the Tokomaru s oi l .  T hi s  f i nd ing supports the 

s uggest ion that the presence of h ig h  ea concentration s  in 

s o i l  may be respon s i b le for the r emova l of P from Olsen 

extracts . 

The mechan i sms i nvolved in P remova l from solut i on 

could incl ude e i ther the sorption of P by pr ec ipi tated eaeo3 
or the eo-prec i p i t a t i on o f  ea wi t h  P .  In an i n vest igat i on 

o f  the f i r s t  pos s i b i l i ty ,  i t  was found that a l t hough eaeo3 
precipi tated immed i ately f o l low i ng the addit ion of eael 2 to 

an Olsen extract , n o  detectable amoun t  of added P was 

removed f r om solut ion if the add i t ion of P took place af ter 

the eaeo3 prec ipi tate wa s f ormed . Th i s  sugg e s t s  that it  is 

un l i kely t ha t  P i s  sorbed by eaeo3 precipitates under the 

cond i t ions of the O l sen extrac t i on . 

The s econd , and mor e l i ke ly pos s i b i li ty , i s  that the 

decrease in Olsen -extractable P values in  limed s o i l s  occur s 

because of the forma t ion of a pr ecipi tate conta i n i ng ea and 

P under the cond i t ions  of high ea concentra t i on and h i g h  pH . 

Once the solub i l ity product of th i s  prec ipitate has been 

r eached , any f urther increase in ea con centration wi l l  

decrea s e  the concentration o f  P r ema i n ing in solut i on . 

5 . 3 . 4  F i e ld s t udy 

The add i t ion of two rates of lime increa s ed soi l pH at 

the Tokomaru s i te f r om 5 . 5  to 6 . 1 and 6 . 6 ,  respectively 

( F i g . 5 . 3 ) . The increases wer e  obta ined wi t h i n  one mont h  o f  

t h e  l ime appl i cat ion , a n d  were s t i l l  ma intai ned after 
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2 1  months .  However , there were no s i g n i f icant d i f ferences 

in Olsen-extractable P va lues between the control and the 

l i med plots dur ing the f i r s t  f i ve months after the appl i ca

t i on of l ime { Fi g . 5 . 4 > .  After f i ve months , Olsen-extract

ab l e  P va lues of the l imed p lots star ted to decrease 

compa red to those of the control plots . The decrease was 

s l i ghtly greater at the h i g her rate of lime add i t i on . T he 

5 -month delay i n  obta i n ing the observed decreas e in Olsen

extractab le P may be attr i buted to the slow rate of d i s 

solut ion of sur f ace-app l i ed CaC03 . In the mea s ur emen t  of 

s o i l pH , the soi l sample was equ i l i brated w i t h  water for 

2 4  h ,  and t h i s  cond i t ion may enhance the d i s s o lut i on of 

CaC03 thereby increa s i ng the soi l pH immed i ately af ter the 

add i t ion of l ime . I n  cont ras t ,  the alka l i n e  cond i t ion and 

the s hort ext ract ion t ime of the Ols en procedure { s ee 

Sect i on 3 . 2 . 4 . 2 )  are unl i kely to alter the d i s solu t i on rate 

of CaC03 . 

T he magn i tude of the decrea s e  i n  Olsen-extractable P 

va lues for the limed plots var i ed throughout the year . 

Greater reduct ions wer e  observed dur ing late spr i ng and 

ear ly summer , wh i le sma l ler decreases occur r ed over the 

autumn and wi nter per i od . The leve l s  of Olsen -extractable P 

on a l l  plots were generally lower dur i ng the late autumn and 

w i n ter per iod than dur i ng the spr ing and summer months . 

T h i s  seasona l pattern i s  con s i s tent with that observed in 

another f i e l d  study on the s ame soi l descr i bed i n  Chapter 4 .  

Af ter 2 1  months fol low i ng l ime appl i c a t ion , the 

depres s i ng e f f ect of l ime on Ols en-extractable P s t i l l  

per s i sted . A t  the f i na l  soi l s ampl i ng in December ,  1 9 8 3 , 

the Olsen-extractable P value at the highest rate of lime 

add i t ion was 1 1 . 4  compared to 1 7 . 4  �g g-1 s o i l on the 

control plots . T h i s  d i f f erence of 6 . 0 wg  g- 1  s o i l 

represents a s i gn i f i cant reduct ion { P < O . O l )  of 30 % i n  the 

O l s en -extractable P value a s  a result of l im i n g . 

It  i s  i n teres t i ng to note that the add i t ion o f  gypsum 

d i d  not resu l t  i n  any s ig n i f i ca n t  reduct ion i n  Olsen 

extractable P { Fi g . 5 . 4 ) .  Although gypsum was app l i ed a t  
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the rate wh i c h  prov ided the same amount of ea as the lowest 

rate of l ime , it  did not have the same effect on s o i l  pH as 

did the l ime addi t i on . So i l  pH values for the plots that 

had rece ived gypsum were i n i t i a l ly s l i ghtly lower than those 

f or the control p lots but after s i x  months there wa s no 

d i f ference between the two tr eatmen t s  ( Fig . 5 . 3 ) .  I t  is 

un l i ke ly that the d i f ference in so i l  pH wou ld account for 

the abs ence of the depress i ng ef fect on Olsen-extractab le P 

becaus e  i t  wa s found ear l i er ( Section 5 . 3 . 3 . 1 )  that the 

i n i t i a l  so i l  pH had no e f f ect on the f i nal pH o f  the Olsen 

extrac t . 

T he e f f ect of the add i t i on of l ime on water-extractable 

P was markedly d i f ferent f r om the e f fect on O l s en 

extractable P .  I n  contras t to the O l sen tes t , the amounts 

o f  water-extractable P on  the p lots that had r ece ived 

5 , 0 0 0  kg l ime ha- 1  were s l ightly h i g her than those of the 

control plots ( F i g . 5 . 5 ) ,  althoug h  the overa l l  in creases 

were not stat i s t i ca l ly s i g n i f i cant . This i s  cons i stent wi th 

the s tudy o f  Ba i l ey et a l . ( 1 9 7 6 ) ,  who also reported 

i ncrea s e s  i n  water-solub l e  P i n  the Dannevirke , Kiwi tea , and 

Marton s i lt loams fol lowing the add i t ion of l i me . The 

i ncrea s e  i n  water -extrac table P in  the limed s o i l s  is  l i kely 

to be a result of the i n c r eas ed mineral i sat i on of soi l 

organ i c  P .  Herbage data f rom the three cuts ( Fi g . 5 . 6 )  

revea l ed that nei ther the yield nor P content of pas ture 

s howed any adve r s e  effect of l ime add it ion . T h i s  f i eld 

t r i a l  result con f irms the s imi lar f i nd i ng obt a i ned from the 

g la s s hou se exper iment ( S ect ion 5 . 3 . 2 ) . 

5 . 4 Conclus ions 

Liming a so i l  to incr ease its  pH can result in 

a s i gn i f icant decrease i n  Olsen-extractable P wh i c h  i s  not 

s upport ed by alternative s o i l  tes t s  or plant data . The 

dec l i n e  i s  t hought to be the result of an a r t i fact in the 

O l s en procedure by wh ich calc i um phosphates may be 

prec i p i tated under the cond i t ions o f  high Ca concentra t i on 

and h i g h  pH . The high concentration of Ca i n  l imed s o i l s  

appear s  t o  b e  t h e  dominant factor . 
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The fact that l i m i ng caused a decreas e in Olsen

extractable P under f i e ld cond i t ions , wi thout any adver s e  

e f f ect o n  pasture produ c t i on , strongly suggests that care 

s hou ld be taken i n  i nterpret ing Olsen test va lues of l imed 

so i ls when mak i ng recommendations for the use of fert i l i z er 

P .  I n  t h i s  regard , the water-extract ion pr ocedure has an 

advantage over the Olsen test as a soi l P test because 

water- extractab le P va l ues are much less i n f luenced by so i l  

p H . 

I n  th i s  s tudy , the ef fect of s o i l pH on Olsen

extractable P was i nves t igated us i ng two so i l s . A more 

exten s i ve s tudy i s  need ed to a s s e s s  the extent of such 

an e f f ect on a wider range of so i l s .  
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CHAPTER 6 

MODELLING CHANGES IN WATER-EXTRACTABLE P IN SOILS 

FOLLOWING FERT I LI Z E R  P ADDITION 

6 . 1 Introduct i on 

The resu lts from f i eld stud i e s , d i s cu s s ed i n  Chapter 4 ,  

showed that water-extractable P leve l s  in so i l s  wer e  

s i gn i f i cantly i n f l uenced by fert i l i zer P app l i ca t i on . I t  

appeared that t h e  water- extract i o n  procedure was more 

sens i t i ve to fert i l i z er P app l i ca t i on than was the Olsen 

procedure . Cons equently , the water-extraction proced ure may 

be a more us e f u l  soi l test for the new fert i l i z er 

recommendat i o n  scheme recently i n troduced in New Z e a l and . 

The s cheme i s  based on a model ( Cornforth and S in c la i r , 

1 9 8 2 ) wh ich i s  used to ca lcu late the ma intenance P 

requ i r ement s  o f  g r a z ed pasture . I n  a ma intenance s i t uat ion , 

the amounts o f  fert i l i z er P app l i ed are intended to replace 

P los ses , thereby ma i nt a i n i ng the ex i s t i ng level of 

ava i lab le s o i l P .  If an exces s ive amount of f e r t i l i z er P is 

app l i ed ,  an approp r i ate soi l P test shou ld be suf f i c i e n t ly 

sen s i t i ve to r e f lect t h i s s i tu at i on . Th i s  requ i r es 

a knowledge of the relat ion s h i p  between changes i n  the soi l 

P tes t  and the amount s  of fert i l i z e r  P added . 

Sever a l  model s  have been developed by d i f f erent 

researchers in attempts to descr i be or pred i ct such 

a r e l a t i o n s h i p  ( e . g . , Man s e l l  et a l . ,  1 9 7 7 ; Rus s e l l ,  1 9 7 7 ; 

Bar r ow and Car ter , 1 9 7 8 ; Cox et a l . ,  1 9 8 1 ) .  One of the 

d i f f i cu lt i e s  encountered in the deve lopment and evaluation 

of these mode l s  concerns the d i v i s i on of the sorbed P into 

conceptual compartments hav i ng varying degrees of 

ava i l ab i l i ty .  Idea l ly , th i s  d i v i s ion shou ld be bas ed upon 

concepts of phys ical  chemistry ( Ma n s e l l  and Se l im ,  1 9 81 ) .  

Because such a n  approach was u s ed by Ryden et a l . ( 1 9 7 7a ) , 

the i r  model o f  P sorp t i on wi l l  be d i scus sed he re . Ryden et 
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a l . ( 1 9 7 7a )  sugges ted that the P sorpt ion data for 

contras t i ng soi ls and hydrous fer r i c  oxide gel over a wide 

range of P concentrations could be descr ibed by three 

d i s t i nc t , Langmu i r - type sorp t i on i s otherms . Suppor t i ng data 

for the charge and pH relat i o n s h i p s  of sorpt ion , and the 

ef fects of pH , other ions , and ion i c  s trength on sorpt ion 

( e . g . , Ryden and Syers , 1 9 7 5 , 1 9 7 7a , b ;  Ryden et al . ,  1 9 7 7 a ,  

b ) , wer e  used to develop two chem i s orption mechan i sms at 

equ i l i br i um so lut i on P concentrat ions of less than 

2 0 0  �g 1 - 1 . Above th i s  con centrat ion , a third mecha n i sm 

became operat i ona l ;  th i s  wa s des c r i bed as ' more-phys ical 

sorpt i on ' .  Subsequent ly , Ryden et al . ( 1 9 7 7a ) proposed that 

P cou ld be sorbed at three d i s t i nct populat ions or reg i ons 

of s i tes , each con f ormi ng to a par t i cular Langmu i r  equa t i on . 

The Langmu i r  approach u s ed by Ryden et al . ( 1 9 7 7 a ) to 

descr ibe P sorpt ion assumes that solut ion P tends towards 

an equ i l i b r i um with the potent i a l  for P to be sorbed in  

three r eg i on s . In  each reg ion the rate of the f orward 

react ion ( P  sorp t i on at vacant s i te s ) i s  cont rol led by 

so lut ion P concentrat ion , a rate factor ( KF ), and the number 

of vacant s i tes . T h i s  may be wr i tten as : 

KF x Soln [ P )  x vacant s i tes 

Solut i on P Sorbed P ( 6 . 1 )  

S im i l ar ly ,  the rate of the r ever s e  react ion ( P  desorpt ion 

f r om occup i ed s i tes ) may be wr i tten as 

KR x occup i ed s i tes 

Sorbed P Solu t ion P ( 6 . 2 )  

where KR = a rever s e  rate factor or con s tan t . 

At equ i l i br i um the forward react i on ( eq .  6 . 1 )  i s  

balan ced b y  t h e  reverse react i on ( eq .  6 . 2 )  and th i s  

relat i o n s h i p  can be rearranged to the l i near form 

1/x = 1/Kbc + 1/b ( 6 • 3 ) 
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where x = amount of P sorbed , c = equ i libr i um concen t r a t i on 

o f  solut ion P ,  b = s orpt ion max imum , and K = con s tant 

r e lated to the sorpt ion energy . Est imates of K and b can be 

d e r i ved f r om th i s  equat ion ( eq .  6 . 3 ) . Ryden et al . ( 1 9 7 7 a ) 

f ound that mos t  soi l s  appear to have s imi lar sorpt ion 

ener g i es ( K )  for P but widely di f f e r ing sorption max ima , or 

the amount of P requ i r ed to completely saturate the sorbing 

s u r face ( b ) . 

There have been several c r i t i c i sms of the va l id i t y  of 

u s i ng the Langmu i r  equat ion to descr ibe P sorpt i on ( s ee 

S ect ion 2 . 2 . 1 . 3 } . I t  has been argued that the est imates of 

K and b ,  as calcu lated from the Langmu i r  is otherm , have no 

s i gn i f icant mean i ng . However ,  des p i te these cr i t i c i sms , the 

Langmuir equat i on has proved u s e f u l  in descr i bing sever a l  

a s pects of P sorption b y  so i l s . T h e  Langmu i r -type model o f  

P sorpt i on h a s  some advantages over other models ( e . g . , 

B owden et a l . ,  1 9 7 7 ; Barrow , 1 9 8 3a ) i n  that i t  requ i r e s  

r e lat ive ly l i tt le i nput o f  par ameters and i t  can b e  app l i ed 

t o  P sorpt i on over a wide range of P concentrat i ons . 

Ryden et al . ( 1 9 7 7a ) found a c l o s e  relat ion s h i p  between 

e s t imates of more -phys i ca l ly s orbed P ,  as obta i ned from the 

Langmui r  i sot herms , and the amoun t s  of P removed by the 

water -extract i on procedur e .  U s ing the approach of Ryden et 

a l . ( 1 9 7 7 a ) , Rennes ( 1 9 7 8 ) later developed a computer model 

to pred i ct the amoun t  of water-extr actable P in s o i l s  after 

f e r t i l i zer P add i t ion . He obta i ned a very close agr eement 

between the va lues predi cted by the model and tho s e  mea sured 

i n  three i ncubated s o i ls wh i ch d i f f ered widely i n  the i r  

P sorpt ion capac i ty .  

The ob ject ive o f  t h i s  s tudy was to furt her eva luate and 

val idate the model of Rennes ( 1 9 7 8 } by laboratory i n cubat ion 

s tudies on a wider range of s o i ls . The inten t i on was to 

develop a work i ng mode l  whi ch p r ed i cts the relat i o n s h i p  

between water -extractable P a n d  f er t i l i z er P add i t i on f o r  a 

wide range o f  soi ls . 
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6 . 2  Mate r i a l s  and Methods 

6 . 2 . 1 Development and structu r e  of the P sorption 

model of Ren n e s  ( 1 9 7 8 ) 

The model of Rennes  ( 1 9 7 8 ) i s  based on the concept of P 

sorp t i o n  pr oposed by Ryden et a l . ( 1 9 7 7a ) ( S ection 2 . 2 . 1 . 3 ) ,  

wh i ch descr ibes s orpt ion of P at three d i s t i nct populat i on s  

o r  reg ions o f  s i tes . T h e  operat i on o f  the mode l  a l lowed for 

concur r en t  P sor p t i on f r om solut i on i n  all three reg i on s . 

The propos ed react ion mecha n i sms i n vo lved in  P sorpt i on and 

desorpt i on in the model are shown on F i g . 6 . 1 .  

The equ i l i br i um cons tant of the react ion i n  each reg i on 

i s  equa l to the r a t i o  of the forward rate cons tant ( KF )  to 

the rever se rate con s tant ( KR ) . I t  i s  also equal to the 

va lue of K obta i n ed f r om the l i n ear 

equat ion ( Graham , 1 9 5 3 ; Shap i r o  and 

K r = KFl/KRl 

K r r  = KF2/KR2 

K r r r  = KF3/KR 3  

f orm of the Langmu i r  

F r i ed ,  1 9 5 9 ) ,  i . e . , :  

( 6 • 4 ) 

( 6 . 5 )  

( 6 • 6 ) 

Thus the rate equat ions of sorption and desorp t i on used i n  

t h e  overall kinet i c  model o f  P sorp t i on are a s  fol lows : 

Reg i on I 

Sorpt ion = KFl x solu t ion [ P ]  x t ime x vacant s i tes ( 6 . 7 >  

Desorp t ion = KRl x t ime x occup i ed s i tes ( 6 . 8 )  

Reg ion I I  

Sorp t i on = KF2 x solut ion [ P ]  x t ime x vacant s i tes ( 6 . 9 )  

Desorp t i on = KR2 x t ime x occup i ed s i tes ( 6 . 1 0 )  

Reg ion I l l  

Sorpt i on = KF3 x solut i o n [ P ]  x t ime x vacan t  s i tes ( 6 . 1 1 )  

Desorpt i on = KR3 x t ime x occup i ed s i tes ( 6 . 1 2 )  

The est imated rate con s tants f o r  reg i on I l l  are 

genera l ly higher than those for reg i on II , and both are 
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the mod e l  o f  Renne s ( 1 9 7 8 )  
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h i gher than those for reg i on I ( Rennes , 1 9 7 8 ) .  T h i s  

p r ogres s i on of rate con s tant va lues i s  based o n  the work of 

McLaug h l i n  et al . ( 1 9 7 7 ) who s howed that P sorp t i on in 

reg i on I I I  by hydrous fer r i c  oxide gel  was i n i t ially rap id 

but wa s f o l lowed by a red i s t r i but ion of sorbed P and s lower , 

cont inu ing sorpt ion i n  reg i on s  I I  and I .  S imi lar 

observations with s o i l s  were also repor ted by Ryden et a l . 

( 1 9 7 7 a ) . 

T he model of Rennes ( 1 9 7 8 ) was u s ed to s imulate the 

s orpt i on of P by so i l s fol lowing fert i l i z er P add i t ion , the 

subsequent di str ibu t i on of sorbed P i n  the three reg i on s , 

and the amount of water - extractab le P i n  so i l s . The overa l l  

model was operated a s  a FORTRAN prog ramme w i t h  t h e  double 

prec i s i on opt i on < i . e . , 12 s i gn i f i cant dec ima l  places ) ,  and 

executed on a computer . Such prec i s ion wa s neces sary 

because the very sma l l  t ime i n terval ( 0 . 0 0 0 2  day ) set i n  the 

programme wou ld produce an i n f i n i tes ima l ly sma l l  change i n  

t h e  P concentration of the s o i l solut ion . 

To s imu late the sorpt ion of P by s o i l s  dur ing 

i n cubat i o n  with fert i l i z er P ,  the i n i t i al s o i l  solution P 

concentrat i on ( at t he beg i nn i ng of i ncubat i on , i . e . , at 

t ime = O >  was ca lcu lated from the rate of f er t i l i zer P 

add i t ion and the so i l  water content . The programme was then 

a l lowed to run for the approp r i ate i ncubat ion per iod . 

Because the model of Rennes ( 1 9 7 8 ) can also des c r i be 

the desorp t i on of P as we l l  a s  sorpt ion , i t  was then u s ed to 

s imu late the desorpt i on of P dur i ng the water -extract i on 

procedure . To determi n e  the amount of water-extractable P 

at the end of the i n cubat i on per iod , the programme was 

s topped at the s imu lated t ime corresponding to the 

i n cubat i o n  per i od , the so i l : s olut i on ratio ad jus ted to 

1 : 1 2 0 , solution P concentrat i on to z er o ,  and the programme 

run for the s imu lated t ime of one hour ( i . e . , the extract i on 

t ime of the water-extrac t ion procedur e ) .  The f i nal amoun t  

1 5 3  

o f  P pres ent i n  1 2 0  ml o f  water after one hour was expres s ed 

as �g g- 1  soi l extracted . Examp le s o f  t he programme and t he 

pri nt-out s howing d i s t r i but i on o f  sorbed P i n  each re g i on and 

t he concentrat ions of so i l  s o lut ion P are g i ven in Appen d i x  V .  



Although the desorp t i on of P norma lly cont i nues for 

longer than one hour , Ryd en et al . < 1 9 7 7a ) adopted an 

arbi trary per iod of one hour for the wa ter -extraction 

procedure . Rennes ( 1 9 7 8 ) ,  therefore , used the model to 

s imulate P desorp t i on for one hour dur ing water extrac t i on . 

Con s i der i n g  that the rate of reaction wou ld proceed faster 

i n  a s haken system dur i ng the water-extraction procedur e ,  he 

a l s o  increased a l l  rate con stants dur i ng the desorp t i on 

p rocedure by a factor of 1 0 . T h i s  a s s umpt ion i s  

que s t i onab le because i t  wa s not bas ed o n  exper imen ta l data . 

I n  th i s  s tudy , vary i ng rate con s tants were i ncorporated i n  

t h e  model and the predi cted desorpt ion cur ve f o r  P compared 

to those obtai ned exper imenta l ly ( F i g . 3 . 1 ) .  By tr ial  and 

er ror , the closest pred i c t i on of des orpt ion was obtai ned 

when the rate con s tants for both desorption and ads orpt i on 

were left the same ( data not presented her e ) .  

6 . 2 . 2  Chang e s  i n  water-extractab le P fol lowing 

fert i l i z er P add i t ion to two s o i l s  

6 . 2 . 2 . 1 I n cubat ion stud i e s  

Two top s o i l s  ( 0 - 7 . 5  cm depth ) w i t h  cont ras t i ng 

P reten t i on proper t i e s  were used : an Egmont black loam wi t h  

a h i g h  P sorpt ion capac i ty ( PR = 8 2 % ) and a Tokomaru s i lt 

l oam with a low P s orpt i on capac ity ( PR = 2 0 % ) .  The so i ls 

were samp led from low fert i l i ty s i tes under pas tur e , 

a i r-dr i ed , and s i eved ( < 2 mm ) . They were brought to low , 

med i um ,  and high P status by i ncubat i ng with three rates o f  

P ( added as so lut ions  of KH2 P04 , Tab le 6 . 1 )  for e i g h t  weeks . 

The incubat i ng so i l s were ma i nta i ned at a mo i s ture content 

o f  8 0 % of f i eld capac i ty and at a temperature of 2 0 +5 ° C .  At 

the end o f  the i ncubat ion per i od , the soi l s  wer e  a i r-dr i ed , 

s i eved ( < 2 mm ) , and analysed for water -extractable P 

( Sect i on 3 . 2 . 4 . 1 ) ,  Olsen-extractable P ( Sect ion 3� 2 . 4 . 2 ) ,  

and pH ( Sect ion 3 . 2 . 2 ) . The results of these determi n a t i o n s  

are g i ven i n  Tab le 6 . 2 .  

The previou s ly- i n cubated s o i l  wa s then d i v ided into 

three subsamp les and three more rates of P added ( Table 

6 . 1 ) , g i ving a total of 9 s o i ls wh i ch had var y i ng rates o f  P 

added . The so i l  was re- i n cubated at 8 0 %  of f i eld capac i t y  
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Tab le 6 . 1 Rates of P ( as KH2 P04 ) add i t ion to the Egmon t  
and Tokomaru s o i l s in  t h e  incubat ion stud i e s  

S o i l  Rate of p add i t ion 
( �g g- 1  so i l ) 

Egmont -PO  0 

-Pl 2 0 0  

-P2 4 0 0  

Tokomaru -PO 0 

-Pl 75  

-P2 1 5 0  
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Tab le 6 . 2  Measuremen t  of water- and Olsen-extractab le P 
and so i l  pH i n  the Egmont and Tokomaru . soi ls 
a f ter the f i r s t  i n cuba t i on with P 

Water - Olsen-
Soi l extractable extractable So i l  pH 

p p 

( )J g g - 1 so i l > 

Egmont - low P 0 . 9  1 2 . 0  5 . 5 5 

-med i um p 3 . 9  3 3 . 5  5 . 5 8 

- h i g h  p 9 . 0  51 . 7  5 . 6 3 

Tokomaru - low P 2 . 3  11 . 9  4 . 9 0 

-medium p 7 . 1  2 9 . 3  4 . 9 0 

- h i g h  p 1 3 . 4  4 9 . 3  4 . 9 8 
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for 1 4  more days . Dur ing the second incubat i on , samples 

were taken at 8 h ,  and 1 ,  2 ,  4 ,  8 ,  1 1 , and 14  days af ter 

P add i t ion and ana lys ed for water-extractable P ( Section 

3 . 2 . 4 . 1 ) . 

The 1 4 -day per iod wa s used i n  the study of Rennes 

( 1 9 7 8 ) who con s idered that the soil would be at or near 

equ i l i br i um f o l lowi ng P add i t i on . However , i t  i s  pos s i b le 

that water-extractable P i n  soi ls after a 1 4 -day i ncubat ion 

per i od wi th P might not be at equ i l ibr ium .  To account for 

th i s  pos s i b i l i ty ,  the so i l s  in  th i s  study were r e - i n cubated 

for a fur ther year . Dur i ng t h i s  t ime , we t t i ng/drying cycles 

wer e impos ed i n  order to accelerate the reactions of s o i l P .  

6 . 2 . 2 . 2  Model s imu lat i o n  

The model was u s ed t o  p r ed i ct the levels of 

water-extractable P in  the Egmont and Tokomaru soi ls 

fol lowi n g  fert i l i z er P add i t ions , as descr i bed i n  Sect ion 

6 . 2 . 2 . 1 .  Two var i ables are r equ i r ed i n  the model :  the 

sorption energy cons tants ( K )  and the sorption max ima ( b ) . 

The average va lues of K for each reg ion ( der ived f r om the 

Langmu i r  equat ion s ) i n  pub l i s hed data were us ed to calculate 

the forwa rd ( KF )  and revers e  ( KR )  rate con s tants . From the 

survey of l i teratur e , there are pub l i s hed data of K va lues 

for 17 New Z ea land soi l s  ( Append i x  VI ) ,  includ i ng some 

subso i ls . I n  th i s  s tudy the average values of K for each 

reg i on of n i ne tops o i l s ( s o i l s  1 - 9 , Appendi x  VI ) were u s ed 

to der ive KF and KR va lues ( Table 6 . 3 ) .  

The values for the sorpt i on max ima ( b )  for the Egmon t  

s o i l  ( Table 6 . 4 )  wer e  those o f  Rennes  ( 1 9 7 8 ) .  T h e  Tokomaru 

s o i l  was not included i n  the study o f  Rennes . ( 1 9 7 8 ) ,  so it 

was decided to use the b va lues of the Ruama i s o i l f r om the 

s tudy of Rennes ( 1 9 7 8 ) for the Tokomaru so i l  in  th i s  study , 

because both s o i l s  have s imilar PR va lues ( i . e . , 2 3  and 2 0 %  

f or the Ruama i and Tokomaru s o i l s , respectively ) .  

Most f i eld s o i l s  norma l ly conta i n  some P on t he i r  

s orpt i on sur faces . I n  other words , s ome P wou ld a lr eady be 

p r e s en t  on sorption s ites in  each reg i on . In  th i s  s tudy , 
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Table 6 . 3  Sorption energy con s tants ( K )  ( average of 
s o i l s  1 - 9  i n  Append i x  VI ) and the est imated 
rate factors for forward ( KF )  and rever s e  ( KR )  
reactions i n  each o f  three ( I ,  I I , and I l l ) 
regions of P sorpt ion used in the model 

Reg i on K va lue KF KR 

I 1 6 2  0 . 0 4 4  0 . 0 0 0 2 7  

II 2 . 8 8 2  0 . 1 1 5  0 . 0 4  

Ill 0 . 0 9 3  0 . 0 9 8  1 . 0 5  
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Table 6 . 4  S orpt i on max ima ( b )  f or each reg i on of P sorp t i on 
used i n  the model for the Egmont and Tokomaru 
s o i l s  

Soi l Ref erence b r r r  

Egmont Egmont ( Rennes , 1 9 7 8 ) 8 7 0  1 5 1 5  2 2 2 0  

Tokomaru Ruama i ( Rennes , 1 9 7 8 ) 8 9  2 8 6  5 2 0  
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the amounts o f  P i n i t i a l ly pres en t on s i tes in each region 

( i . e . , the number of occupied s i te s ) were chosen so that the 

model wou ld g i ve the va lues of water-extractable P 

correspon d i ng to the i n i t ial va lues before the incubat ion 

f o r  each so i l  ( Table 6 . 2 ) .  

I t  was i n tended to use the model to pr edict the 

r e lat ion s hips between the levels o f  water-extractable P and 

the add i t ion o f  P .  Cons equen tly , it  wa s cons idered that 

a pred iction a t  equ i l i b r i um of water-extractable P in so i l s 

receiving add�d P wou ld be of mor e  value than a short- term 

predi ction ( e . g . , 14 days fol low i ng P add i t ion ) .  The model 

was therefore u s ed to pred i ct the amount of water

extractable P at 14 days fol lowi n g  P add i t i on as we l l  as at 

equ i l ibr ium .  T o  s imu late the equ i l i br i um s i tuat ion , the 

p r ogramme of the mode l  was al lowed to run unt i l  there wer e  

n o  fur ther changes i n  sorption and d i s tribut ion o f  sorbed P 

i n  each reg i on . 

The s ig n i f i cance of K and b values i n  the pred i ctive 

ab i l i ty of  the model was invest igat ed by varying the va lues 

o f  KI , KI I r and K I I I  or b i , b i i r and b i i i  ( selected f r om 

pub l i s hed data shown i n  Appendix VI ) i n  the model and 

exami n i ng the e f f ect on the pred i cted values . 

6 . 2 . 3  Changes i n  water-extractable P fo llowi n g  

f e r t i l i z e r  P add i t ion to 1 6  so i ls 

6 . 2 . 3 . 1  I n cubat ion s tud ies 

P r e l iminary results f r om incubat ion s tud i e s  of 

the Egmont and Tokomaru s o i l s  f o l l owing add i t ions of P 

( Sect ion 6 . 3 . 1 ) s howed t hat the model of Ren nes ( 1 9 7 8 ) may 

have poten t i a l  in pred i ct ing wat e r - extractable P va lues i n  

s o i l s  wh ich have recei ved moderate amounts o f  P .  The 

h i ghest rates o f  P added ( 1 5 0  and 4 0 0  �g g- 1  soi l for the 

T okomaru and Egmont soi ls , respec t i ve ly ) i n  those i ncubat i on 

s t ud i es were probab ly we l l  above the rate of fer t i l i z e r  P 

n orma l ly app l i ed i n  prac t ice . Therefore , lower rates of P 

add i t ion were u s ed i n  the present i ncubat ion study i n  

a n  attempt t o  r e f lect t h e  normal s i tuat ion more clos e ly . 
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S ixteen so i ls with low to med i um P status and s e lected 

f r om the 20 s o i l s  des c r i bed in Chapt er 3 ( Sect ion 3 . 2 . 1 )  

were u s ed . Soi l s  with a PR test lower than 5 0  were 

i n cubated with s olut ions of KH2 P04 conta in i ng 0 ,  4 0 , and 80  

�gP g- 1  soi l ,  and those with a PR test  higher than 50  we re 

i ncubated with s o lut ions of KH2 P04 conta i n i ng 0 ,  8 0 , and 

1 6 0  �gP g-1 so i l  ( Table 6 . 5 ) .  The s o i l s  were in cubated at 

6 0 %  of f i eld capac i ty at 2 5±5 ° C  for 40 days . Soi ls wer e  not 

i ncuba t ed at 8 0 % of f i eld capacity a s  before ( Sect ion 

6 . 2 . 2 . 1 )  because th i s  wa s found to cause too much wetness  

and th i s  hampered proper m i x i ng of the soi l s amples . At the 

end of the incubat ion , the soi ls were a i r-dr i ed and analys ed 

f or water-extractable P ( Section 3 . 2 . 4 . 1 ) .  Values of wat e r 

extract able P for  t h e s e  s o i l s  prov i ded a bas e  aga i n s t  wh i ch 

t he model l i ng of s o i l  P react ions could be tes ted . 

6 . 2 . 3 . 2  Mode l  s imula t i on 

The model of Rennes ( 1 9 7 8 ) requ i r e s  est imates of 

K and b va lues der i ved f r om sorp t i o n  i s otherm stud i es wh i ch 

i nvolve accurate and t ime-cons umi n g  procedures . A model 

that wi l l  be useful for rout i ne fert i l i z er recommenda t i o n  

purpo s e s  mus t  b e  bas ed on est imates wh ich c a n  b e  obt a i ned b y  

s imple procedur e s . I n  t h i s  study , the wor k i ng model 

p r oposed i s  i n tended for a general app l i cation to a l l  so i ls , 

therefore a common set of K va lues was ass umed for the 

mode l . These wer e  est imated from average va lues of a l l  

p ub l i s hed data f or New Z ea land s o i l s  ( 1 7  soi l s  in Append i x  

VI ) .  The forward ( K F )  a n d  rever s e  ( KR )  rate factors wer e  

t hen der i ved from K va lues in the s ame manner as that u s ed 

by Ren nes ( 1 9 7 8 ) .  These estimates are shown i n  Table 6 . 6 .  

I t  was proposed that est imates of b cou ld be der i ved 

f r om va lues of t he PR test  ( Saunder s ,  1 9 6 5 ) . Becaus e  the PR 

test  procedure i nvolves the determi n a t i on of P sorption 

a f ter the add i t i on of a large amoun t of  P to a so i l ,  i t  

s hou ld therefore approximate the tota l sorpt i on maximum ( b )  

o f  that so i l .  I t  i s  obs e rved from the pub l i s hed data of 

17 N ew Zealand s o i ls ( Appendix VI ) that the ratios of 

b i : bi i : b i i i  d i d  not vary great ly . The sum total of 

b va lues est imated from the PR test  was then par t i t ioned 
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Table 6 . 5  Wate r-extrac table P and phosphate r e te n t i on ( PR )  values 
for the 16  s o i ls w i th the i r  r a te s  of P add i t i o n  

S o i l 

1 .  Carnarvon 

2 .  K i w i  tea 

3 .  Kon i n i  

4 .  Kume roa- low P 

5 .  Manawatu 

6 .  Okai hau 

7 .  Tokomaru- low P 

8 .  Wai n u i  

9 .  Dannevi r ke 

1 0 . E gmont- low P 

1 1 . Ham i l ton 

1 2 . Patua 

1 3 . Ramiha- low P 

1 4 . Ramiha-h i gh P 

1 5 . Taupo- low P 

1 6 . Taupo -h i gh P 

Water-ex�lactab le P 
( )Jg g s o i l )  

3 . 8  

3 . 7  

4 . 4  

5 . 7  

5 . 1  

5 . 6  

6 . 7  

4 . 9  

3 . 1  

1 . 8  

3 . 2  

2 . 2  

1 . 2  

6 . 7  

3 . 0  

7 . 8  

P hosp ha te 
r e te n t i on 

% 

4 5  

4 0  

4 3  

3 0  

1 9  

4 5  

1 9  

3 6  

9 1  

8 2  

6 6  

9 8  

8 8  

5 5  

5 3  

6 7  

Rate of_l add i t i o n  
( )J q g s o i l )  

0 ,  4 0 , 8 0  
11 

11 

" 

" 

" 

" 

" 

0 ,  8 0 , 1 6 0  
" 

" 

" 

" 

" 

" 

" 

...... 
0'1 
N 



Table 6 . 6  Sorp t i on energy con s tants ( K )  ( average of 1 7  s o i l s  
i n  Append i x  VI ) and the r a t e  factors f o r  forward 
< KF )  and reve r s e  ( KR )  react ions in  each of three 
( I ,  I I , and I l l )  reg i on s o f  P sorp t i on used i n  

Reg ion 

I 

I I  

I l l  

the model to p r ed i ct changes in water-extractable 
P fol low i ng P add i t i on s  in 1 6  soi ls 

K va lue KF KR 

( ml g - 1 ) 

3 4 1  0 . 0 9 2 0 . 0 0 0 2 7  

4 . 5 0 0 . 1 1 5  0 . 0 4 

0 . 1 3 6  0 . 0 9 8  1 . 0 5  
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i n to bi , bii ' and bi i i  u s i ng the average rat i o  o f  

b i : bi i : br i i  from the 1 7  s o i l s  i n  Appendix VI . Est imates of 

the b va lues for the 16  s o i ls us ed i n  this study are g i ven 

in Table 6 . 7 .  The K and b va lues were then incorporated 

i nto the mod if i ed model of Rennes ( 1 9 7 8 ) to pred ict the 

amounts of water-ext ractable P in each of the 16 s o i l s  

f o l lowi n g  the add i t ion o f  P .  Compa r i s ons were made between 

the va lues pred ic ted by the model and the measured va lues of 

t he 1 6  s o i l s i n  the incubat ion stud i e s  ( Section 2 . 3 . 2 . 1 ) .  

6 . 3 Res u lts and D i s cuss i on 

6 . 3 . 1  Dec l i ne i n  water-extractab le P following 

fert i l i z er P add i t i on to two contras t i ng s o i l s  

The dec l i ne i n  water - extractable P i n  both the Egmont 

and Tokomaru so i l s  fol lowing the add i t i on o f  P showed 

a s imi lar pattern for d i f f erent rates of P add i t ion 

( F ig . 6 . 2  and 6 . 3 ) . A rap id decrea s e  i n  water-extractable P 

dur ing the f i r s t  2 - 3  days was fol lowed by a gradual dec l i n e  

t owards t h e  end o f  the 1 4 -day i ncubat ion per i od .  Thi s 

f i nd i ng i s  con s i s tent wi th the gener a l  pattern of the 

r eact i on of P added to so i l s  ( e . g . , Evans and Syers , 1 9 7 1 : 

Bar row and S haw , 1 9 7 5 a : Par f i tt , 1 9 7 8 ; Ren nes , 1 9 7 8 :  Wh i t e , 

1 9 8 0 ) .  I n  the present study , the i n i t i al rate of dec l i ne 

was faster at the h i g her rate of P add i t ion but the rate of 

the subsequent gradual dec l i n e  was comparable at both rates 

of P add i t ion ( F i g . 6 . 2 and 6 . 3 ) . 

Af ter one year , the amounts of water-extractable P i n  

t h e  Egmont soi ls decreased markedly ( Table 6 . 8 ) , thereby 

c on f i rming the suggest ion that the s o i l s  were not at 

equ i l i br i um at 14 days fol lowing P add i ti on . In contras t ,  

va lues of water-extractab le P in the Tokomaru s o i l s  were not 

marked ly d i f ferent between 14 days and one year fol lowing 

P add i t i on ( Tab le 6 . 8 > . Thi s result again suggests that 

s orpt i on reactions of added P con t i nu e  for a much shorter 

per i od in a low P- sorb i ng s o i l than in a h i g h  P- sorbing 

s o i l .  
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Table 6 . 7  E s t imates of sorp t i on maxima for the three regions 
< br ,  br r , and b r r r) for  the 16  s o i l s  

b r br r br r r  
Soi l 

( llgP g- 1 s o i l )  

1 .  Carnarvon 2 6 5  6 6 2  1 3 2 3  

2 .  Kiwi t ea 2 3 5  5 8 8  11 7 7  

3 .  Kon i n i  2 5 3  6 3 2  1 2 6 5  

4 .  Kumeroa- low p 1 7 7  4 4 1  8 8 2  

5 • Manawatu 1 1 2  2 7 9  5 5 9 

6 .  Oka i hau 2 6 5  6 6 2  1 3 2 3  

7 .  Tokomaru- low p 1 1 2  2 7 9  5 5 9  

8 .  Wa i n u i  2 1 2  5 2 9  1 0 5 9  

9 .  Dannevirke 5 3 5  1 3 3 8  2 6 7 7  

1 0 . Egmont- low p 4 8 2  1 2 0 6  2 4 1 2  

1 1 . Hami l ton 3 8 8  9 7 1  1 9 4 1  

1 2 .  Patua 5 7 7  1 4 4 1  2 8 8 2  

1 3 .  Rami ha- low p 5 1 8  1 2 9 4  2 5 8 8  

1 4 . Rami ha-high p 3 2 4  8 0 9 1 6 1 7  

1 5 . Taupe- low P 3 1 2  7 7 9  1 5 5 9  

1 6 . Taupe-high P 3 9 4  9 8 5  1 9 7 1  
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F i gure 6 . 3  Dec l i ne i n  water-extrac tab le P i n  three Tokomaru 

soi l s  ( low , med ium , and high P )  f o l lowing the 

add i t ions of 7 5  ( P l )  and 1 5 0  ( P 2 ) �gP g
- l  

s oi l 

( a s solutions o f  KH 2 Po4 ) 



Tab le 6 . 8  Predi cted and mea su red amoun t s  of wate r-extrac table P in the Egmont and Tokomaru so i l s  
a t  1 4  day s and 1 year a f ter i ncubat ion w i t h  P ( a s s o l u t i o n s  o f  KH 2 Po4 ) 

Wate r -e x t rac tab le P l ug g - 1  soi l )  

So i l  P a d d i t i o n  
- 1  Mea s ured Pred i c ted from P re d i c ted f rom l u g P  g l mode l  o f  Rennes mod i f i ed mod e l  

1 4  days 1 year ' ( . 1 ��T<�H-:.� �a.y4� {l;ti-year �I 

Egmon t - low P 0 ,  0 0 . 8  0 . 3  0 . 9  0 . 3  

o ,  2 0 0  3 . 9  1 . 0  2 . 0  0 . 8  

0 ,  4 0 0  9 . 0  1 . 1  4 . 8  2 . �  

-medium P 2 0 0 , 0 2 . 4  1 . 0  2 . 0  1 . 0 

2 0 0 , 2 0 0  8 . 2  1 . 5  4 . 4 3 . 2  

2 0 0 , 4 0 0  1 5 . 7  3 . 0  9 . 8  7 . 6  

-high p 4 0 0 , 0 4 . 7  1 . 7  4 . 8  1 . 7  

4 0 0 , 2 0 0 1 1 . 8  3 . 2  9 . 6  5 . 0  

4 0 0 , 4 0 0  2 5 . 0  5 . 0  1 8 . 0  1 0 . 2  

Tokomaru - l ow P 0 ,  0 2 . 5  2 . 9  2 . 3  2 . 9  

0 ,  7 5  9 . 4 6 . 9 1 1 . 5  9 . 2  

0 1 1 5 0  1 7 . 6  1 3 . 3  2 8 . 1  2 0 . 1  

-med ium P 7 5 ,  0 7 . 4  6 . 2  1 1 . 5  6 . 2 

7 5 , 7 5  1 4 . 9  1 1 . 9  2 8 . 1  1 4 . 9 

7 5 ,  1 5 0  2 2 . 1  1 8 . 6  5 2 . 4  2 9 . 0  

-high p 1 5 0 ,  0 1 1 . 8 1 1 . 2  2 8 . 1  1 1 . 2  

1 5 0 , 7 5  1 9 . 4  1 7 . 1  5 2 . 4  2 3 . 1  

1 5 0 , 1 5 0 2 8 . 0  2 3 . 1  8 5 . 5  4 0 . 2  

I-' 
0'1 
CXl 



6 . 3 . 2  Asses sment of the mode l  i n  pred i c t i ng changes 

i n  water -extractable P fol lowi ng fert i l i z er P 

add i t i on 

6 . 3 . 2 . 1 Pred i ction of water -extractab le P 

at 1 4  days f o l l owing P add i t i on 

The mode l was found to underes t imate the amounts 

o f  wat e r - extractable P in the Egmont soi ls fol lowi ng the 

add i t ion of P ,  except in three cas e s  where the s o i l s  we r e  

i n i t i a l ly i ncubated with P for e i g ht weeks and d i d  not 

r e ce i ve any P pr i o r  to the second i ncubat ion ( Table 6 . 8 ) . 

I n  such cases good agreemen t  was obt a i ned between the 

p r ed i cted and measured va l ues . T h i s  f i nd ing sugg e s t s  that 

the water -extractable P va lues , measured at 1 4  days after 

P add i t ion i n  the second i n cubat i on , may not have reached 

equ i l i br i um . 

I n  contras t ,  the pred i cted va lues for the Tokomar u  

s o i l s  were found to overe s t imate t h e  exper imental data 

( Table 6 . 8 ) . The pred i ct i on wor sened as the rate of added P 

was i n c r eased . I t  i s  poss ible that the es t imates o f  

s orpt i o n  max ima ( b )  f or the Ruama i s o i l ,  wh i c h  wer e  a s sumed 

to be the same as for the Tokomar u  s o i l in th i s  study , may 

not be approp r iate . If  the b va lues were too low , the 

sorpt i on s i tes wou ld be satur ated wi t h  added P too rapid ly 

result i ng i n  exce s s ive est imates of water-extractable P .  

However , th i s  i s  un l i kely becaus e  the Ruama i s o i l  has 

a s l i g h t ly h i gher PR tes t than the Tokomaru s oi l , so the 

b va lues for the Ruama i s o i l are un l i kely to be too low for 

the Tokomaru so i l . I t  i s  more l i ke ly that prec i p i tat i on of 

added P occurs in soi l a f t e r  rece i v i ng large amounts of 

wat e r - soluble P .  The highest rates of P add i t i on ( Table 

6 . 1 ) ,  in par t i cular , wer e  much greater than the rate of 

f e r t i l i z er P norma l ly added in pract i ce .  The i n f luence o f  

es t imates of b va lues on t h e  pred i ct i ve ab i l i ty of t h e  model 

wi l l  be d i s cu s s ed in mor e  deta i l  in Section 6 . 3 . 2 . 3 .  
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6 . 3 . 2 . 2  Pred i c t ion of equ i l ibr i um va lue of 

wat e r - extractable P fol low i ng P add i t i on 

Because the levels o f  wa ter-extractable P were 

s t i l l  chan g i ng i n  the i ncubated s o i ls after 14  days of P 

addi t i on , as we l l  as in the s o i ls wh i ch had recei ved no P ,  

i t  i s  l i kely that the va lues of water -extractable P ,  

measur ed after the f i r s t  i n cubat ion ( i . e . , low , med i um ,  and 

h i g h  P s o i l s  in Table 6 . 2 )  were s t i l l  chan g i ng and not at 

equi l i b r i um .  I n s tead , the equ i l i br i um va lues wou ld be those 

measur ed after one year in ·soi ls wh i ch had recei ved a s i ngle 

P add i t ion dur i ng the f i r s t  incubat i on only . Thes e va lues 

( 0 . 3 ,  1 . 0 ,  and 1 . 7  �gP g- 1  soi l for the Egmont s o i l s ; 2 . 9 ,  

6 . 2 ,  and 1 1 . 2  �gP g-l s o i l  for the Tokomaru s o i ls ) were u s ed 

i n  a mod i f i ed mode l  as P for the low , med i um ,  and h i gh 

P so i l s at the beg i n n i ng o f  the second incubat i on ( repla c i ng 

the va lues shown i n  Tab le 6 . 2 ) . A mod i f ied model , based on 

these equ i l i br i um va lues , was then u s ed to pr ed ic t  

equ i l i b r i um leve l s  o f  water -extractab le P fol lowi n g  the 

s econd add i t ion o f  P .  

Closer agr eement between predi cted and actual values of 

water - extractable P i n  both Egmont and Tokomar u  s o i l s  wa s 

obta i ned f r om the mod i f i ed model ( Table 6 . 8 )  than that f r om 

the or i g i na l  model of Renn e s  ( 1 9 7 8 ) .  The predi cted va lues , 

however , were s t i l l  larger than the measured va lue s , 

par t i cu la r ly at h i gh rates of P add i t i on .  

6 . 3 . 2 . 3  Impor tance of e s t imat es of sorpt i on 

energy con s tants and sorpt i on maxima 

The two important var i ables requ i red i n  the 

model of Ren n es ( 1 9 7 8 ) are sorpt ion energy cons tants ( K )  and 

s orpt ion maxima ( b ) , both o f  whi ch are obta i ned f r om the 

resolut i on o f  the l i n ear form of the Langmu i r  sorpt ion 

equat i on . I t  has been sugges ted that ma jor d i f f er ences 

ex i s t  between K I and KI I  va lues or Kir and KI I I  va lues 

w i th i n  the s o i l  but that the K va lues for each reg ion of 

P sorpt i on ( K I , Kr r r  and K i r i > are s imi lar for d i f f er en t  

s o i ls ( Rennes , 1 9 7 8 ) . Pub l i s hed data for K va lues , however ,  

i nd i cate that some var iations  exi s t  among d i f ferent soi l s  

( Append i x  VI ) .  I t  i s  pos s ib le that errors i n  the e s t imates 
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o f  K val ues u s ed i n  the mode l  wi l l  a f f ect the p r ed i c t i ve 

ab i l i ty of the model . 

Ryden et al . ( 1 9 7 7a ) sugges ted that d i f f erences i n  the 

rate and extent of P sorption in so i l s  are dependent 

e s s en t i a l ly upon the number of vacan t s i tes and the 

d i s t r ibu t i o n  of vacant s i tes between the three reg i on s . 

D i f ferences in  the P-sorption capac i ty of so i l s  are related 

to the s orpt ion max ima ( b )  values . There i s  a wide 

va r i at ion in the values of b in s o i l s , as i l lus trated in 

Append ix VI . It was observed that the model overest imated 

the amoun t s  of water-extractable P in t he Tokomaru so i l s  

f o l lowing P add i t ion ( see Section 6 . 3 . 2 . 1 ) . The model a l so 

r evea led that region I was es sent i a l ly saturated with 

sorbed P and thi s  cou ld contr ibute to the exces s i ve 

e s t imates of water-extractable P .  E s t imates of b values 

could , therefore , i n f luence the pred i ct ion of 

water - extractable P by the model . 

D i f f er ent comb i nat ions o f  K and b va lues wer e  u s ed i n  

t h e  model t o  estab l i sh how sens i t i ve the model was to 

var i ations  in these es t imates . I t  was found that var iat i on s  

i n  the K va lues had a more s i gn i f icant inf luence o n  the 

1 7 1  

p r ed i cted va lues than var iations i n  the b values in  the � 
Egmont soi l ( Table 6 . 9 ) . Th i s  may be due to the fact that 

the b va l ues for the Egmont s o i l  wer e  s o  large that 

P s orption was un l i kely to reach saturat ion and hence be 

a f f ected by b value s . Var iat ion s  in  the K values , however ,  

p r oduced some s i gn i f icant d i f ferences i n  the pred i cted 

va l ues , as s hown i n  Tab le 6 . 9 .  

I n  contras t , the pred icted va lues for the Tokomar u  

s o i l s  wer e  found t o  be i n f luen ced mor e  b y  var iations i n  the 

b values than by var iations i n  the K va lues ( Table 6 . 1 0 ) . 

I t  appear s that i n  the low P-sorbing Tokomaru so i l ,  the 

three reg i on s  ( par t i cularly reg i on I )  are qu ickly saturated 

becaus e  of the relat ively sma l l  b va l ue s . Cons equen t ly , any 

i ncreases or decreas es in  the b va lues would have a marked 

i n f l uence on the predi cted va lues o f  water-extractable P .  
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Tab l e  6 . 9  Amoun t s  o f  water-extractable P in the Egmont soi l s  fol lowing P addi tions pred i c ted by 
the mod i fied mode l  u s i ng various e s timates of sorpt ion energy con s ta n t s  ( K )  a nd 
sorption max ima ( b )  

P addi t ion 
- 1  ( IJ g  g so i l )  

0 1  0 

0 1  2 0 0  

0 1  4 0 0  

2 0 0 1  0 

2 0 0 1  2 0 0  

2 0 0 1  4 0 0  

4 0 0 1 0 

4 0 0 1  2 0 0  

4 0 0 1  4 0 0  

Sorption energy con s tan ts ( K ) 

- 1  Forward rate con s tants ( ml g ) 

KF l 

KF2 

KF3 

Sorpt ion max ima ( 1 1 gP g - l )  

h
i 

b i i  

bi i i 

0 . 9  

2 . 0  

4 . 8  

2 . 0  

4 . 4  

9 . 8  

4 . 8  

9 . 6  

1 8 . 0  

Ave rage o f  
soi l s  1 - 9  i n  
Appendix VI 

0 . 0 4 4  

0 . 1 1 5 

0 . 0 9 8  

Egmont 
( Renne s 1 1 9 7 8 )  

8 7 0  

1 5 1 5  

2 2 2 0  

( u g g - 1  soi l )  

0 . 9  0 . 9  0 . 9  
1 . 6  2 . 0  1 . 9  
3 . 4  5 . 0  4 . 8 

1 . 6  2 . 0  2 . 0  

2 . 7  4 . 3  4 .  2 

5 . 5  1 1 . 2  9 . 2  
3 . 4  5 . 0  4 . 8  

5 . 1  1 0 . 3  9 . 0  
9 . 4  2 2 . 0  1 7 . 0  
Average of Egmont Ave rage o f  
s o i l s  1 - 1 0  i n  ( Rennes 1 1 9 7 8 )  so i l s 1-9 in 
Appendix VI Appendix VI 

0 . 0 4 6  0 . 0 3 5  0 . 0 4 4  

0 . 1 3 0  0 . 0 4 2  0 . 1 1 5 
0 . 1 16 0 . 0 5 7  0 . 0 9 8  
Egmont Egmont Egmo n t  
( Rennes 1 1 9 7 8 )  ( Rennes 1 1 9 7 8 )  ( Ryden and 

Sye r s , 1 9 7 5 )  

8 7 0  8 7 0  1 2 1 7 
1 5 1 5  1 5 1 5  1 5 0 5  
2 2 2 0  2 2 2 0  3 2 2 1  

..... 
-....) 
1\.) 



Tab le 6 . 1 0 Amounts o f  water-ex trac tab le P in the Tokomaru soi l s  fol lowing P add i t i ons pred ic ted 
by the mod i f ied mod e l  u s i nq va rious e s timates of sorption ene rgy constants ( K )  
and sorpt i on max ima ( b ) 

P add i t ion 
- 1 ( IJ g  <J so i l )  

0 ,  0 

0 ,  7 5  

0 ,  1 5 0  

7 5 , 0 

7 5 , 7 5  

7 5 ,  1 5 0 

1 5 0 , 0 

1 5 0 , 7 5  

1 5 0 , 1 5 0  

Sorp tion ene rgy con stan ts ( K )  

- 1  Forward rate constants ( m l  g ) 

KF l 

KF2 

KF3 

Sorption ma xima 

b i 
b i i  
bi i i  

( IJ gP g - 1 ) 

2 . 3  

1 1 . 5  

2 8 . 1  

1 1 . 5  

2 8 . 1  

5 2 . 4  

2 8 . 1  

5 2 . 4  

8 5 . 5  

Average o f  
soi l s  1 - 9  i n  
Appe n d i x  VI 

0 . 0 4 4  

0 . 1 1 5  

0 . 0 9 8  

Ruama i 
( Rennes , 1 9 7 8 )  

9 0  

2 8 5  

5 2 0  

( IJ g g 

2 . 3  

2 6 . 7  

7 1 . 7  

2 6 . 7  

6 3 . 3  

1 1 6 . 1  

7 1 . 7  

1 1 0 . 5  

1 5 3 . 3  

Average of 
soi l s  1 - 1 0  in 
Appendi x  VI 

0 . 0 4 6  

0 . 1 3 0  

0 . 1 1 6  

Tokomaru 
( Hope , 1 9 7 8 )  

5 2  

7 4  

1 7 2  

- 1  soi l )  

2 . 3  2 . 3  

6 . 8  6 . 9  

1 7 . 3  1 7 . 1  

6 . 8  6 . 9  

1 3 . 6  1 3 . 6  

2 8 . 6  2 7 . 2  

1 7 . 3  1 7 . 1  

2 6 . 6  2 5 . 1  

4 0 . 6  4 3 . 3  

Average o f  Tokomaru 
so i l s  1 - 1 0  i n  ( Hope , 1 9 7 8 )  
Appe n d i x  VI 

0 . 0 4 6  0 . 0 3 0  

0 . 1 3 0  0 . 0 9 3  

0 . 1 1 6  0 . 2 0 4  

Pori rua Pori rua 
( Ryden and ( Ryden and 

Sye rs , 1 9 7 5 )  Syers , 1 9 7 5 )  

1 3 0  1 3 0  

2 8 5  2 8 5  

5 3 0  5 3 0  

..... 
--.] 
w 



6 . 3 . 3  Model l i ng changes in  water-extractab le P in  

1 6  s o i l s  followi n g  f er t i l i zer P add i t i ons 

us ing a mod i f i ed mode l  

C lo s e  agreemen t  was found between the pred i cted and 

actual values of water -extractable P in  so i ls wi t h  a high 

P-sorbing capa c i ty ( so i l s  9 -1 6 , Tab le 6 . 11 ) .  Pred i cted 

equ i l i br i um values for s o i l s  w i t h  a low P-sor b i ng capac i ty ,  

however , wer e  generally lower than the measured va l ues . The 

deviations cou ld be due to es t imates of the b va lues in the 

model be i n g  too high . This  overe s t imat ion may result from 

the fact that the PR tes t  i s  conducted at a pH of 4 . 6 5 

( Saunder s , 1 9 6 5 ) . At th i s  pH , P sorpt ion wi l l  be cons ider

ably greater than at the pH o f  the natural so i l s . T h i s  

wou ld result in a n  overest imate o f  t h e  extent of P s orpt i on , 

par t i cula r ly in reg i on I ,  and hen ce a r elat ively low water

extractabl e  P value . 

Exper imental evidence has shown that the desorption 

of P in water cont inued for mor e  than one hour ( Fig . 3 . 1 ) . 

T h i s  was a l s o  predicted by the mode l  s imu lating the 

desorpti on of P i n  s oi l . Both types of ev idence i n d i cate 

t hat P des orption was rapid dur i ng the f ir s t  few hour s , 

f o l lowed by s l ower changes , and approached equ i l i br i um af ter 

2 4  h .  I t  is therefore pos s ib le that predict ion s  bas ed on 

1 -h water extract i on are sub j ec t  to errors and the amount of 

s o i l  P removed dur ing a 2 4 -h extract i on may be mor e  

r e l iable . T he amounts o f  water-extr actable P i n  the 

1 6  s o i l s  wer e then e s t imated a f ter a 24-h shak ing per iod . 

I t  was found that predi cted equ i l ibr ium va lues of 2 4 - h  

water-ext r a c table P showed good agreement with the exper i 

mental values ( Table 6 . 1 2 ) .  T he corr e lat ion coe f f i c i ent for 

the relat ionship between the predi cted and measured va lues 

was s i gn i f i cantly improved f r om 0 . 8 4 i n  the 1-h extrac t i on 

to 0 . 91 i n  the 2 4 -h extract ion . In  addi t ion , the s lope of 

the regres s i on l i ne obtai ned for the 2 4 -h water extraction 

is  almost equal to one ( Fig . 6 . 4 ( b ) , s lope = 0 . 9 8 ) ,  

i nd i cat i ng that the model pred i cted the amount of water

extractable P remarkably well . This  i s  in cont r a s t  to the 

sma l l  s lope o f  the regress ion l i ne obtai ned for the 1 - h  
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Tab le 6 . 1 1 Pred ic ted and actual amou n ts of wa ter-extrac table P ( 1  h )  for the 1 6  soi l s 
fo l l owi n g  the add i t ions o f  P 

S o i l  0 

Actual Actual 

1 .  Carnarvon 3 . 8  7 . 8  

2 .  Kiwi tea 3 . 7  8 . 5  

3 .  Kon i n i  4 . 4  1 1 . 9  

4 .  Kumer oa - l ow P 5 . 7  1 0 . 0  

5 .  Manawatu 5 . 1  1 5 . 1  

6 .  Oka i hau 5 . 6  6 . 6  

7 .  Tokomaru- low P 6 . 7  1 6 . 0  

8 .  Wainui 4 . 9 1 4 . 4  

9 .  Dannevirke 3 . 1  

1 0 . Egmon t - low P 1 . 8  

1 1 .  Ham i l ton 3 . 2  

1 2 . Patua 2 . 2  

1 3 .  Rami ha-low P 1 . 2  

1 4 . Ramiha-high P 6 . 7  

1 5 .  Taupo- 1ow P 3 . 0  

1 6 . Taupo-high P 7 . 8  

( a s  solutio n s o f  KH 2 Po4 ) 

Ra te o f  P add i t i on 

4 0  

Pred i c ted Actua l 

4 . 8  1 2 . 0  

4 . 8  1 3 . 8  

5 . 5  1 5 . 5  

7 . 4  16 . 3  

7 . 5  2 3 . 4  

6 . 8  1 0 . 8  

9 . 7  2 5 . 0  

6 . 2  2 1 . 5  

3 . 7  

2 . 8  

6 . 3  

3 . 0  

2 . 1  

1 6 . 1  

9 . 2  

1 1 . 1  

- 1  ( � g  g soi l )  

8 0  

P redi cted 

5 . 9  

6 . 0  

6 . 7  

9 . 5  

1 0 . 9  

8 . 1  

1 3 . 8  

7 . 8 

4 . 5  

3 . 0  

4 . 8  

3 . 5  

2 . 0  

9 . 5  

4 . 7  

1 0 . 2  

Ac tual 

5 . 0  

4 . 3 

1 1 . 7  

4 . 2 

4 . 0  

2 4 . 3  

1 6 . 8  

1 6 . 2  

1 6 0  

Predic ted 

6 . 1  

4 . 5  

6 . 5  

5 . 1  

3 . 1  

1 3 . 2  

6 . 8  

1 3 . 2  

t-' 
-....I 
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Tab le 6 . 1 2 Pred i cted and actua l amoun t s  of wa ter-extrac table P ( 2 4  h )  for the 1 6  soi l s  
fol l owing the add i tions o f  P ( a s solutions of KH 2 Po4 ) 

Rate of P add i t ion ( � g g - 1  soi l )  

Soi l 0 4 0  8 0  

Ac tual Actua l Predicted Actual Pred i c ted Actual 

1 .  Carnarvon 5 . 0  1 1 . 6  1 2 . 0  1 9 . 3  1 5 . 0  

2 .  K iwi t e a  5 . 3  1 1 . 2  1 3 . 1  1 9 . 7  16 . 6  

3 .  Kon i n i  7 . 4 16 . 4  1 4 . 4  2 6 . 9  1 7 . 9  

4 .  Kumeroa - l ow P 7 . 1  1 6 . 9  2 4 . 6  2 8 . 8  3 1 . 5  

5 .  Manawat u  1 5 . 6  2 8 . 4  3 1 . 5  4 1 . 3  4 4 . 4  

6 .  Oka i hau 9 . 6  1 2 . 9  1 7 . 4  1 8 . 9  2 1 . 1  

7 .  Tokomaru - l ow P 9 . 7  2 7 . 7  3 9 . 7  4 0 . 6  5 4 . 7  

8 .  Wai n u i  8 . 9  1 8 . 7  1 8 . 5  2 7 . 7  2 3 . 1  

9 .  Dannevirke 4 . 1  5 . 9  7 . 2 6 . 8  

1 0 . Egmont - low P 2 . 9  3 . 6  5 . 0  4 . 4  

1 1 . Hami l ton 2 . 6  5 . 7 9 . 4  10 . 6  

1 2 . Patua 1 . 7  2 . 3  5 . 3  2 . 6  

1 3 .  Ramiha- low P 0 . 7  1 . 9  3 . 2  2 . 4  

1 4 . Rami ha-high P 1 2 . 0  2 3 . 1  2 1 . 7  3 6 . 2  

1 5 .  Taupo - l ow P 4 . 4 9 . 5  1 0 . 6  1 8 . 1  

1 6 . Taupo-high P 1 0 . 4  1 2 . 1  2 0 . 5  1 7 . 1  

1 6 0  

P redicted 

9 . 9  

7 . 6  

1 2 . 9  

7 . 8  

5 . 0  

3 0 . 3  

1 5 . 7  

2 6 . 8  

1-' 
-....) 
� 
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of wate r -extrac tab le P du r ing 1-h ( a )  and 2 4 - h  ( b )  

extrac t i on period s  i n  the 16 soi l s  f o l lowing the 

add i tions of P 



water extract i on ( Fi g . 6 . 4 ( a ) , s lope = 0 . 3 9 ) .  Pred i ct i ons 

obta i n ed f r om 1 -h water extrac t i on data tended to under

e s t i mate the amounts of water -extractable P i n  s o i ls 

f o l l owing P add i t ions . 

I t  appears that va lues of water-extractable P in s o i l s  

obta i n ed from t h e  2 4 -h extract ion per iod a r e  more r e l i able 

than those obtai ned f r om the 1 - h  extraction per i od . I f  the 

per i od used i n  the water extract ion was 24 h ,  the model 

closely pred i cted the equ i l ibr i um values of water

extractable P i n  the 16 s o i l s  fol lowing P add i t ions . Th i s  

aspect requ i re s  further inves t i gat i on . 

6 . 4  Conclus ions 

When so i l s  were i n c ubated w i t h  fer ti l i z er P,  the 

changes in wa ter-extractable P fol lowed a s imi lar pat tern in 

all s o i ls stud i ed . I n i t i a lly , there was a rap id dec l i ne 

wh i c h  was fol lowed by a g radual decreas e .  For a g i ven so i l , 

the i n i t i a l  rate of decl i n e  was fas ter at h i gher rates of 

P add i t ion . 

The model of Rennes ( 1 9 7 8 ) ,  bas ed on the Langmu i r  

i sotherm , was used to s imulate changes in water-extractable 

P i n  the Egmont and Tokomaru so i l s  fol lowi ng di f f erent rates 

o f  P add i t i on . Pr ed i c t i on s  were sat i s factory for the high 

P-sor b i ng Egmont s o i l s . The model , however , overest imated 

the level s  of water-extractab le P in the low P-s orb i ng 

Tokomaru so i ls . Further i nve s t igat ion revea led that the 

pred i ct ive ab i l i ty of the model was strong ly i n f l uenced by 

the e s t imates o f  sorp t i on energy con s tants ( K )  in h i g h  

P - s o r b i n g  so i l s . For low P-sor b i ng s o i l s , t h e  model was 

mor e  sens i t ive to e s t imates of sorp t i on max ima ( b )  than to 

est imates of K values . 

A wor k i ng model was developed to pred i ct changes i n  

water - extractable P i n  s o i ls fol low i ng fert i l i z e r  P 

add i t i on . Es t i mates of b were der i ved from the rout i ne 

PR tes t .  Values for K were obt a i n ed from the average o f  

1 7  s o i l s  i n  previous ly-publ i s hed s tudi es . When t h e  model 
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wa s tes ted on 1 6  s o i l s , s a t i s factory pred i ct i on was found 

for s o i ls wi t h  h i gh P s orpt ion capa c i ty . The pred i cted 

value s  for s o i l s  with low to med i um P sorp t i on capa c i ty were 

sma l l e r  than the measured va lues . The dev iat ions cou ld be 

due to overe s t imates of b values in the model wh ich gave 

r i s e  to low values of water-extractable P .  

E xper imen tal ev idence from the desorpt i on study 

repor t ed ear l i er ( Sect i on 3 . 3 . 4 )  and · pr ed i ct i ons from the 

model s howed that the desorpt ion of P from so i l  wa s rap id 

dur i ng the f i r s t  few hour s , but a f t er 2 4  h the change became 

s i gn i f i cantly s l ower . Mor e sat i s factory pred i ct i ons wer e  

obta i n ed w i t h  t h e  water- extract i on per i od o f  2 4  h compa red 

to the 1 - h  per i od . 

I t  has been shown i n  t h i s  s tudy that the model o f  

Rennes < 1 9 7 8 ) may b e  us ed t o  pred i c t  t h e  long-term ef f ec t  o f  

f e r t i l i zer P add i t ion on the level of water-extractable P i n  

s o i ls . The imp l i cat i on i s  that i t  may be pos s ible t o  use 

the water -extract i on procedure not only to determine whe ther 

or not fert i l i z e r  app l i ca t ion rates are in excess of 

ma i n t enance requ i r emen t s  but also to quant i fy th i s  est i mate . 
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CHAPTER 7 

CHARACTERI SAT ION OF THE S HORT-TERM 

PLANT AVAI LAB I LITY OF S O I L  P US I NG 

A DOUB LE-LABELLING TECHNIQUE 

7 . 1  Introduction 

Soi l  P supply has frequen tly been eval uated by 

emp i r i ca l  methods t hat have been corr elated wi th plant 

uptake . Such techn iques can prov ide a good pred i c t i on of 

s o i l P ava i lab i l i ty when sui tably ca l i brated us i ng the plant 

species of i nteres t . 

I t  i s  we l l  es tabl i s hed that plants d i f fer widely i n  

the i r  ab i l i ty t o  use s o i l  P ( McLachlan , 1 9 7 6 ;  Barber , 1 9 8 4 ) .  

For example , there i s  good ev idence that , when present w i t h  

grasses , clovers are the poorer compet i tor f o r  s o i l  P ( e . g . , 

Mouat and Walker , 1 9 5 9 ; Jackman and Mouat , 1 9 7 2 a , b ;  Hayn e s , 

1 9 8 0 ) . T h i s  poorer compet i t i ve ab i l i ty of clovers for 

s o i l P has been at t r i buted to on e or more of the fol lowing 

factor s ( see review by Hayn e s , 1 9 8 0 ) ;  

( i )  root morphology , 

( i i )  threshold concentrat i on of P below wh i c h  

p l a n t  uptake i s  reduced , 

( i i i ) root cat ion exchange capac i ty ,  and 

( iv )  root exudates 

These aspects have been revi ewed i n  detai l in  Section 2 . 2 . 4 .  

Furthermore ,  i t  has a l s o  been s uggested that the 

d i f fer i ng ab i l ity of plant spec i e s  to recover s o i l  P may be 

due to the i r  ab i l i ty to exp l o i t  d i f f er ent pool s  of s o i l P 

( Barber , 1 9 8 0 ; Smi t h , 1 9 8 3 ) .  However ,  there has been no 

conclus i ve ev idence to support such a sugg e s t i o n  ( Keay et 
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a l . ,  1 9 7 0 ; Probe r t , 1 9 7 2 ;  Caradu s , 1 9 8 0 ) .  Th i s  i s  pos s i bly 

due to the d i f f i cu lty in quant i fy i ng the pools of so i l  P 

wh i c h  are be i ng used by plants . E s t imates of the 

p lant-ava i lable poo l of so i l  P have been obta i ned by 

calculat ing the leve l s  of i sotop i c a l ly-exchangeable P ( or 

lab i le P )  us i n g  the L value ( La r s en , 1 9 5 2 ) and A va lue 

( Fr i ed and Dean , 1 9 5 2 ) techn iques . However , these 

techn iques appear to be unable to detect sma l l  d i f f e r ences 

in the so i l  P pool s  used by d i f f erent spec i es . 

Recent ly , doub le-labe l l i ng techn iques i nvolv i ng 3 2 p and 

3 3 p ,  have bee n  u s ed to fol low short-term uptake ( G i l l i ngham , 

1 9 7 8 ) and tran sport ( Sasaki et a l . ,  1 9 8 2 ) of P ,  wh i c h  

prev i ou s ly wa s d i f f i cu l t  t o  detect because o f  the extremely 

sma l l  amounts of P invo lved . The techn ique used by 

G i l l i ng ham ( 1 9 7 8 ) i nvolves labe l l ing of soi l with bot h  3 2 p 
and 3 3 p  for d i f f e r i ng durat ions and subsequently compar i ng 

the i s otope r a t i os i n  s o i l  extracts and plants grown on the 

label led soi l . D i f f erences in the i s otope rat i os between 

plant spec i es wou ld i n d i cate uptake of P f r om d i f ferent s o i l 

poo l s . 

The i sotope ratios in soi l extracts may also be used to 

help explain t he P sorpt ion react ions in so i l .  It i s  

generally agreed ( Hi n g s ton et al . , 1 9 7 2 ; Ra jan and Fox , 

1 9 7 2 ; Par f i tt , 1 9 7 7 ; Ryden et al . ,  1 9 7 7a ) that s o i l  P may be 

sorbed onto a range of s i tes var y i ng in the i r  sorp t i o n  

energ i es . Ryden et a l . ( 1 9 7 7a ) propos ed a concept o f  P 

sorpt ion invo l v i ng three reg ions or popu lat i ons of s i tes . 

T h i s  was later u s ed by Rennes ( 1 9 7 8 ) to develop a mode l  to 

pr ed i ct P sorpt i on i n  soils fol lowi ng P add i t ion ( s ee 

Chapter 6 ) .  Although t he as sumpt i on of three d i s t i n c t  

reg i ons f o r  P sorpt i on may be que s t i onable , the model 

developed by Ren nes ( 1 9 7 8 ) succe s s f u l ly pred icted the fate 

of f e r t i l i zer P added to so i l s and thus may have prac t i c a l  

app l i cat ion . 

A double- labe l l i ng techn ique was used i n  th i s  study to 

character i s e  the short - term uptake of P by ryegr a s s  and 

wh i t e  clover , and to determine whether the al leged supe r i or 
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ab i l ity of ryegras s to use s o i l  P can be att r i buted to i t s  

ab i l ity t o  recover P f rom d i f ferent s o i l  pool s . Ryeg r a s s  

a n d  wh i t e  clover were grown separately and together i n  order 

to exam i ne the e f f ect of compet i t ion on P uptake . Two so i l s 

w i th con tra s t i ng P - sorpt ion capac i t i e s , and each of low and 

med ium P status , were us ed i n  the s tudy . The exper iments 

were car r i ed out in  two soil  mo i s ture reg imes . 

7 . 2  Mater ials and Methods 

The double- labe l l ing techn i que i n volves plac i ng grow i ng 

plants i n  contact wi th s o i l that ha s been i ncubated with 

e s s en t i a l ly carr i e r - free 3 3p for a relat ively long pe r i od of 

t ime and subsequently a l s o  with 3 2 p for a short per i od o f  

t ime . Af ter a g i ven per i od of growt h , plant uptake of 3 2 p 

and 3 3 p i s  measured . 

The exper iment was of a factor i a l  des ign wi th two 

s o i l s , each at two P leve l s , two s o i l mo i s ture reg imes , and 

two plant spec ies , wi t h  f our rep l i cates of each tr eatment . 

An add i t ional treatment i nvo lving mi xed spec i e s  was i n c l uded 

w i t h  s o i l s  of low P statu s . 

7 . 2 . 1  Prepar a t i on of plants 

Ryegras s ( Lo l i um per enne L . , Gra s s lands " Nu i " )  and 

wh i t e  clover ( Tr i f o l i um r epens , Gr ass lands " Hu i a " )  were 

grown in a gla s s house us i ng a techn ique bas ed on that 

developed by Stan f ord and DeMent ( 1 9 5 7 ) .  The procedures 

i nvolved wer e s imi lar to those de scr i bed i n  Sect ion 5 . 2 . 3 .  

I n  t h i s  s tudy , approximately 30 s eeds were sown and later 

t h i nned to 1 5  and 20 plants per pot for ryegras s and wh i te 

clover r espect ively . I n  the mi xed spec ies treatmen t ,  

ryegras s and wh i te c lover were th i nn ed to 1 0  p lants each per 

pot . A complete nut r i ent so lut ion i n c lud i ng P ( Middleton 

and Toxopeus , 1 9 7 3 ) was app l i ed r eg u la r ly for s i x  week s  and 

then rep laced with a m i n u s -P nutr ient solution for a further 

two weeks . By th i s  t ime plant roots had exp lored the fu l l  

depth o f  sand , par t i cu la r ly i n  the cas e  of ryegrass  wh i c h  

had started t o  f o r m  a root mat a t  t h e  bottom of t h e  pot 

( P late 7 . 1 ) . Pr i o r  to be ing placed on label led so i l s , the 
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pots were leached w i t h  approx imately 5 0 0  ml of d i s t i l led 

water to r emove any exces s  nutr i e n t s  wh ich had accumu lated . 

7 . 2 . 2  Preparat ion of s o i l  

The s o i l s  used were samples of Egmont and Tokomaru 

s o i ls wh i c h  had been co llected f r om low fer t i l i ty s i tes and 

br ought to low and med i um P s tatus , as descr ibed i n  

C hapter 5 ( Sect ion 5 . 2 . 1 ) . Some chemi cal charact er i s t i c s  of 

the s o i l s  are g i ven in Tab le 7 . 1 .  The Olsen P va lues were 

reasonably s imi lar for each s o i l  at the comparab l e  P status . 

The a i r -dr i ed so i l s were incubated for 47 days w i t h  

s o lut i on s  of essen t i a l ly car r i er - f r ee 3 3 p a t  20±5 C and 

approximately 6 0 %  f i e ld capa c i ty ( corr espond ing to 

gr avimetr i c  water contents of 0 . 2 6 and 0 . 41 for the Tokomaru 

and Egmont s o i l s , r espect ively ) .  On day 4 7 , e s s en t i a l ly 

car r i er - fr ee 3 2 p was added to the i n cubated soi l s  and 

a l lowed to s tand unt i l  day 5 1 . The s o i ls were then 

a i r -dr i ed , each d i v i ded i nto two subsamples , and rewetted to 

a c h i eve water poten t ia l s  of - 0 . 2  and - 1 . 0  bar . These 

mo i s ture reg imes ( Ml and M2 ) ·cor respond to gravimetr i c  water 

contents of 0 . 3 2 and 0 . 20 for the Tokomaru soi l ,  and 0 . 4 5 

and 0 . 31 f or the Egmont so i l , respec t i vely . A s ample of the 

remo i s tened so i l  ( equivalent to 2 0 g  a i r -dr i ed so i l )  wa s 

p l aced i n  a 2 5 0 -m l  p las t i c  contai ner i dent i cal to thos e used 

to grow the plant s . 

The above i n cubat i on per i ods were selected s o  that 3 3 p 

wou ld exchange with mos t  of t he lab i le P in the s o i l wh i le 
3 2 p wou ld on ly exchange , i n  the short t ime per i od used , w i t h  

the more readi ly-ava i lable s o i l  P .  The five-day 3 2 p 

i n cubat ion per iod en sur ed that the i n i t i al rapid exchange 

wa s large ly complete and the sub s equent rate of exchange 

wou ld be re lat i ve l y  s l ow ( G i l l i ng ham , 1 9 7 8 ) .  

7 . 2 . 3  Measurements of plant uptake of P 

On day 5 2  ( f r om the beg i n n i ng of t he incubat i on ) the 

i n n er pot conta i n i ng plants , with exposed roots at the 

bottom of the pot ( Sect ion 7 . 2 . 1 ) , was tran s ferred onto the 

pot conta i n i ng the p re-mo i s tened , labe l led soi l ( Sect i on 

7 . 2 . 2 )  and left  for s i x  days . I n  th i s  study , the s i x -day 
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Tab le 7 . 1  Chemical c haracter i s t ics o f  t he Egmont and Tokomaru s o i l s  used in t he s t udy 

S o i l  pH
wat er 

P ret ent ion
# 

( % ) 

Egmont - l ow P 5 . 6  8 2  

-med ium P 5 . 6  8 0  

Tokomaru - l ow P 4 . 9  2 0  

- me d i um P 4 . 9  1 7  

# De t ermined by t he me t hod o f  S aunde r s  ( 1 9 6 5 ) . 

Water -extractable P 
- 1  

( �g g ) 

0 . 9  

2 . 1  

3 . 8  

8 . 1  

O l s e n -ex tractable P 
- 1  

( � g g ) 

1 1 . 4  

2 5 . 4  

1 2 . 8  

2 7 . 5  

f-' 
CO 
Ln 



contact per i od between plant and s o i l was chosen to en s u r e  

reasonable root penetrat i on into the labelled so i l  and thus 

me as ureab le i s otope uptake by both spec i es . Over the 

contact per i od , the s o i l  mo i s ture levels  were ma i n t a i ned by 

supplying water between the r ims of the nes ted pots . 

After a growth per i od of s i x  days , all above-ground 

g r owth was ha rves ted and the mi xed herbage was separated 

i n to ryeg r a s s  and wh i te clover . The herbage was oven-dr i ed , 

g r ound , diges ted , and ana lysed for 3 l p ,  as des cr ibed i n  

Sect i on 3 . 2 . 3 .  Total 3 2 p and 3 3 p ac t i v i t ies i n  t h e  he rbage 

d i gests wer e  measured s epar ate ly due to the extremely low 

a c t i vi ty o f  3 2 p .  A Cerenkov coun t i ng method ( Br own , 1 9 7 1 ) 

wa s used to determi n e  the 3 2 p ac t i v i ty of the samp l es . The 

e f f i c iency of Cerenkov coun t i n g  was determi ned by sp i k i ng 

the samples w i t h  a known amoun t  of 3 2 p and recoun t i ng . The 

act ivity o f  3 3 p was determi ned by l iquid s c i nt i l la t ion 

count i ng us i n g  a Tr i ton-toluene bas ed s c int i l lat i on cockta i l  

( Patters on and Greene ,  1 9 6 5 ) .  

7 . 2 . 4  So i l  analys i s  

Soi l s amples wer e  taken both before ( day 5 2 ) and a f ter 

( day 5 8 ) plant uptake of P in order to measure any changes 

i n  i sotope ratio occu r r i ng i n  the s o i l  extracts over th i s  

p e r i od . Water and Ol sen ext racts were obta i n ed us i ng the 

p r ocedures des cr i bed in Sect i ons 3 . 2 . 4 . 1  and 3 . 2 . 4 . 2 ,  

r e spect ive ly . Tota l  3 2 p and 3 3 p act i v i t ies i n  the extracts 

were measured as des c r i bed above ( Se c t i on 7 . 2 . 3 ) . 

7 . 3 Resu l ts and D i s c u s s i on 

7 . 3 . 1  3 l p concentrations 

7 . 3 . 1 . 1 Relat ions h ip between 3 l p concentrat ions 

i n  Olsen and water extracts 

Although for each P s tatus ( low or med ium ) the 

Olsen P va lues i n  the two soi l s  we re very s imi lar , there was 

a cons iderable var i a t ion in the amounts of water -extractable 

P between the two s o i l s  ( Table 7 . 1 ) . The amount s  of 3 l p in 

the Olsen extracts o f  the Egmont s o i l s  were approx imately 1 2  

t imes larger than those i n  the water extracts , wh i le the 
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d i f f erence was on ly three- fold for the Tokomar u  s o i l s . 

There was a l s o  a con s iderable var i at i on in the r a t i o  of 

O l s en-extractable P to water-extractable P ( Table 7 . 2 )  in 

the 16 soi l s  descr ibed in Chapter 6 and , once aga i n , the 

h i gher rat i o s  usua l ly occurred in s o i l s  with h i g h  P 

retent ion . 

To fur t her inve s t i gate th i s  e f f ect , the P s orpt i on 

model of Renn es ( 1 9 7 8 ) was used . A detai led descr ipt i on of 

the model i s  pres ented i n  Chapter 6 .  In br i e f , the mode l  

a s s umes that when P i s  added t o  the s o i l solution , i t  can 

poten t i a l ly be sorbed concurrently onto three reg ions of 

s i tes ( Fi g . 6 . 1 ) . Thes e  three regions  di ffer pr i n c i p a l l y  in 

the strength wi th wh ich the P is bound to the surface . The 

P is held mos t  s trongly in reg i on I and least s trong ly in 

r e g i on I l l . 

When the model was app l i ed to the 1 6  s o i l s  descr i bed i n  

C hapter 6 and the four so i l s u s ed i n  th i s  s tudy , i t  was 

apparent tha t  in h i g h  P-sorbing soi l s  of moderate P status , 

such a s  the Egmont so i l ,  mos t  s orbed P i s  present i n  reg ions 

I and I I , and only a sma l l  propo r t i on is  pr esent i n  reg ion 

I l l ; whereas i n  low P-sorbing s oi ls ,  such as the Tokomar u  

s o i l ,  a rela t i vely h i g her proport ion of sorbed P i s  pr e s en t  

i n  region I l l  ( Table 7 . 2 ) .  

The amounts of water -extractab le P in the fou r  s o i l s  

u s ed i n  t h i s  s tudy and the 1 6  s o i l s  u s ed in Chapter 6 wer e  

c losely r e la ted ( r  = 0 . 9 9 * * > t o  the amounts o f  P i n  reg i on 

I l l  i n  the mode l .  Th i s  i s  con s i s tent with the f i nd i ng of 

Ryden and Syer s ( 1 9 7 7 b ) who suggested that water extraction 

largely removes mor e-phys i ca l l y  sorbed P ( reg i on I l l ) . I n  

contras t , a much weaker correla t i on was found between t h e  

a mounts of Olsen -extractable P and t h o s e  of P i n  reg i o n  I l l  

i n  the mode l ( r  = 0 . 6 1 * * > ,  but the relat ions h i p  was improved 

( r  = 0 . 7 5 * * > i f  the amounts of P i n  reg ions I and I I  were 

added to that i n  reg i on I l l . These results suggest that the 

O l sen reagent is  ab le to desor b some of the mor e  t ight ly

bound P ,  presumab ly · because of its r e lat ively h i g h  hyd r oxyl 

i on concent r a t i on . I t  appears that the ra t i o  of wat e r -
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'Table 7 . 2  Amou n t s  of wa ter- and O l s e n - ex t r a c t a b l e  P ,  rat io of Olsen- t o  wa t e r - ex t r a c t a b le P ,  P retent ion values , and 
amou n t s  of P sorbed i n  t he t hree r e g i ons ( I  • I I , and I l l ) pred icted by t he model of Ren nes ( 1 9 7 8 ) for t he 
Egmont and Tokomaru s o i l s  used in t h is s t udy and t he 1 6  s o i l s  used in Chap t e r  6 

Water -extrac t ab l e  P ·O l s e n -ext ract able P Ra t i o of O l s e n - P retent ion Sor bed P in region 
to wa t e r -

So i l  - 1  extrac t a b l e  P ( % )  I I I  I l l  ( 1J9 g so i l ) 

{ IJ g g - 1  soil ) 

Egmon t - l ow P 0 . 9  1 1 . 4  1 2 . 7  8 2  3 8 0  5 7  4 
-me d i um P 2 . 1  2 5 . 4  1 2 . 1  8 0  4 3 4 1 2 9  9 

Tokomaru - l ow P 3 . 8  1 2 . 8  3 . 4  2 0  1 1 0 1 3 0  1 4  

-med ium P 8 . 1  2 7 . 5  3 . 4  1 7  1 1 1  1 9 1  3 4  

S o i l s  f rom ChaQt e r  6 

Carnarvon 3 . 8  8 . 9  2 .  3 4 5  2 5 6  1 8 5  1 5  

Dannevirke 4 . 6  2 2 . 7  4 .  9 9 1  4 9 6 1 9 3  14 

Egmon t - l ow P 1 . 8  8 . 1  4 .  5 8 2  4 2 7  1 1 3  8 

Ham i l t o n  3 . 2  1 3 . 6  4 .  3 6 6  3 6 7  1 8 4  1 4  
Kiwi t e a  3 . 7  1 0 . 7  2 . 9  4 0  2 2 8  1 7 2  1 5  

Kon i n i  4 . 4  1 2 . 3  2 . 8  4 3  2 4 6  2 0 3  1 8 

Kumeroa- low P 5 . 7  9 . 0  1 . 6 3 0  1 7 4  2 0 8  2 3  

Manawa t u  5 . 1  2 5 . 4  5 . 0  1 9  1 1 1  1 5 4  2 0  

Okaihau S . 6  2 0 . 6  3 . 7  4 S  2 S 9  2 4 S  2 3  
Patua 2 . 2  1 1 . 8  5 . 4  9 8  S 1 3  1 3 9  9 
Ram i ha - l ow P 1 . 2  6 . 2  5 . 2  8 8  4 3 7  8 6  6 

Ram i ha - h i gh P 6 . 7  2 S . 7  3 . 8  s s · 3 1 6  2 8 7  2 6  

Taupo- low P 3 . 0  1 8 . 0  6 . 0  5 3  2 9 7  1 5 8  1 2  

Taupo -h igh P 7 . 8  4 0 . 0  5 .  1 6 7  3 8 5  3 6 5  3 4  
Tokomaru - l ow P 6 . 7  1 6 . 3  2 . 4  1 9  1 1 1  1 7 7  2 8  

Wa i n u i  4 . 9  1 2 . 7  2 . 6  3 6  2 0 8  2 0 6  2 0  
..... 
(X) 
(X) 



extractable P to Olsen- extractab le P i n  a so i l  ref lec t s  the 

rat i o  of loose ly-held P to more t i ghtly-held P and that th i s  

rat io i s  strongly dependent on t h e  P sorpt i on capa c i t y  o f  

t h e  soi l .  

7 . 3 . 1 . 2  Relat ionship between 3 l p concen t ra t i ons 

in soi l extracts and plants 

T he amounts of 3l p i n  both water and Olsen 

ext r acts usua l ly dec l i ned s l ight l y  dur i ng plant growth 

( Table 7 . 3 ) . Decreases were gen e r a l ly larger i n  the 

Tokomaru than in the Egmont so i l s , par t i cular ly in the 

h i g h  P status so i l s . There was a tendency for so i l  3 l p 

levels to be lower after the growth of ryegrass than after 

the growth of wh i te c l over in the Tokomaru soi ls , sugg e s t ing 

that ryegras s removed larger amoun t s  of P from so i l  than did 

c l over . Th i s  was con f i rmed by the uptake of 3 l p ,  3 2 p ,  and 
3 3 p by plant s , wh i ch i n d i cated a greater uptake of P by 

ryegrass than by wh i t e  clover ( Tables 7 . 4  and 7 . 5 ) . 

The 3 l p concentrat i ons i n  both wh i te clover and 

ryegrass at the end of the exper i ment ranged from 

0 . 9 4 7  x 1 0 3 t o  2 . 4 2 8  x 1 0 3 �gP g- 1 ( Table 7 . 4 ) . These are 

con s idered to be at a de f i c ient level ( McNaught , 1 9 7 0 ) .  

Although the growing plants were in contact wi th the so i l s 

f o r  on ly s i x  days , the 3l p concentrat ions of both ryegrass 

and of wh i t e  c lover wer e  s i gn i f i can t ly a f f ected by s o i l  type 

and also by P s tatus w i t h i n  a so i l  type ( Table 7 . 4 ) . The 

s i g n i f icant d i f f erences i n  3l p concentrat ion between plants 

g r own on the two so i l s are i nter e s t i ng because the s o i l s  had 

been chosen so as to have s im i l a r  Olsen P levels . The 3 l p 

concentrat ion i n  bot h  ryegrass and wh i te c lover i n cr ea s ed i n  

a s imi lar order t o  t h e  amounts o f  3 l p i n  t h e  water extracts 

o f  the so i l s  ( Table 7 . 1 ) ,  al though the d i f ferences in the 

p lants wer e  sma l ler than thos e apparent in the so i l  

extracts . 

Soi l mo i s ture had no effect on the amounts of 3 l p i n  

t h e  s o i l  ext racts a f t e r  growing e i ther ryegras s or wh i te 

c l over ( Tab l e  7 . 3 ) . S imi larly , there was no e f fect of s o i l 

mo i s ture on the 3 l p concentrat i on s  of the plants g r owing on 

these soi ls ( Table 7 . 4 ) .  
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Tab l e  7 . 3  3 1 p concentrations in water and Ol sen extrac t s  o f  the ��mont 
and Tokomaru soi ls be fore and a f ter plant uptake ( � g g ) 

3 1 p in wa ter extract 

Be fore A f te r  p l ant up take • B e fore 
Soi l plant LSD plant 

uptake Ryegra s s  W h i t e  Mixed ( 5 % )  uptake 

Egmont 

low P -Ml # 0 . 9  1 . 0  0 . 8  1 . 0  NS 1 1 . 4  

-M2 0 . 9  0 . 9  0 . 7  0 . 9  0 . 1  1 1 . 4  

medi um P -Ml 2 . 1  2 . 1  1 . 7  - 0 . 1  2 5 . 4  

-M2 2 . 1  2 . 1  2 . 0  - NS 2 5 . 4  

Tokomaru 

low P -Ml 3 . 8  3 . 5  3 . 2  3 . 3  0 . 4  1 2 . 8  

-M2 3 . 8  3 . 2  3 . 5  3 . 3  0 . 2  1 2 . 8  

medium P -Ml 8 . 1  6 . 0  7 . 7  - 1 . 0  2 7 . 5  

-M2 B . l  5 . 2  7 . 8  - 1 . 2  2 7 . 5  

• Mo i s ture l eve l s  Ml and M2 ( Sect ion 7 . 2 . 2 ) . 

* For compa r i son be tween co lumn s . 

3 1 p i n  Ol sen extract 

A f ter plant uptake 

Ryegrass Whi te Mixed 
c lover 

1 1 . 1  1 1 . 2  1 0 . 5  

1 1 . 5  1 1 . 4  1 1 . 1  

2 2 . 9  2 1 . 1 -

2 1 . 9  2 2 . 7  -

1 0 . 9  1 2 . 9  1 1 . 3  

1 0 . 5  1 2 . 4  1 0 . 4  

2 0 . 1  2 6 . 7  -

1 9 . 0  2 6 . 0  -

• 
LSD 
( 5 % )  

0 . 5  

NS 

1 . 7  

1 . 4  

0 . 7  

0 . 4  

1 . 2  

1 . 6  

1-' 
1.0 
0 



Tab l e  7 . 4  Me a n p l an t  3 1 p c o n c e n t r a t i on s  o f  rye gr a s s a n d  
wh i t e  c l ov e r  gr own on t he E gm o n t  a n d  T o komar u  
s o i l s  ( 1 0 3 � g g

- 1 ) 

Rye gr a s s  W h i t e  c l ov e r  

S o i l  

P u r e  M i x e d  P u r e  M i x e d  

E gmo n t  

l ow P - M 1 # 1 .  4 0 6  1 .  4 8 8  0 . 9 3 7  1 .  2 9 2  

- M2 1 . 3 7 5  1 .  6 8 3  1 .  0 2 4  1 .  0 9 7  

med ium p - M 1  1 .  9 7 7  1 . 3 3 3  

- M2 2 . 0 6 5  1 .  3 9 2  

T o komar u 

l ow P - M 1 1 . 9 5 9  1 . 9 0 2  1 . 3 1 3  1 .  2 7 6  

- M 2  2 . 0 1 2  2 . 2 7 1  1 .  2 0 1  1 . 1 6 5  

med ium P - M 1  2 . 3 6 1  1 . 7 3 8  

- M 2  2 . 4 2 8  1 .  8 9 6  

# Mo i s t u r e  l e v e l s  M 1  a n d  M2 ( S e c t i o n  7 . 2 . 2 ) .  

L e as t s i gn i f i c a n t  d i f f e r e n c e s  ( 5 % l e ve l ) 

E f f e c t  

S o i l s  0 . 1 6 7 

S o i l  p l e ve l : w i t h i n s o i l  0 . 1 0 3  

a l l  s o i l s  0 . 1 6 7 

Mo i s t u r e : w i t h i n  s o i l  N S  

a l l  s o i l s  N S  

S pe c ie s : w i t h in s o i l  0 . 1 2 1  

a l l  s o i l s  0 . 1 6 7 
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Table 7 . 5  To t a l  3 2
r and 3 3

r ac t i v i t i e s  ( 1 0
3 dpm g - 1 ) and d r y  ma t t e r  y i e l d  ( g  pot - 1 ) of ryegra s s  

a n d  wh i t e r· J ov e r  grown on t he Egmont a n d  Tokoma ru s o i l s  

32
r 

3 3
p 

So i l 

V i  r!l cl  

Rye g r a s s  W h i t e  c l over Rye g r a s s  W h i t e  c l over Ryegr a s s  

Egmont H low P - M l  
- M2 

med i um P - M 1  
- M2 

Tokomaru 
low P - M1 

- M2 

med ium P - M 1 

- M2 

P u r <' 

1 .  7 A  I 
4 .  3 1 3  

1 1 . 4 2 b  
1 '"> . 4 4 7  

8 . 7 3 5  

9 . 7 2 1  

1 2 . 9 64 

1 7 . 6 0 2  

--
M i x e d  P u r e  M i xe d  

4 . 1 8 6  1 .  4 5 6  2 . 1 8 7  

'"> . 1 '"> '">  1 .  8 0 3  2 . 4 0 2  

- 1 .  8 3 7  -

- 2 . 2 3 0  

6 . 2 2 1  2 . 4 8 6  2 . 1 3 5  

1 2 . 0 4 6  2 . 62 3  1 . 7 9 3  

- 3 . 2 3 9  -
- 3 . 0 8 9  -

11 Mo i s t ure l e v e l s  M1 and M2 ( Se c t ion 7 . 2 . 2 ) .  

Leas t s i gn i f i c a n t  d i f f e re nces 

E f f e c t  

So i l  P leve l 

Mo i s t ure 

S p e c i e s  

low P s o i l s  
a l l  s o i l s 

low P s o i l s  
a l l  s o i l s  

( 5 % leve l ) 

3 2
p 

Egmont Tokomaru 

1 . 20 4  0 . 9 1 0  

o : 4 8 4  0 .  7 4 1 

1 .  2 0 4  0 . 9 1 0  

0 . 68 5  1 . 0 4 8  

1 . 2 0 4  0 . 9 1 0  

---
Pure Mixed Pure M i x ed Pure M i xed 

6 . 8 8 6  7 .  7 7 4  2 . 2 9 0  4 . 4 1 2 2 . 8 3 1 .  7 9  

7 . 0 3 5  1 0 . 3 2 3  3 . 0 5 8  3 . 8 8 2  2 . 8 5 2 . 0 4 

2 4 . 4 6 3  - 3 .  2 1 3  - 2 . 6 0  

3 4 . 1 4 6  - 4 . 3 6 3  - 2 . 6 2 

2 3 . 5 4 4  1 7 . 9 4 0  6 . 3 0 3  4 . 2 9 6  2 .  7 2  2 . 0 6 

2 7 . 7 1 1  3 4 . 1 7 0  5 . 8 5 5  3 . 9 9 7  2 . 7 0 2 . 0 6 

4 5 . 3 4 4  - 9 . 9 3 4  - 2 . 8 4 -

5 6 . 7 0 5  - 9 . 6 2 5  - 2 . 8 1  -

3 3
p Y i e ld 

Egmont Tokomaru Egmon t  Tokoma ru 

2 . 5 8 6  2 . 8 7 8  NS NS 

NS 1 .  8 7 4  N S  NS 
2 . 5 8 6  2 . 8 7 8  N S  N S  

1 .  2 2 8  2 . 6 5 1  0 . 1 7 0 . 1 6 
2 . 5 8 6  2 . 8 7 8  0 .  1 4  0 .  1 4  

W h i t e  c l over 

Pure M i x e d  

1 .  2 3  0 . 1 9 

1 .  2 1  0 . 2 3 

1 .  2 0  

1 . 1 7  

1 . 1 6 0 . 2 0 

1 . 1 6 0 . 2 0 

1 .  1 7  

1 .  2 6  

1-' 
1.0 
N 



7 . 3 . 2  3 2 p : 3 3 p rat i os 

7 . 3 . 2 . 1  3 2 p : 3 3 p rat io s  i n  soi l extracts 

Becaus e  3 2 p was added to the soil for a 

r e lat i vely short t ime ( f i ve days ) ,  compared to 3 3p 

( 47 days ) ,  the 3 2 p wou ld probably not have equ i l ibrated to 

the s ame extent w i t h  the l e s s  lab i le pool of so i l  P .  

Con s equently , the rat ios of 3 2 p : 3 3 p i n  soi l extracts s hou ld 

decreas e i f  les s  lab i le P was be i ng extracted . Th i s  i s  we l l  

demonstrated b y  t h e  i s otope rat ios i n  the water and Olsen 

extracts from the Tokomaru soi l ( Tab l e  7 . 6 ) .  The 3 2 p : 3 3 p 

rat i o  i n  the Olsen extract was a lways lower than that i n  the 

water extract , wh i c h  is thought to r emove mor e  loo s e l y-

held P ( Ryden et al . ,  1 9 7 7a ) . Surpr i s i ng ly , the reve r s e  

trend was obs er ved i n  t h e  Egmont soi l ( Table 7 . 6 ) . � 
3 2p : 3 3p rat ios were obtai n ed i n  the water extracts than i n  

t h e  Ols en extracts of t h e  Egmont s o i l .  Although t h i s  

con f l i c t i ng res u lt i s  unexpected , a pos s i ble exp lanat ion i s  

of f ered below t o  account for such a contrad i c t i on . 

When 3 2 p i s  added to a soi l ,  mos t  of the 3 2 p w i l l  

i n i t ia l ly be i n  the soi l  solut ion and t h i s  w i l l  g r adual ly 

exchange with the lab i le P on the sur face . Because 3 3 p was 

added to the s o i l for a long per i od of t ime , i t  can be 

a s s umed to have exchanged with much of the nat i ve 3 l p i n  

s o i l s . The 3 2 p : 3 3 p rat i o  wi l l  i n i t i al ly be h i ghes t i n  the 

s o i l solut ion and wi l l  decrease a s  mor e  3 2 p i s  exchanged 

w i t h  t he sur face P .  I t  i s  sugg e s t ed that the mos t  r ead i ly

exchangeable s o i l  P poo l s  wi l l  equ i l ibrate with the so i l  

solut i on , and t hat exchange with the more t i g ht ly-bound P 

w i l l  occur mor e  s l owly . As t h i s  process con t i nues , the net 

movement of 3 2 p from the solut ion to the sur f ace w i l l  s low 

down and 3 2 p w i l l  beg i n  to be r e -d i s t r ibuted among s t  the 

var ious sur face groups . 

At t h i s  s tage the ratio of 3 2 p : 3 3p in the s o i l s o lut ion 

and the very rapid ly-exchangeabl e  pool wi l l  decreas e  to 

a val ue intermedi ate between that ex i s t ing in the P pool s  

wh i c h  had prev ious ly reached equ i l ibr i um w i th t h e  s o i l 

s o lut i on and t hat exi s t i ng i n  the less  high ly- label led pool s  

to wh ich t h e  3 2 p i s  now migrat i ng . I n  such a s i tuat i on i t  
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Table 7 . 6 3 2 P : 3 3 p ratios in water and Ol sen extracts of the Egmont 
and Tokomaru so i l s  be fore and a f ter plant uptake 

3 2 P : 3 3 P in water extract 

Be fore A f ter plant uptake * 
Soi l plant LSD 

uptake Ryegrass Whi te Mixed ( 5 % )  
c love r 

Egmont 

low P -Ml # 0 . 2 1  0 . 2 1 0 . 1 4  0 . 2 0 0 . 0 3 

-M2 0 . 2 1  0 . 1 9 0 . 1 6 0 . 1 6 0 . 0 3 

medi um P -Ml 0 . 2 0 0 . 2 1 0 . 1 8 - NS 

-M2 0 . 2 0 0 . 2 1 0 . 2 1  - NS 

Tokomaru 

low P -Ml 0 . 2 8 0 . 2 7 0 . 2 6 0 . 3 1 NS 

-M2 0 . 2 8 0 . 2 5 0 . 2 6 0 . 2 8 NS 

medi um P -Ml 0 . 2 3 0 . 2 3 0 . 2 4 - NS 

-M2 0 . 2 3  0 . 2 4 0 . 2 5 - NS 

LSD ( 5 % )  0 . 0 4 0 . 0 3 0 . 0 2 0 . 0 4 

11 Moi st u re leve l s  Ml and M2 ( Sec;t ion 7 . 2 . 2 ) . 
* For compari son be tween column s . 

B e fore 
p l an t  
uptake 

0 . 3 0 

0 . 3 0 

0 . 3 0 

0 . 3 0 

0 . 2 1 

0 . 2 1 

0 . 1 8 

0 . 1 8 

0 . 0 3 

3 2 P : 3 3 P in O l s en extract 

A f ter plant uptake 

Ryeg ra s s  Wh i te Mi xed 
c lover 

0 . 2 8 0 . 2 9 0 . 3 0 

0 . 2 9 0 . 2 9 0 . 2 9 

0 . 2 8 0 . 3 0 -

0 . 2 7 0 . 2 8 -

0 . 2 1 0 . 2 3 0 . 2 1 

0 . 2 0 0 . 2 2 0 . 2 0 

0 . 1 8 0 . 2 2 -

0 . 1 8 0 . 2 2 -

0 . 0 3 0 . 0 2 0 . 0 1 

* 
LSD 

( 5 % )  

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

I-' 
1.0 
� 



i s  pos s i b le that an extractant , such as water , wh i ch r emoves 

on l y  the so i l  solut ion P together w i t h  a sma l l  qua n t i t y  of 

r ead i ly-exchangeable P ,  wi l l  have a l ower 3 2 p : 3 3 p ra t i o  than 

the Olsen extractant wh i c h  appear s to remove some l e s s  

r ead i ly-exchangeable P .  

Thi s  effect wou ld be most ma rked i n  soi ls w i t h  the 

largest d i f f eren c e  i n  the amounts of P extrac ted by water 

and the Olsen reagen t . As explai ned i n  Sect i on 7 . 3 . 1 . 1 ,  

such s o i ls usual l y  have a h i gh P sorpt ion capa c i ty . T h i s  i s  

c on s i stent wi t h  t h e  observat ion descr ibed above , that for 

the h i g h  P-sorbing Egmont soi l the 3 2 p : 3 3 p rat i os i n  the 

water extracts wer e  lower than those in the Olsen extracts . 

I n  a s imi lar study u s i ng a doub le- labe l l i ng techn i que 

w i t h  an Egmont s o i l ,  Gi l l i ngham ( 1 9 7 8 ) repor ted a h i g her 
3 2 p : 3 3 p ratio i n  the wat er extract s  at a 40 : 1  s olut i on : s o i l  

r a t i o  t han i n  water extracts a t  a 2 0 : 1  ratio . Alt hough 

c omment i ng that the result wa s unusual as it would be 
ant i c i pated that the 4 0 : 1  extrac t i o n  wou ld remove 

l e s s - labi le P ,  w i t h  an expected lower rather than a h i g her 

i s otope rat i o ,  G i l l i ngham ( 1 9 7 8 ) of f ered no exp lanat ion for 

t h i s  observat i on . However , if  i t  i s  assumed that i n cr eas ing 

the solution : so i l  rat i o  wou ld result i n  more P be i ng 

desor bed from l e s s  read i ly-exchangeable poo l s , wh i c h  conta i n  

a r e l a t i vely h i g h  propor t i on o f  3 2 p a s  descr i bed above , then 

h i g her 3 2 p : 3 3 p rat i os might be obt a i n ed in the 4 0 : 1  than i n  

t h e  2 0 : 1  extrac t ion . 

7 . 3 . 2 . 2  3 2 p : 3 3 p ra t i o s  i n  plants 

As 3 3 p had been i ncubat ed with the s o i l  for 

a long t ime pr i o r  to the placement of the plants i t  s h ou ld 

have ach i eved near -equ i l i b r i um w i t h  the nat i ve s o i l  3 l p .  

Total plant uptake of 3 3 p should t herefore be a good 

i nd i cator of total P uptake from the so i l . As long as 

compar i s ons ar e restr i cted to between spec i e s  wi t h i n  a s o i l  

at a g i ven moi sture content , total plant uptake of 3 3 p i s  

l ikely to be more accurate than es t imates of 3 l p uptake , as 

these wi l l  be relat ively small compared to the large 

quant i ty of 3 l p already present in the plant pr i or to the 

placement on t he s oi l . 
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Ryegrass always took up very much larger quant i t ies of 
3 3 p than did wh ite clover ( Table 7 . 7 ) . Thi s is  con s i s tent 

wi t h  the much more v i gorous prol i f er a t i on of ryeg rass roots 

and the larger decrease in so i l  3 l p levels ( Table 7 . 3 )  

observed a f ter ryegras s growt h . 

The ef fects o f  i nc r eas i ng so i l  mo isture wa s general ly 

t o  i ncrease the uptake of 3 3 p by ryeg ras s , with the e f f ect 

be i ng mor e  apparent in the medium P status so i l s , and i n  the 

mi xed spec ies treatments on the low P status s o i l s  ( Table 

7 . 7 ) . These obser vat ions can be exp l a i ned by cons ider i n g  

t h e  r a t e  of d i f fus i on of soi l P to the plant roots . Th i s  

d i f fu s i o n  rate wi l l  i ncrease wi th i ncreas ing so i l  mo i s ture 

content ( Nye and T i nker , 1 9 7 7 ) and should result i n  

i nc r eas i ng plant P uptake . The rela t i vely sma l l  ef f ect 

noted when ryegrass i s  grown alone on the low P status s o i l s  

i s  probably becaus e  t h e  p lants had already comp lete ly 

depleted the pool of read i ly-ava i lable P .  In the mi xed 

s p e c i es t r eatments there were f ewer r yegras s plants per pot 

a n d  presumably also a lower root dens i ty .  Th i s  severely 

r e s tr i c t ed P uptake at low soil moi s ture level s  but cou ld be 

overcome at higher mo i s ture con tents when the P was ab l e  to 

d i f fu s e  to the mor e  widely-spaced roots . I t  i s  s i gn i f i cant 

that at h i gh mo is ture con tents the 3 3 p uptake by the 10 

ryeg r a s s  plants in the mi xed spec ies tr eatment wa s very 

s imi lar to that by the 15 p lants i n  the ryeg rass alone 

t r eatment ( Table 7 . 7 ) . 

S im i lar ly , as the med i um P status soi ls had more than 

s u f f i c i ent P to last for the whole growth per i od , the 

i nc rea s ed rate of d i f f us i on at higher mo is ture con ten ts 

r es ulted i n  s i gn i f icantly greater uptake by the ryeg ra s s  

p lants ( Table 7 . 7 ) .  

D i f ferences i n  so i l  mo i s ture content had no cons i s tent 

e f f ec t  on the uptake of 3 3 p by wh i t e  clover . T h i s  

d i f ference between ryegrass and wh i t e  clover i s  d i f f i cu lt to 

expla i n . 

The 3 2 : 3 3 p r a t i o  i n  ryegrass was always s i gn i f i ca n t ly 

l ower than that i n  wh i t e  c l over when each spec i es wa s grown 
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Tab l e  7 .  7 
3 3  3 - 1  

Tot al P upt ake ( 1 0 dpm pot ) by ryegras s 
and wh ite c l over gr own on t he Egmont and 
Tokomaru s o i l s  

Rye gras s Wh ite Mixed spe c ies 
S o i l  

a l one c l over Rye gr as s 
a l one 

E gmont 
M 1  # l ow p - 1 9 . 5 1 8  2 . 7 9 1  1 3 . 8 8 8  

- M2 2 4 . 4 7 5  3 . 6 7 5  2 1 . 0 5 5  

med ium P - M1 6 3 . 9 1 8  3 . 7 6 9  

- M2 8 8 . 7 8 7  5 . 1 3 4 

Tokomaru 
l ow P - M 1  6 3 . 0 1 7  7 . 3 0 7  3 5 . 1 6 2  

- M 2  7 4 . 7 0 8  6 . 7 0 2  7 0 . 1 3 5  

med ium P - M 1  1 2 7 . 7 6 0  1 1 . 5 5 7  

- M2 1 5 8 . 7 4 2  1 1 . 7 8 3  

# Mo is ture leve ls M 1  and M2 ( S ect ion 7 . 2 . 2 ) . 

L e a s t  s i gn i f icant d i f ferences ( 5 % leve l ) 

E f f e c t  Egmont 

S o i l  P leve l 7 . 1 7 0  

Mo i s t ure 

Spec ies 

l ow P s o i ls 2 . 9 4 6  

a l l  s o i l s  7 . 1 7 0  

l ow P s o i l s  4 . 1 6 7  

a l l  s o i l s  7 . 1 7 0  

Tokomaru 

5 . 8 3 1  

3 . 3 9 2  

5 . 8 3 1  

4 . 7 9 7  

5 . 8 3 1  

White T o t a l  
c l ove r 

0 . 8 3 6  1 4 . 7 2 4  

0 . 8 7 5  2 1 . 9 3 0 

0 . 8 3 6  3 5 . 9 9 8  

0 . 7 9 4  7 0 . 9 2 9  
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a lone ( Table 7 . 8 ) . Th i s  sugges ts that ryegrass was remov ing 

P f r om les s read i ly-exchangeab le so i l  P poo ls than was wh ite 

c lover . I f  les s - lab i le P i s  becoming ava i lable for uptake 

by ryegras s t h i s  may occur s imply becau se of the la rger 

deplet ion of soi l P wh i ch occurred wi th ryeg r a s s , or i t  may 

be due to the ab i l i ty of ryegrass to exploit s o i l P poo ls 

wh i ch are not ava i lable to wh i te clover . I t  i s  i nteres t i ng 

to note that i n  a l l  but one case , the 3 2 p : 3 3 p rat i os in both 

ryegrass  and wh ite c lover when grown together did not change 

g r eatly f r om when they were grown separate ly . Th i s  wa s 

de s p i t e  the fact that up to 1 0  t imes the amoun t  of 3 3 p was 

be i ng taken up from the mi xed spe c i es pots than was removed 

f r om pots with wh i te clover alone ( Table 7 . 7 ) .  Th i s  

s uggests t hat even when ryegrass and wh ite clover are 

g r owing in the same pot , they con t i nue to draw on d i f f erent 

pool s  of s o i l  P i n  a h i ghly deplet i ve sys tem . 

The p r es ent results are contrary to those obtai n ed in 

a s imi lar double-labe l l i ng s tudy by G i l l i ng ham ( 1 9 7 8 ) who 

f ound no d i f ference in the i sotope ratios i n  wh ite c lover 

and ryegras s .  In t he latter s tudy , plants wer e  grown on 

s o i ls w i t h  a very h i g h  P s tatus and under mo i s ture 

cond i t i on s  wh ich wou ld max imi s e  uptake of P .  Such 

cond i t ions wou ld be les s sui table for d i s t i ngu i s h i ng between 

p l an t  spec ies as to the i r  ef f i c i ency in the ut i l i sat i on of 

s o i l  P .  I n  the present s tudy , the soi ls used did not have a 

very h i g h  P statu s . Hence i t  i s  l i kely that the supply of P 

wou ld be more limi t ing , par t i cu larly i n  the Egmont soi ls 

which have a h i g h  P sorpt ion capa c i ty ( Tab le 7 . 1 ) .  

The ab i l i ty of ryegrass  to recover P f r om a les s - lab i le 

pool may be associ ated w i t h  i t s  ab i l i ty to lower the 

concentrat ion of P in solut ion at root sur faces , thus 

p r omot i ng desorp t i on from l e s s - lab i le P in the s o i l  ( Bar row , 

1 9 7 5 a ) . Par f i tt et al . ( 1 9 8 2 ) have reported that the 

concentrat i on of P i n  the so i l  solu t i on requ i r ed for near 

opt imum growth is lower for ryeg ras s ( 0 . 0 6 �g 1-1 > than for 

c lover ( 0 . 3 1 �gP 1- 1 ) .  They also found that ryeg r a s s  was 

able to desorb mor e  P from s o i l  than was clover . S imi lar ly ,  

t h e  s tudy of Bar row ( 1 9 7 5 b ) indi cated that , i n  compar i s on 
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Tab le 7 . 8 3 2 p : 33 p r a t i os i n  ryegrass  and wh i te clover 
grown on the Egmont and Tokomaru soi ls 

Ryeg r a s s  Wh ite clover 

Egmont 

low P - Ml * 

- M2 

med ium P - Ml 

- M2 

Tokomaru 

low P - Ml 

- M2 

med i um P - Ml 

- M2 

Pure 

0 . 5 5  

0 . 5 1 

0 . 4 7 

0 . 4 6  

0 . 3 7 

0 . 3 5 

0 . 2 9  

0 . 3 1 

M i x e d  

0 . 5 5 

0 . 5 0 

0 . 3 5 

0 . 35 

Pure 

0 . 6 5  

0 . 6 0 

0 . 6 0 

0 . 5 1 

0 . 4 7 

0 . 4 3 

0 . 3 3 

0 . 3 2 

* Mo i s ture leve ls Ml and M2 ( Sect ion 7 . 2 . 2 ) . 

Lea s t  s ig n i f i cant d i f ferences ( 5 % level ) 

E f f ect Egmont Tokorna ru 

S o i l  p level 0 . 0 5  0 . 0 1  

· Mo i sture : low p so i l s 0 . 0 4  N S  

: all  so i l s 0 . 0 5 N S  

Spec i es : low p soi l s  0 . 0 6 0 . 0 4  

a l l  so i l s  0 . 0 5  0 . 0 1  

M i x e d  

0 . 5 0 

0 . 6 2 

0 . 5 0 

0 . 4 5 
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w i t h  c lover , grass roots were able to take up more P because 

of t h e  larger number s  of root ha i r s , as we ll a s  the i r  

ab i l i ty t o  r educe the P conc entration a t  the root surface to 

a l ower level than d i d  c l over . 

I n  one cas e  ( Egmon t - low P at low soi l mo i s ture ) the 

3 2 p : 3 3 p  rat i o  ( Table 7 . 8 )  in wh i te clover grown together 

wi t h  ryeg rass wa s muc h  lower ( 0 . 5 0 )  than when the wh i te 

c l o ver wa s gr own alone ( 0 . 6 5 ) .  Indeed , the 3 2 p : 3 3 p  rat i o  of 

t h e  wh i te c lover was lower than that of the ryegrass growing 

i n  the same pot ( 0 . 5 5 ) .  Th i s  result i s  i n  contrad i c t i on to 

t h e  others d i s cussed above and is d i f f i cult to exp la i n . 

I n s pect i on of the i nd iv idual r epl i cates revea l s  very l i ttle 

va r i a t i on and sugges t s  that the effect wa s not a stat i s t i ca l  

a n omaly . Fur ther wor k  i s  requ i red t o  i nves t i gate t h i s  

f i nd i ng . 

I t  i s  i nteres t i ng to note that the amounts of 3 3 p  
r emoved by ryegrass ( dpm g-1 s o i l ) were not great ly 

d i f f er ent f r om those pres ent i n  the water extracts ( Table 

7 . 9 ) , s ugg e s t i ng that ryegrass  took up soi l P in amounts 

comparable to thos e removed by the water extrac t i on . Th i s  

i s  con s i s tent wi th t he ear l i er f i nding that the amoun ts of 

wa ter-extractable P i n  s o i l s  cor r elate well with the amounts 

o f  p lant-avai lable P ( see Chapter 3 ) .  However , the 3 2 p : 3 3 p  
r a t ios i n  both Olsen and water extracts were a lways lower 

than t hos e in the plants ( Tab les 7 . 6  and 7 . 8 ) .  It i s  

d i f f i cult to draw any f i rm conclus i ons from t h i s  observa t i o n  

b e c a u s e  t h e  w i d e  s o i l : s olut i o n  r a t i o  i n  the water extract i s  

l i kely t o  speed up exchange and s l ight ly lower t h e  3 2 p : 3 3 p  
r a t i o  i n  s olut ion . 

7 . 4 Conc lus ions 

Although the s o i ls u s ed i n  t h i s  s tudy had s i mi lar 

O ls en P level s ,  they var i ed con s iderably i n  t he i r  amounts of 

water-extractable P .  The P s orpt ion . mode l o f  Rennes ( 1 9 7 8 ) 

c o u ld be u s ed to provide a pos s i ble explanat ion for such 

an observat ion . Alt hough the as sumpt i ons impl i c i t  in such 

a mu l t i - r eg i on approach to P sorpt ion are open to i n te r -
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Table 7 . 9  

S o i l  

Egmont 
l ow P -

3 3  3 - 1  . 
Amo u n t s  o f  P ( 1 0 dpm g s o 1 l ) r emoved by 
water e x t r a c t i o n  a n d  p l an t  u p t ake by rye gr a s s  
a n d  w h i t e  c l over gr own on t he E gm o n t  a n d  
T o komar u s o i l s  

3 3
p i n  

3 3
p i n  he r b a g e  

wat e r  e x t r a c t  Rye gras s W h i t e  M i x e d  
c l ov e r  s pe c i e s  

M l  # 1 .  4 5 1  0 . 9 7 6  0 . 1 4 0  0 . 7 3 6  

- M2 1 . 4 5 1  1 .  2 2 4  0 . 1 8 4 1 .  0 9 7  

me d i um p - Ml 1 .  8 0 8  3 . 1 9 6  0 . 1 8 8 

- M 2 1 .  8 0 8  4 . 4 3 9  0 . 2 5 7  

T o kom a r u  
l o w  P - M l  4 . 8 6 7  3 . 1 5 1  0 . 3 6 5  1 .  8 0 0  

- M2 4 . 8 6 7  3 . 7 8 2  0 . 3 3 5  3 . 5 4 7  

med ium P - M 1  6 . 8 9 2  6 . 4 0 1  0 . 5 7 8  

- M2 6 . 8 9 2  7 . 9 3 7  0 . 5 8 9  

# Mo i s t ur e  l e ve l s  a t  M 1  a n d  M 2  ( S e c t i o n  7 . 2 . 2 ) .  
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pretat i on , the model provided a p laus ible explanation for 

the d i f ferences in the ra t i o  of water -extractab le P to 

Olsen -extractable P among s o i l s . I t  appears that the rat i o  

of wat e r - a n d  Olsen-extractable P i n  a s o i l  r e f lects the 

rat i o  of loos ely-held to mor e  t i ght ly-held P and that th i s  

ra t i o  i s  s t r ongly dependent on the P sorpt ion capac i ty of 

the s o i l . 

Rat ios o f  3 2 p : 3 3 p  i n  the Ol s en and water extracts of 

s o i l s , obta i n ed by a double- labe l l ing techn ique , also s howed 

a con tras t in g  pattern between the low P-sorbi ng Tokomaru 

s o i l and the high P-sorbing Egmont so i l . It  i s  suggested 

that the lower 3 2 p : 3 3 p  rat i o  i n  the water extract of the 

Egmo n t  so i l , as compar ed to the· rat i o  i n  the Olsen extrac t ,  

i s  r e lated t o  the large d i f f er ence i n  the amounts o f  P 

extracted by water and the Olsen reagent . 

The lower 3 2 p : 3 3 p  rat i o  i n  ryegrass , as compared to 

that in wh i te clover , indi cated that ryegra s s  was r emoving P 

f r om pool s  o f  less readi ly-exchangeable soi l P than was 

wh i t e  c lover . Even when ryeg r a s s  and wh i te c lover wer e  

grow i ng toge ther in the same pot , they cont i nued to draw on 

d i f f er en t  pools of so i l  P i n  a highly deple t i ve system .  It  

is  s ugges ted that les s - la b i l e  P becomes ava i lable for uptake 

by r yegra s s  both as a result of the ab i l i ty of ryeg r a s s  to 

exp l o i t  s o i l P poo ls wh i ch are not ava i lable to wh i te c l over 

as we l l  as the larger deplet i on of soi l P by ryegra s s . 

I n  the pr esent s tudy , the double- labe l l i ng techn ique 

was succes s fully used to char acte r i s e  the s hor t - term plant 

ava i lab i l i ty of soi l P and also to e s tab l i s h  if di f ferent 

plant spec i es have the ab i l i t y  to exp l o i t  d i f ferent pool s  of 

s o i l P .  Fur ther eva l ua t i on of the double- labe l l i ng 

tec h n i que cou ld usef u l ly i nvolve inve s t i ga t i on of the 

i nt e n s i ty o f  P deplet i on , par t i cularly the interaction 

between the number o f  plants , the amount of soil used , and 

t h e  durat i on of con tact between plants and s oi l . The 

concept of labell i ng a s o i l w i t h  two P isot opes for 

d i f fe r i ng durat ions provides a means of d i s t i n gu i s h i n g  

d i f f erent pools o f  s o i l P ,  wh i ch can b e  us e f u l  i n  several 
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ar eas of i nves t igat i on , inc lud i ng the character i sat ion of 

s hor t - term plant ava i lab i l i ty of s o i l P ,  the ab i l i ty of 

d i f f er ent p lant spec i es to exp lo i t  s o i l  P from var i ou s  

pool s , and the movement o f  s o i l P be tween d i f f erent pool s , 

par t i cu la r ly i n  relat i on to the tran s fo rmat ions of s o i l 

organ i c  P .  
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SUMMARY AND CONCLUS IONS 

The wor k presented i n  th i s  thes i s  may be summar i s ed as 

f o l l ows : 

1 .  A review o f  the l i terature i n d i cates that among the 

var i ou s  proce s s e s  controll i n g  the concentrat ion of P in 

the so i l  solut i on , sorpti on-desorpt ion react ions are 

the mos t important ,  al though the mechan i sms i nvolved 

a r e  s t i l l  not f u l l y  unders tood . There has a l s o  been an 

i ncreas i n g  recog n i t ion of the s i gn i f ican ce of s o i l 

organ i c  and microb i a l  P as sources of plant-ava i lable P 

i n  s o i l s . As sessment of the ava i lab i l i ty o f  s o i l  P to 

p lants requ i res an under s tanding of the phys i co

chemical aspects o f  soil inor gan i c  P,  a s  we l l  a s  the 

dynamics o f  orga n i c  P i n  so i l . 

2 .  In  New Z ea land , the f er t i l i z e r  P requ i r emen t s  o f  we ll

devel oped pastur e , ma i ntained at a s teady level of 

p r oduct i o n , ar e ca lcu lated u s ing a model developed by 

Cornforth and S i n c la i r  ( 1 9 8 2 ) .  The mode l  i s  bas ed on 

e s t imates of P los s e s  wi t h  var i ou s  comb i nat ions of 

s tock and land type , and s o i l P los ses due to 

immob i l i sat i on . A s o i l tes t i s  requ i r ed in the model 

to a s s e s s  whether the level of ava i lab le s o i l P i s  

appropr i a te f o r  t h e  proposed level of product ion and to 

subseque n t ly mon i tor the ef f ec t i veness of the 

ma i ntenance fert i l i z er P programme calcu lated by the 

model .  

3 .  In  an i n i t ia l  evaluat ion i n  the g las shouse u s i n g  

2 0  s o i l s , t h e  amount of inorgan i c  P removed by water 

extract i on was h i ghly correlated ( r  = 0 . 90 * * > with  

plant-ava i lable P as indi cated by plant uptake of P .  

Inclu s i o n  of an e s t imate of P bu ffer i ng capac i ty 

( P  retent i on value or the s l ope of the desorpt ion 

i sotherm ) d id not improve the pred i ct i on o f  plant

ava i lable P us i ng water extract i on , although the 

rever s e  was the case for the Olsen tes t . Water-
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extractable P appears to r e f l ect not on ly the inten s i ty 

factor , as prev i ously thought , but also the buf f e r i ng 

capac i ty of soi l P .  Because the i n terpretat i o n  o f  

water-extractab le P data i s  not greatly i n f luenced by 

the buf f er i ng capac i ty of s o i l s  and appears to be 

largely i ndependent of s o i l type , the water -extract ion 

procedure may have advan tages over other procedur e s  for 

a s s es s i ng plant -ava i lable P i n  s o i l s , provided adequate 

amount s  of P are present for rout ine measuremen t .  

4 .  Res u l t s  over 1 2  months from f i e ld exper imen t s  at two 

contr a s t i n g  s i tes  under permanent pasture s howed that 

the amounts of water -extractable P in the s o i l s  were 

always lower than those o f  Olsen-extractable P .  For 

examp l e , the average values of water-extractable P 
< 0 - 7 . 5  cm depth ) over the 1 2 -mon t h  per i od wer e  1 . 8  and 

4 . 9  �g g -1 s o i l for the Ram i ha and Tokomaru s oi l s , 

respec t i vely , wh i le the corr espond i ng values o f  

Olsen -extractable P wer e  1 2 . 6  and 8 . 7  � g  g- 1  s oi l ,  

respect i vely . However , the var i ab i l i ty a s s oc i ated with 

water - extracta b le P wi th i n  each s ampling was comparable 

with that for Ol sen-extractable P .  

5 .  Seasona l var iat ions dur i ng the 1 2 -month per i od o f  study 

were larger for water -extractable P ( coe f f i c i en t  of 

var iat ion = 1 5  and 2 3 %  for the Tokomaru and Ram i ha 

soi l s , respect i vely ) than for Ols en-extractable P 

( coef f i c i ent of var i at io n  = 1 2  and 1 6 %  for the Tokomar u  

and Ram i ha soi l s , respec t i vely ) .  Seasonal f luctuat ions 

were related c losely to the pattern of pas ture P 

uptake . Low level s of water -extractab le P were 

a s s o c i ated w i t h  autumn and spr ing flushes of pas ture 

growt h , wh i le h i gh va lues were obtai ned dur i ng per i od s  

of s low growth in wi nter . I n  the Ramiha s o i l , the 

value for water-extractable P was as low as 1 . 2  g g - 1  

s o i l i n  May , then increa s ed to 2 . 4  g g-1 s o i l  i n  July , 

and decreased aga i n  to 1 . 2 g g- 1  soi l i n  Octobe r . 
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6 .  The amount s  of wat e r - and Olsen-extractable P i n  soi l s  

were h i gher in t h e  0 - 4 . 0  cm s amp l i ng depth than i n  the 

0 - 7 . 5  cm depth . I n  the 0 - 7 . 5  cm s amp l i ng depth , the 

average va lues over the 1 2 -month per iod for water- and 

Olsen -extractable P in the un f ert i l i z ed Rami ha s o i l  

were 1 . 8  and 1 2 . 6  � g  g-1 s o i l ,  respect i vely . I n  

contrast , the cor respond i ng values a t  the 0 - 4 . 0  cm 

depth wer e 3 . 7  and 1 6 . 2  �g g- 1  soi l , respect i vely . 

T he ef f ect of samp l i ng dept h on the var iab i l ity of 

water-extractable P var i ed between soi l s . 

7 .  When fert i l i z er P was added , i ncreases i n  both Ol sen

and water -extractab le P in the 0 - 7 . 5  cm samp l ing dept h 

were not a s  marked a s  those i n  the 0 - 4 . 0  cm depth . The 

i ncrease i n  water - extractable P in the Tokomaru soi l 

two weeks af ter the add i t i on of 4 0  kgP ha- 1  wa s 

5 . 3 �g g- 1  i n  the 0 - 7 . 5  cm s amp l ing depth , compared to 

an increa s e of 9 . 9  �g g-1 in the 0 - 4 . 0  cm depth .  I n  

add i t ion , t h e  i n c r ea s e  f r om f e r t i l i z er P add i t ion i n  

t h e  0 - 7 . 5  cm dept h  became undetectable wi t h i n  a f ew 

months of add i t i on , although there was a con t i nu i ng 

response of pas ture to added P .  I n  fact , the e f f ect of 

fer t i l i z er P add i t i on on water -extractable P of both 

s o i l s  i n  the 0 - 4 . 0  cm samp l i ng depth s t i l l  per s i s ted at 

1 2  months follow i n g  add i t i on . Con sequen t ly ,  it appears 

that the effect of fert i l i z e r  P add i t i on i s  better 

r e f lected by the water-extractable P va lue determined 

i n  the 0 - 4 . 0  rather than i n  the 0 - 7 . 5  cm samp l ing 

depth . 

8 .  The value for water-extractable P ( 0 - 4 . 0  cm depth ) i n  

both s o i ls two weeks fol low i ng t h e  add i t i on o f  

4 0  k g P  ha-1 was i n creas ed b y  more than 1 5 0 % ,  whereas 

only 1 0 0 %  increa s e s  wer e  obt a i ned in O l s e n -extractable 

P at the same samp l i ng time . However , the i n i t ial  

i n cr eas e s  in both water- and Ol sen-extractable P wer e  

approximately propor t i onal to t h e  rate o f  fert i l i z er P 

added . The increases were approx imately doub led when 

the rates of P add i t ion were i ncreased twofold . The 

e f fect o f  fert i l i z e r  P add i t ion on water-extrac tab le P 
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var i ed cons i derably with e laps ed t ime after app l i cat ion 

and a l so w i th season . The i n creases wer e  , as expected , 

largest immed iately fol low i ng addi t i on and became 

sma l ler wi th t ime . However , the increases aga i n  became 

larger in late winter , when the amounts o f  water

extractab le P i n  s o i ls were a l s o  genera l ly h i g her than 

at other t imes of the year . 

9 .  Seasona l var iations i n  water-extractable P i n  

unfer t i l i � ed and f e r t i l i z ed s o i l s  were n o t  related to 

changes in  soi l mi crob i a l  b i omas s  P.  S ig n i f i cantly , 

s easonal f luctuat ions i n  microbial bioma s s  P were also 

not related to P uptake by pas ture . The lack of any 

relat i on s h ips between seasona l var iation s  in microb i a l  

b i oma s s  P and P uptake b y  plants suggests that 

mi crob ial bioma s s  P may be a less sens i t i ve i ndex of 

s o i l  P ava i labi l i t y  than previously thought . 

1 0 . Results o f  laboratory and i nc ubat ion studi e s  on two 

s o i l s  w i t h  contras t i ng P sorption capac i ty i n d i cated 

that l im i n g  caus ed a s i gn i f i cant decrease in Olsen

extractable P wh i c h  was not s uppor ted by a lternat ive 

s o i l  tes t s , such as water-extractable and i s otop i ca l ly

exchangeab le P ,  or by plant uptake data . For examp le , 

Olsen -extractable P i n  the Tokomaru and Egmont so i l s  of 

medi um P s tatus was decreas ed by 2 0 %  as a result of the 

add i t ion of Ca ( OH ) 2 at rates equ ivalent to 2 , 0 0 0  and 

6 0 0 0  kg CaC0 3 ha-1 , respect i vely . The dec l i ne appears 

to be the result o f  an ar t i f act in the Olsen procedur e 

by wh ich calcium phosphates may be prec i p i tated under 

the cond i t ions of h i g h  Ca concentration and h i g h  pH . 

Results  f r om a f i eld study a l s o  con f i rm the f i nd ings 

obtai ned f r om the g la s shou s e  exper iment . In  fact , 

there was a s i gn i f i cant reduct i on of 3 0 % i n  Olsen

extractable P of the Tokomaru soi l at 2 1  months 

fol lowing the appl i cat ion o f  5 , 0 0 0  kg CaC03 ha-1 . 

Because water -extractable P values are much less 

i n f luenced by soi l pH , water extract i on may have 

an advantage over the Olsen test  as a s o i l-t e s t i ng 

procedur e for l i med s o i l s . 
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1 1 . The model of Rennes ( 1 9 7 8 ) , bas ed on the Langmu i r  

adsorpt i on equat ion , was used t o  s imulate changes i n  

water -extractable P i n  soi l s  f o l lowi ng fer t i l i zer P 

add i t i on . The pred i c t i ons obt a i ned were sat i s factory 

for a soil w i t h  high P sorpt i on capac ity . The 

p r ed i ct i ve ab i l i ty of the model was strong ly inf luenced 

by e s t imates of sorp t ion energy con s tants ( K )  for 

a h igh P-sor b i ng Egmont so i l ,  whereas for a low 

P -sorbing Tokomaru s o i l , est imates of sorpt i on max ima 

( b )  were mor e importan t . A work i ng mode l  was developed 

us ing phosphate reten t i on ( PR )  test data as es t imates 

of b .  Very good pred i ct ions ( r  = 0 . 8 4 * * > were obta i ned 

w i t h  the model for a group of 1 6  s o i ls w i t h  a wide 

range of P sorpt i on capac i t i e s . I t  was observed that 

the amounts of P extracted by water from some soi l s  

wer e  s t i l l  chang i ng rapidly at 1 h ,  wh i c h  i s  the 

extract ion per i od in the or i g i n a l  water -extraction 

procedure ,  but that the rate of change had become 

s ig n i f icant l y  sma l ler at 2 4  h .  S i gn i f ican t ly , the 

p r ed i ct ions by the model were fur ther improved 

( r  = 0 . 9 1 * * > when a water-ex tr a c t i on per i od of 2 4  h was 

used . It  may be pos s i b le to u s e  the water -extrac t i on 

procedure not only to determine whether fert i l i z er 

app l i cation rates are i n  exces s of mai ntenance 

r equiremen t s  but a l s o  to quan t i f y  this e s t imate . 

1 2 . I n  a s tudy u s i ng a double- labe l l i ng techn ique des i g n ed 

to character i s e  s o i l  P ,  the s o i l was incubated w i t h  3 3 p 
for a relat i vely long per i od of t ime ( 5 1 days ) and 3 2 p  
f o r  a rela t i ve ly s h o r t  per i od o f  t ime ( 5  days } .  The 

3 2 p : 3 3 p  ra t i os i n  the Olsen and water extracts of s o i l s  

s howed a cont r a s t i n g  pattern between the low P-sorb i ng 

Tokomaru so i l  and t he high P-sorbing Egmont so i l .  I n  

general , as t h e  exchangeab i l i t y  of soi l P decreas e s , so 

s hou ld the rat i o  o f  3 2 p : 3 3 p .  The lower 3 2 p : 3 3 p ra t io 

i n  the water extract than i n  t h e  Olsen extract appear s 

to be as soc i ated w i t h  the h i g h  rat i o  o f  Olsen- to 

water -extractable P i n  this so i l .  Thi s , i n  turn , 

r e f lects the rat i o  o f  more t ig h t ly-held P to loos e ly-
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h e ld P .  When plants were grown on the label led so i l s , 

t he 3 2 p : 3 3 p  rat i o  i n  ryegras s  was always lower than in 

wh i te clover , i nd i ca t i ng that ryegrass r emoved P f r om 

l e s s  read i ly- exchangeable s o i l P pools than wh i t e  

c lover . T h i s  appear s  t o  b e  largely a result of the 

ab i l i ty of ryegras s  to exp l o i t  soi l P poo ls wh ich are 

l e s s  ava i lable to wh i te clover as we ll as the larger 

dep let ion o f  s o i l  P by ryegr as s .  

1 3 . Because i t  i s  pos s i b le to mode l  changes i n  water

extractable P in s o i ls fol lowi ng fert i l i zer P add i t ion , 

a water -extract i on p r ocedur e  may be the preferred soi l 

test i n  the model o f  ma i ntenance fert i l i zer P 

requ i r ements ( Corn forth and S i ncla i r , 1 9 8 2 ) . 

S im i larly , water ext raction may also be us ed to mon i tor 

the inf luence of other P i nput s , such as l i tter , dung , 

and miner a l i sation , on the P fert i l i ty of the s i te . 

Because water-extractable P va lues i n  s o i l s  c losely 

pred i c t  the amoun t s  o f  plant-avai lable P and because 

the i r  interpr etat i o n  appears to be independent of soi l 

type , the water-extraction procedure may be us eful  as 

a pract ical  s o i l  tes t  to a s s e s s  the level of plant

avai lable P over a wide range of s o i ls . 

1 4 . Areas of further i n vest iga t i on cou ld i n c lude 

app l i cat ion of the mode l  of Rennes ( 1 9 7 8 )  to pred ict 

changes i n  water - extractable P i n  f i eld soi ls fol lowi ng 

f er t i l i zer P add i t i on s . The suggestion that va lues of 

water -extractable P obta i ned af ter 2 4  h may be more 

r e l i able than those obta i ned a fter 1 h requ i res further 

i nves t igat ion . Mor e  extens i ve f ie ld t r i a l s , i nvolving 

a wide range of s o i l types and f i e ld cond i t ions , are 

a l so needed to con f i rm the f i nd i ngs obt a i n ed i n  th i s  

s tudy . 
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0034 
003 5 
0036 
0 0 3 7  
0 0 3 8  
0 0 3 9  
0 0 4 0  
0 0 4 1 
0042 
0043 
0 0 4 4  
004 :5 
0 0 4 6  
0 0 4 7  
0 0 4 8  

p r o g r a m  p mo d e l  

C OMMENT 

C OMMENT 
C OMMENT 

C OMMENT 
C OMMENT 
C OMMENT 

L a n g m u i r  s o r p t i o n m o d e l  F o r t h e  Wa i n u i  s o i l 

L o n s t a n t s  u s e d  i n  m o d e l  

s o l n  = s o i l  s o l u t i o n c o n c e n t r a t i o n 

a = a m o u n t  o f  p i n  r e g i o n 1 
c = a m o u n t  o f  p i n  r e g i o n 2 
e = a m o u n t o f  p i n  r e g i o n 3 

C OM M E N T  
C OMME NT 
C OMMENT 

v a c 1 = n u m b e r  o f  va c a n t  s i t e s i n  r e g i o n 1 
v a c 2  = n u m b e r  o f  va c a n t  s i t e s  i n  r e g i o n � 
v a c 3  = n um b e r o f  va c a n t  s i t e s  i n  r e g i o n 3 

C OMMENT 
C OMM ENT 
C OMMENT 
C OMMENT 
C OMMENT 
C OMMENT 

i l  = i n c r e m e n t o f  p s o r b e d  o n t o  r e g i o n 1 
i 2  = i n c r e m e n t o f  p d e s o r b e d f r o m  r e g i o n 1 
i 3  = i n c r e m e n t o f  p s o r b e d  o n t o  r e g i o n  2 
i 4  = i n c r e m e n t  o f  p d e s o r b e d  f r o m  r e g i o n 2 
i 5  = i n c r e m e n t o f  p s o r b e d o n t o  r e g i o n 3 
i 6  = i n c r e m e n t o f  p d e s o r b e d f r o m r e g i o n 3 

C OMMENT m e a n i n g s  f o r k f l ,  k r l ,  k f 2 ,  k r 2 ,  k f 3 ,  k r 3  a r e  e x p l a i n e d  i n  

11-
* 
* 
* 

e x t e r n a l o p e n f i l e ,  s t o p , t i t l e ,  
i n t r i n s i c  m o d e  

r e a l * B s o l  n ,  a ,  c '  e ,  i s o l n ,  p w  
i t .  i 2 , i 3 .  i 4 . i 5 ,  i 6 . 
va c 1 ,  v a c 2 , v a c 3 ,  
k f 1 ,  k f 2 ,  k f 3 ,  k r l .  k r 2 ,  
d e l t 

r e a l  } ,  m ,  f i n t i m ,  p r d e l  

c a l l t i t l e  C '  P MODEL EMULAT I ON ' )  

c a l l  o p e n f i l e ( 6 , ' 
c a l l f t n ( 6 )  

' ,  ' wr i t e ' )  

e a  1 1  t t y a  ( '  En t e r  F I NT I M :  ' >  
r e a d ( L * > f i n t i m 
c a l l  t t y a ( ' E n t e r DELT : ' )  
r e a d ( L * > d e l t  
c a l l  t t y a ( ' E n t e r  P R DEL : ' )  
r e a d < L * ) p r d e l  

f t n , t t y a  

k r 3 ,  

t e x t  

!'V 
� 
V1 



0049 
0050 
00 � 1  
0052 
0053 
00 5 4  
005 5 
0056 
00 5 7  
0058 
0 0 5 9  
0060 
006 1 
0062 
0063 
0064 
006 5 
0066 
006 7 
0068 
0069 
0070 
007 1 
0072 
0073 
0 0 7 4  
0 0 7 5  
0076 
0 0 7 7  
0078 
0 0 7 9  
0080 
008 1 
0082 
0 0 8 3  
0084 
008 5 
0086 
008 7 
0088 
0089 
0090 
009 1 
0092 
0093 
0094 
009 5 
0096 
0097 
0098 

* 
* 
* 
* 
* 
* 

c a l l  t t y a ( ' En t e r  SOLN : 
r e a d ( l , * > s o l n  
c a l l t t y a < 1 En t e r A :  
r e a d C L * > a 
c a l l  t t y a C ' En t e r  C :  
r e a d ( ! . * )  c 
c a l l  t t y a < ' En t e r  E :  
r e a d ( ! . * ) e 

c a l l  t t y a C ' En t e r KF l : 
r e a d ( ! . * >  k f l  
c a l l t t y a < ' En t e r  KR l :  
r ea a d ( L  * )  k r l  
c a 1 1  t t y a C ' E n t e r  KF2 : 
r e a d ( ! . * )  k f 2 
c a l l t t y a ( ' E n t e r  KR 2 :  
r e a d C L * > k r 2 
c a l l  t t y a < ' En t e r  KF 3 : 
r e a d  ( 1 .  * >  k f 3 
c a l l  t t y a < ' En t e r  KR3 : 
r e a d ( ! . * )  k r 3 
w r i t e ( 1 .  * > 

wr i t E' ( 6 ,  ' ( 7 A )  ' ) 1 I 
, 
, 
I 

, 
I 

I ) 
I ) 
, ) 
, ) 

I ) 
I ) 

, ) 
, ) 

, ) 

I ) 

T I ME I I 
SOLN I I 

A I I 
c I I 
E I I 

P W  I I 

I SOLN I I 

w r i t e- C 6 1 1 C F 1 4 . 3 , 4D 1 4 . 6 ) ' )  0 . 0 ,  

d o  2 0  1 = p r d e l .  f i n t i m . p r d e l  

d o  1 0  m = d e l t . p r d e l .  d e l t  

s o l n ,  a ,  

C OI"1MENT v a c 1 =2 1 2-a 
i l = k f l * s o l n * d e l t * < 2 1 2-a > 
i 2= k r l * d e l t * a  

C OMMENT 

C OMMENT 

v a c 2 = 529-c 
i 3= k f 2* s o l n * d e l t * < S29- c > 
i 4= k r 2 * d e l t * c  
v a c 3= 1 0 5 9 - e  
i 5= k f 3 * s o l n * d e l t * C 1 0 59-e > 
i 6= k r 3* d e l t * e  

a=a + i 1 - i 2  

( I  e 

N 
"' 
"' 



0099 
0 1 00 
0 1 0 1  
0 1 02 
0 1 0 3 
0 1 0 4 
0 1 0 5 
0 1 06 
0 1 0 7 
0 1 0 8 
0 1 0 9 
0 1 1 0  
0 1 1 1  
0 1 1 2  
0 1 1 3  

1 0  

20 

c = c + i 3- i 4  
e = e + i 5- i 6  
s o l n = s o l n + ( i 2+ i 4 + i 6- i 1 - i 3- i � ) / 1 20 
p w= s o l n * 1 20* 1 . 032 

i s o l n = < i 2 + i 4 + i 6 - i 1 - i 3 - i 5 ) / 1 20 

c o n t i n u e  

w r i t e ( 6 , ' < F 1 4 . 3 , 60 1 4 . 6 ) ' )  1 ,  s o l n , a ,  
c a l l t t y a < ' * ' )  

c o n t i n u e  
c a l l  s t o p < O >  
e n d  

c '  e ,  p w ,  i s o l n  

I'\) 
0"1 
-..J 



SS0 736SR I V I C HA I >PMODEL>EXTRAC T I ON . C OM I  

000 1 
0002 
0003 
0004 
000 5 
0006 
0007 
0008 
0009 
0 0 1 0  
00 1 1  
00 1 2  
00 1 3  
00 1 4  
00 1 5  

r u n 7 7  e x t r a c t i o n .  s e g  
wa i 6 .  o u t  NAME OF OUTPUT DATA F I LE 

5 F I N T I M  
0 . 0 0 5  DELT 
0 . 208 P R DE L  
0 . 0006744 1 7  SOLN 

209 . 4 2  A 
2 7 3 .  59 c 

3 3 .  1 8 5 E 
0 . 092 KF 1 
0 .  00027 KR 1 
0 .  1 80 KF2 
0 . 04 K R 2  
0 .  1 4 2 7  K F 3  
1 .  0 5  KR3 

1\.) 
0"1 
00 



T I ME SOLN A c 
0 . 000 0. 6744 1 70-03 0. 2094200+03 0 . 273:)900+03 
0. 208 0. 6260830-o 1 0. 2094 1 00+03 0 . 27 1 67 1 0+03 
0. 4 1 6  0 .  1 004880+00 0. 2094020+03 0. 2702360+03 
0. 624 0. 1 239430+00 0. 2093960+03 0. 269 1 0:)0+03 

0. 832 0. 1 387640+00 0. 209391 0+03 0. 268 1 68 0+03 

1 .  040 0. 1 484 1 30+00 0. 2093870+03 0. 2673:)80+03 

1 .  248 o. 1 :)49:)40+00 0. 2093830+03 0. 2666370+03 

1 .  4 :)6 0. 1 :596 1 4 0+00 0. 2093790+03 0. 26:59780+03 

1 .  664 0. 1 63 1 230+00 0. 20937:)0+03 0. 26:)3680+03 

1 .  872 0.  1 6 :) 9 1 :)0+00 0. 2093720+03 0. 2647960+03 

2. 080 0. 1 682:)00+00 0. 2093690+03 0. 2642:)80+03 
2 . 288 0. 1 702820+00 0. 20936:50+03 0. 2637480+03 
2 . 496 0.  1 72 1 040+00 0. 2093620+03 0. 2632640+03 
2 . 704 0. 1 737730+00 0 . 2093 :590+03 0. 2628040+03 
2. 9 1 2  0 .  1 7:)3230+00 0. 2093:560+03 0. 2623670+03 

3.  1 20 0. 1 767770+00 0. 2093:)40+03 0. 26 1 9:) 1 0+03 
3 . 328 0 .  1 78 1 490+00 0. 2093 :) 1 0+03 0. 26 1 ,40+03 

3. :)36 0.  1 794470+00 0. 2093480+03 0. 26 1 1 770+03 
3 .  744 0. 1 806790+00 0. 2093460+03 0. 2608 1 70+03 
3 . 9 :52 0. 1 8 1 8:500+00 0. 2093430+03 0. 26047:50+03 
4. 1 60 0. 1 829630+00 0. 20934 1 0+03 0. 260 1 480+03 

4. 368 0. 1 840230+00 0. 2093380+03 0. 2:598380+03 
4. :576 0. 1 8 :50320+00 0 . 2093360+03 0 . 2 :59:5420+03 
4. 784 0. 1 8 :59920+00 0. 2093340+03 0 . 2:592600+03 
4 . 992 0.  1 869060+00 0. 20933:20+03 0. 2 :589920+03 

E PW 
0. 33 1 8:)00+02 
0. 2768 1 60+02 0. 77:534 1 0+01 
0. 24:)7840+02 0. 1 2 44440+02 
0 . 2290 1 20+02 0. 1 :5349 1 0+02 
0. 2206 :) 1 0+02 0. 1 7 1 84:50+02 
0.  2 1 72 1 1 0+02 0.  1 8379 :)0+02 
0. 2 1 662 1 0+02 0 .  1 9 1 89:)0+02 
0. 2 1 76:)30+02 0. 1 976660+02 
0. 2 1 9 :) 8 1 0+02 0. 2020 1 1 0+02 
0. 221 9790+02 0 . 20:)4690+02 
0 . 224 :)960+ 02 0. 20836 1 0+02 
0. 2272870+02 0. 2 1 08770+02 
0. 2299690+02 0. 2 1 3 1 330+02 
0. 232:5940+02 0. 2 1 :)2000+02 
0 . 23 :) 1 360+02 0. 2 1 7 1 2 1 0+02 
0. 237:5840+02 0. 2 1 892 1 0+02 
0. 2399300+02 0 . 2206 1 90+02 
0. 242 1 7 :50+02 0. 2222270+02 
0. 2443 1 80+02 0. 2237:530+02 

·. 0 .  2463630+02 0. 22:52030+02 
0. 2483 1 30+02 0. 226:5820+02 
0. 2:)0 1 720+02 0. 2278940+02 
0. 2 :5 1 9430+02 0 . 229 1 430+02 
0. 2 :536300+02 0 . 2303330+02 
0. 2:5:52370+02 0. :23 1 46:)0+02 

I SOLN 
0. 1 1 748:50-02 
0. 7223 8 1 0-03 
0. 4 :5 1 4420-03 
0. 28927:)0-03 
0. 1 920060-03 
0.  1 333720-03 
0 . 977 1 320-04 
0. 7:)71 9:)0-04 
0. 6 1 86260-04 
0.  :5286270-04 
0.  46774 :50-04 
o ,  4244430-04 
0. 39 1 87 :50-04 
0. 36:)9740-04 
0. 3443200-04 
0 . 32:54660-04 
0. 308:5460-04 
0. 2930330-04 
0. 2786080-04 
0. 26:50670-04 
0. 2:5228 1 0-04 
0 . 240 1 640-04 
0. 2286:5:50-04 
0. 2 1 77070-04 

N 
� 
1.0 



APPENDI X  VI S orption energy c ons tants ( K ) and sorp ti on maxima ( b ) 
for each regi on of P sorption for var i ous s o i l s  

KI KI I KI I I  
S oi l  Re ference 

- 1  m l  g 

1 .  Egmont Renne s ( 1 9 7 8 )  1 3 1  1 . 0 6 0 . 0 5 4  

2 .  Ruamai 1 1  5 1  0 . 7 7 0 . 0 5 9  

3 .  Dannevirke 1 1  1 1 3  1 .  0 9  0 . 0 4 1  

4 . Dannevirke Hope ( 1 9 7 8 )  1 4 2  1 . 9 0 0 . 0 6 1  

5 .  Oka i hau 11  4 3 2  5 . 6 5 0 . 1 3 9  

6 .  Rami ha 1 1  1 8 2  3 . 8 4 0 . 1 4 2  

7 .  Tokomaru 11  1 1 0  2 . 3 2 0 . 19 4  

8 .  Egrnont Ryden and Sye r s  1 9 0  4 . 6 1  0 . 1 6 7  
( 1 9  7 5 )  

9 . Por i rua 11  1 0 6  4 . 6 8 0 . 0 8 1  

1 0 . Oka ihau 11  2 3 8  6 . 7 1  0 . 1 6 2  

1 1 . Waikakahi 1 1  9 6  5 . 1 0 0 . 2 8 7  

1 2 . Egmont Ryden { 1 9 7 5 )  5 8 0  9 . 0 0 0 . 17 1  

1 3 . Ok a ihau 11  1 4 7 0  4 . 8 0  0 . 1 1 0  

1 4 . Dannevirke Hope ( 1 9 7 8 )  3 9 7  5 . 8 8 0 . 1 1 3  

1 5 . Okaihau 11 7 4 6  1 0 . 2 0 0 . 2 2 0  

16 . Rami ha 11  3 2 3  5 . 4 6 0 . 2 2 6  

1 7 . Tokomaru 11 4 9 4  3 . 4 5 0 . 0 8 4  
Average of 1 7  so i l s 3 4 1  4 . 5 0 0 . 1 3 6  

bi b i i  b i i i  
� g g- 1  

8 7 0  1 5 1 5  2 2 2 0  

8 9  2 8 6  5 2 0  

1 5 4  3 7 2  7 8 5  

1 4 7  2 4 8  6 4 4  

1 5 3  5 1 7  1 1 0 6  

3 0 4  9 5 4  1 4 7 4  

5 2  7 4  1 7 2  

1 2 17 1 5 0 5  3 2 2 1  

1 3 0  2 8 5  5 3 0  

6 6 3  1 0 3 1  1 7 3 1  

4 3  8 1  3 2 5  

2 4 8  5 6 0  1 1 6 0  

1 3 0  4 5 5  6 9 4  

1 7 3  4 7 1  1 0 3 1  

1 8 8  7 8 0  1 3 3 2  

5 1 7  1 2 9 1 2 2 6 1  

7 2  1 5 5  4 4 3  

N 
-...! 
0 
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