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ABSTRACT 

Chatham Rise phospho rit e  ( CRP) oc curs as nodul es on the sea 

floor s ome 800 km to the eas t o f  the South Island of New Zealand . The 

phosphat e component is a carbonate fluo rapatite and the material contains 

approximately 9% phosphorus ( P )  and 25% Caco
3

. Several l ines o f  evidence 

sugges t that CRP has potential as a direct-application phosphatic 

fertil izer  for pas ture . 

I n  an initial evaluation in the glasshous e ,  CRP was found to be  an 

effec t ive source o f  P fo r ryegrass when compared to superphosphate over 

s ix harvests with four soils . The fo rm ( powdered o r  pel le tised) and 

method ( surface applied or incorporated) o f  application o f  CRP were fo und 

to have a marked effect on the agronomic effectiveness o f  this P source 

in the glasshouse . The effe c t iveness o f  CRP , when compared at  90% o f  the 

yiel d maxima ob tained wi th s uperphosphate , which was assigned a value o f  

100 , decreased in the o rder o f  powdered and inco rpo rated ( 100 t o  106 ) 

> powdered and s urface appl ied (96  to lOO) > pelletised and surface applied 

( 85 to 104)  > pelletised and inco rporated ( 8 3  to 9 0 ) . 

Results  from a comprehensive , long-term field evaluat ion o f  CRP at  

four contras ting s ites under permanent pas ture over 3 years confirmed and 

extended the findings of the p reliminary glasshouse study with CRP . 

Apart f rom some init ial differences , pelletised CRP was as effective as 

superphosphate at  all fo ur s ites and at  two o f  the hill-country si tes 

(Ballantrae and Wanganui) it showed a marked residual effec t  in the third 

y ear . This was particularly pronounced in the clover component of  the 

sward a t  these two s i tes . In fact at  these two s ites a single , init ial 

- 1  
appli ca tion of  7 0  kgP ha as CRP was agronomically as effective in the 
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- 1  
third year a s  three annual appl i cat ions o f  35 kgP ha as superphosphate .  

This f inding has implications to the s t rategy of fertil izer use . The 

o rigin o f  the marked residual effect shown by CRP a t  Ballantrae and 

Wanganui in the third year appears to result from the effect o f  Caco
3 

on 

the rate of release of P from CRP . 

The findings that pell e t ised CRP was almo s t  always as effect ive as 

both powdered CRP and superphosphate in the fiel d contras ts wi th the 

res ul ts o f  the preliminary glasshouse s tudy with four soils . This 

discrepancy probab ly resul ts from the fact that in glasshouse s tudies 

a number  o f  factors which can operate in the field and which may contrib ut e  

t o  a n  increased e f fect ivenes s  o f  a surface-applied , pelletised phosphate 

rock (P R) mat erial are excluded (e . g .  earthworms ) . 

I n  a glasshouse study , earthwo rms increased the effe c t iveness o f  CRP 

as a source of  P to ryegrass  by 15  to 30% over s even harves ts . S ub s equent 

s tudies showed that both the burrowing and cas ting activi ty of earthworms 

indire c t ly increased the availability to ryegrass o f  P in the PR by 

imp roving the physical dis t ribution and degree o f  contac t o f  the PR 

parti cles with the soil . Interes t ingly , goo d  agreement  was found between 

the agronomic ef fectiveness o f  pelletis ed CRP in the fiel d and in the 

glasshouse when earthworms were included as a treatment in the glasshous e . 

Consequently , care mus t b e  taken in extrapolating to the field situation , 

the resul ts ob t ained with pelletised PR materials in the glasshous e  in the 

abs ence of  b iological mixing .  

I n  a comparison in the glasshous e ,  us ing six soils and b o th ryegrass 

and white clove r as indicator species , CRP was as effective as Nor th 

Caro l ina phosphate rock (NCPR) and S echura phosphate rock ( SPR) , b o th o f  

which are reac t ive P R  mat erials . The agronomic data from this glasshouse 

s tudy were use d  to evaluat e  a number o f  convent ional , s ingle chemi cal-
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extrac t ion  pro cedures used fo r assessing the l ikely agronomic effectiveness 

of PR materials . Of  these ,  2%  formic acid appears to offer the mos t  

promis e .  However ,  sequential ext raction appears to be necessary with PR 

materials which contain appreciab l e  amounts of  Caco
3

. 

A procedure involving a s ingle extract ion with 0 . 5M NaOH was developed 

for measuring the extent of dissolut ion of  a PR in soil . Because apatite 

minerals are large ly insolub le in dilute NaOH and b ecause this reagent 

ext ra c ts s orbed inorganic P ,  increases in 0 . 5M NaOH-extractab le P in a s o il 

to which a PR is added , p rovide a goo d  estimate of  the amount o f  P dissolved 

and reta ined on sorption s ites . The extent of  dissolution o f  SPR, 

measured by NaOH extrac tion , was found to vary from 22%  of added P on the 

low P-s o rb ing Tokomaru s o i l  to 4 8 %  on the high P-s o rb ing Egmont soil during 

incub at ion  at  1 5° C fo r 90 days . A high co rrelation ( r = 0 . 9 35**) was 

ob tained for the relationship between the dissolution of SPR , measured by 

NaOH extrac t ion,  and the P-sorption capacity o f  the s ix soils used . 

Whereas increasing the P s tatus o f  the Wainui soil , by the addi t ion 

of KH2Po
4

, had no measurable effect on the extent o f  dissolution of SPR,  

increas ing addit ion of Ca ( OH) 2 markedly decreas ed the dissolution of SPR 

in th is so il . Of the decrease measured in the dissolution of  SPR on 

l iming the Wainui soil from pH 5 . 2  to 6 . 9 ,  75-79 % o f  the decrease coul d be  

accounted for  by the effect  o f  Ca , which also increases on l iming . Res ul t s  

with the Egmont s o i l  indicate that a PR can dis s olve a t  pH 6 . 5 .  This 

sugges ts that the effect o f  a h igher pH on dis so lution is decreased  in a 

soil  o f  h igh P-so rption cap acity . 

Al though the exten t  o f  dissolution o f  SPR increas ed as the P-so rpt ion 

capacity of the so ils increased , the amounts of water- , Bray- , and 

b icarb onate-ext ractable P in the same soils dec reas ed . Of  these three 

es timates of p lant-available P ,  b o th the Bray and bicarbonate procedures 



were found to be  use ful indicato rs o f  sho r t- term, plant-availab l e  P 

when SPR and CRP were added to three contrast ing soils . Of  the two 

pro cedures , the B ray procedure accounted fo r mo re of  the variab i l i ty , 

poss ibly reflec t ing the difference in the mechanisms by which thes e  

two extractants remove P from soil . In contras t ,  a s ingle wat er-

extract ion p ro cedure grossly unde res timated the amo unt o f  short-term ,  

pl ant-availab l e  P i n  the s o i l  t o  which a PR was added . 

A s impl e  model , bas ed on a mo dified Mitsch erlich equat ion , was 

developed to des cribe and predict the dissolution o f  SPR in s o il . 

Th e  mo del , whi ch was developed and evaluated using contras t ing so ils , 

appears to have goo d  practical application and should prove us eful in 

future s tudies of  the reactions o f  PR materials in soils . 

iv 

Although no t yet commercially available , CRP appears to have very 

goo d  po t ential as a direct-application  P fertil izer for pas ture and ,  o f  

particular relevance to hill co untry farming , i t  shows a good resi dual 

e f fect . A possible disadvantage is the relatively low P content . 
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CHAPTER 1 

INTRODUCTION 

New Zealand ' s  predominantly agricul tural economy relies h eavily on 

phosphatic fertil izers . S ince the es tabl ishment o f  the firs t super-

phos phate plant in 1882 , superpho sphate has b een the principl e  phosphatic  

fert ilizer used in New Zealand . Approximately 2 mill ion tonnes o f  

superphosphate have b een used annually during the l ast 10  years ( New 

Zealand Fertiliser S tatistics , 1 9 8 1 ) . 

In the ab sence o f  a suitable  dome s t ic phosphate rock ( PR) resource ,  

the P R  requirements for superphosphate manufacture in New Zealand , which 

are of  the order of  1 mill ion tonnes each year , have b een ob tained in the 

past from Nauru and Ocean Islands in the Wes t Pac ific , and from Chris tmas 

Island in the East Indian Oceans . As a partner in the British Phosphate 

Commission , New Zealand has b een in a pos i t ion to exert some control over 

the market ing o f  PR from these islands and to ob tain i ts suppl ies at 

advantageous prices . With the clo sure o f  the Ocean Island deposit and 

the l imited l i fe span of bo th the Nauru and Chris tmas Island deposits , 

20  and 8 yea rs , respectively , at pres ent rates o f  produc t ion , uncertainty 

surrounds future supplies . 

The huge Queensland  PR depo s i t s  in Aus t ralia were regarded initially 

as the most  l ikely al terna t ive . However , b ecause of  the variab l e  P
2o

5 

content and the presence o f  s ignificant amounts of Al 2o 3 , Fe
2

o 3 , and S i0
2

, 

the economic viab ility o f  mining these depos i ts is presently marginal . 

This has added to the uncertainty about future suppl ies o f  PR for the 

manufacture of superphosphate in New Zealand . 
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Very large deposits of  PR occur elsewhere in the worl d . Some 

o f  the mo s t  extensive extend in a b el t  from Moro c co , acro ss No rth Africa , 

to I srael and Jordan . The current political ins tability o f  the Middle 

Eas t l imits the attract ion of these al ternat ives . Other pos s ible  

sources of  PR for  New Zealand  are  the extens ive deposits of  Florida , 

Peru , and Mexico . Significantly , some PR material has b een imported 

from Peru and Florida in the last few years . In all these areas 

however ,  New Zealand woul d  b e  obliged to compete on the worl d market and 

transport costs would b e  high .  Thus, securing long-term suppl ies o f  

high-grade P R  for the manufacture of  sup erphosphate has become o f  

considerable importance t o  the future viab il ity o f  New Zealand agricul ture . 

With the uncertainty surrounding future sources and costs o f  PR for 

the manufac ture of  superphosphate , interes t has recently developed in 

' 

New Zealand in the potent ial o f  the Chatham Rise phosphorite ( CRP) 

depos it , which l ies off  the eas t  coas t of  the South Island , on the 

Cha tham Ris e .  Estimates o f  the size  and extent of the CRP depos i t  vary . 

Cullen ( 1 9 79 )  cons idered that 100 mil lion tonnes of  phosphorite occur on 

the central Chatham Rise .  B ecause o f  the relatively low ( 20 . 5 % P
2

o
5

) 

phosphorus content (Pasho , 1 9 76) , the very high content o f  calc ium 

carbonate  ( 2 3-29% Caco3) ,  and assoc iated h igh acid consumpt ion during 

acidulation (Buckenham et al . ,  1 9 7 1 ) , it appears that CRP is unsuitab l e  

f o r  the manufac ture of  superphosphate ,  unless i t  i s  first b eneficated . 

Us ing the chemical react ivity scale developed by Ho ffman and Breen ( 19 6 4 ) , 

however , Buckenham et al  ( 1 9 7 1 ) s ugges ted that CRP may b e  suitable  as a 

direct-applicat ion P fertilizer . 

Before the present s t udy was initiated , the agronomic evaluation o f  

CRP a s  a direct-appl icat ion P fertilizer had b een confined t o  two glass-

house s t udies (Rob erts and White , 19 74 ; Andrews et al . ,  19 78) . In b o th 

these s tudies , the comparison with superphosph ate had been restric ted to 



one rate o f  P application and one soil  typ e ,  and thus the evaluation 

was cursory . Neverthel es s ,  the resul t s  obtained indicated that CRP 

was an effective source of P for bo th perennial ryegrass ( Roberts and 

Wh ite , 1 9 74 )  and white clover ( Andrews et al . ,  1 9 7 8) . 

3 

The co s t  of  superphosphat e  has increas ed dramatically in recent 

years ; s ince 1 9 7 8 ,  the ex-works cost has tripled (New Zealand Fer til iser 

S tatis t ics , 1 9 8 1 ) . Added to this there was a gradual decline in the 

qual ity of  superphosphate b etween the mid 1 9 60 ' s  and 19 8 1 ,  resul ting 

from the increased use of Chris tmas Island ' A '  grade PR in blends with 

Nauru (Quin , 1 9 8 1 ) . Also , there has b een increas ing conc ern about the 

effe c t iveness of superphosphate as a P fer t il izer fo r all pasto.ral farming 

s ituat ions (During , 19 72 ; Gregg , 19 74 ; Syers , 19 74 ) . These factors 

have resul ted in increasing interest in the po tential o f  direct-application 

of P fertilizers in New Zealand pas toral farming and ,  specifically , in the 

likely role  of CRP . 

An evaluation o f  CRP as a direc t-application P fer t il izer forms the 

basis o f  this s t udy . The agronomic effect iveness of  CRP is evaluated in 

a series o f  glasshouse s tudies , using b o th perennial ryegrass and white  

clover , and at four contrast ing field s ites over three years . In addition 

to evalua ting conventional chemical extraction procedures and new 

approaches for assessing the agronomic effectivenes s o f  PR materials the 

reactions of PR materials in soil are also invest igated in a series of  

incub a t ion studies . An init ial attempt is also made to develop a s imple  

model to describ e  and predict the dissolut ion o f  PR materials in soils . 
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CHAPTER 2 

REVIEW OF LITERATURE 

In this thes is , several aspects o f  the agronomic effect iveness 

of phosphate ro ck (PR) materials and their react ions in soils  are 

considered . Becaus e of  the contrast ing nature of  thes e topics , l iterature 

relevant to each is reviewed in the appropriate Chapter . The brief 

review o f  l iterature in this Chap ter is concerned with the forms , 

compos it ion , and l ikely agronomic effec t iveness o f  apa t ites in PR materials . 

2 . 1  Forms o f  Phosphorus in Phosphate Rock Materials 

Al though over 1 50 natural ly-occurring phosphate minerals are lis ted 

by Palache et al . ( 19 5 1 ) only those of  the apatite group o ccur in 

s ufficient abundance and concen trations to serve as commercial sources o f  

phosphate . These phosphate minerals have the general ised formula , 

Apatite serves as a hos t  for a great many minor s ub s t i tut ions . 

S 1 1  f S6+ 
s · 4+ 

A 
S+  

U
S+ 

d C 6+ 
. dd " . b ma amounts o , 1 , s , , an r , 1n a 1 t1on to car onate  

. . + 2+ 2+ 2+ + 
s ubst1tute for phosphate , and m1nor amounts o f  Na , Sr , Mn , Mg , K , 

u
4+

, and rare earth ( cerium, lanthanum and yttrium) sub s titute for ca2+ 

(McKelvey et al., I:Q5 3). Degens ( 1 9 6 5 )  l ists  fluo rapat it e ,  hydro xyapatite , 

chlorapat i t e ,  and carbonate fluo rapatite as the four prominent end-memb ers 

of the apatite family . 

The term apatite is often used synonymously with fluorapatite 

( C a
10 

(Po
4

)
6 

F2
) ,  because i t  is the most  abundant and the mos t  s tabl e  form 

( Deer et al . ,  1966) , o ccurring as an ubiquitous , accesso ry mineral in 
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igneous and metamo rphic rocks . The very s tab le s tructure o f  fluo rapatite , 

is attributed to the hexagonal network of  Ca-0 columns linked by Po
4

3-

groups and to the arrangement o f  cal cium and fluo rine in the channels o f  

the network (Landergren , 1 9 6 2 ) . 

The s tructure o f  hydro xyapatite ( Ca 10 (Po4 )
6

( 0H)
2

) is s imilar to 

fluo rapatite . In contras t to fluorapati te , however , hydro xyapatite is 

usual ly regarded as o ccurring only rarely in nature (Smi th and Leh r ,  1 9 6 6 ) . 

Beevers and Mcintyre ( 19 4 6 )  suggested that the dif ference in the s tability 

o f  thes e two apatites was due to the difference in the size and consequently 

the fit  o f  the hydro xyl and fluoride ions in the lattice . Whereas the 

hydroxyl ion is 1 . 4  to 1 . 6  � in diameter,  the fluo ride ion is 1 . 33 � 
Us ing x-ray and neutron diffraction techniques , Kay et al . ( 1964 ) have 

shown that the OH groups in hydroxyapatite are disordered about the mirror 

planes and that the hydro xyl direction always points away from the mirror 

plane . The rare occurrence o f  chlorapatite (Ca 10 (P04
)

6 
Cl

2
) in nature 

is also probably becaus e  the lattice is  more expanded than that o f  

fluorapatite and hyrodxyapatite . 

The literature on carbonate apati tes , which are o f  secondary o rigin , 

is extens ive , and has been reviewed by S ilverman et  al . ( 1952) , Ames ( 1 9 5 9 ) ,  

McConnell  ( 19 6 2) , Smith and Lehr ( 19 6 6 ) , Leh r  et  al : ; ( 19 6 7) and Ellio t 

( 1 969 ) . The s tructure of  carbonate apatites has b een debated for many 

years . I t  is now generally thought that a divalent planar carbona te 

group replaces a trivalent te trahedral phosphate group in the apatite cell 

unit , with the vacant oxygen site o ccupied by fluoride p reserving b o th the 

tetrahedral symmetry and the charge of the replaced phosphate group 

( Smith and Leh r , 1 9 6 6 ) . Smi th and Lehr ( 19 6 6 )  showed by x-ray diff raction 

studies that one phosphate group was replaced by one carbonate and one 

fluo ride ion .  The work o f  McCl ellan and Lehr ( 19 6 9 )  confirms a 

p ractically one-for-one sub s ti tution o f  carbonate for phosphate . The 



6 

name francolite had been used to des cribe an apatite containing appreciable 

carbonate b ut mo re than 1%  o f  fluorine (McConnell ,  19 38) and the name 

dahllite has been used to des crib e  an apatite containing abundant carbonate 

but a low concentration o f  fluo rine ( Deer et  al . ,  1966) . 

2 . 2  Origin o f  Phosphate Rock Materials 

Depos its of PR materials are found in a very wide range of geological 

environments and for the purpose of this review are classed into three 

broad groups , those  apatites of igneous o rigin , marine phosphorites , and 

phosphatized rock derived from guano . 

2 . 2 . 1 Apatite  depo s its o f  igneous origin 

Th ree o f  the l argest  apatite  deposits in the world are o f  igneous 

origin , namely the Khibina deposits  on the Kola peninsula o f  U . S . S . R . 

( Fivey , 1 9 3 7 ) , the deposits of Eastern Uganda ( Davies , 1 9 4 7) , and the 

Palabora deposits in Eas t Transval of South Africa ( Shand,  1 9 3 2 ) . 

These deposits are associated with intrus ive compl exes of  alkal ic rocks , 

and p resently yield about 1 5 %  o f  the worl d ' s  phosphate p ro duct ion 

(McKelvey , 19 73) . The P 2
o

5 
conten t  is as high as 35% with fluorapatite , 

the principle P-b earing mineral , occurring in large , coarse crys talline 

units . Individual deposits  contain millions o f  tonnes of  potentially-

recoverable  apati t e  and a few may contain b illions of  tonnes . 

2 . 2 . 2 Marine phosphorites 

About 80% o f  the world ' s  p ro duction o f  phosphate comes from those  

deposits o f  sedimentary origin , o r  more commonly referred to as  marine 

phosphorites (McKelvey , 1 9 7 3) . There are two principle facies : 

( i) The geosynclinal depos its , o f  which tho s e  of  the wes tern 

U . S . A .  (McKelvey et al . ,  1 9 5 3) , North Africa ( Cayeux , 194 1 ) , Kara-Tau o f  



7 

the Soviet Union ( Vol ' fkovich , 1945) , and S echura o f  Peru ( Cheney et al . ,  

19 79 )  are the o uts tanding examples , consis t o f  l ayers of phosphate pellets , 

generally less than 0 . 1  to 2 mm in diameter and containing 2 5  to 35% 

They are generally associated with chert , black-carb onaceous shale 

and limes tone . Thes e deposi ts are found as blanke ts over thousands o f  

square mil es and acco unt for the b ulk o f  PR material of sedimentary 

o rigin . 

( ii) Th e plat fo rm deposits are generally associated with limes tone , 

glauconite , s ands tone , and quartz , and o ccur as large nodules ( 2  to 10  mm) 

or pell ets up to 50 mm , and contain 1 5  to 25% P
2

o
5

. They are generally 

sparsely diss eminated in a matrix o f  non-phosphatic sediments . Examples 

o f  those include the glauconite marls of the Gul f Coas tal Plains (Monroe , 

194 1 ) , and the Tennessee ' b lue ro ck ' o f  the U . S . A .  ( Smith and Whitlatch , 

1940) . Al though on a world scale this group is o f  mino r commercial value , 

the inclus ion o f  Chatham Rise phosphorite ( CRP) in this group , makes i t  o f  

considerab le po tential commercial val ue t o  New Zealand . 

In contras t to the deposits o f  igneous o rigin,  the p rincipl e 

P-bearing mineral in marine phospho rites is carbonate fluo rapat i t e ,  

found i n  microcrystal line (0 . 0 2  to 0 . 2  �m) s truc ture . In addi tion to 

carbonate sus ti tution fo r phosphate , the sub s titution of fluo ri de by 

hydroxyl is  also fo und in the Sechura phosphate ro ck ( SPR) deposit o f  

Peru . The P-bearing mineral in this depo s i t  is a carbonate-hydroxy

fluorapatite ( Chien and Hammond , 19 78a ; Cheney et al . ,  1 9 79 ) . 

Debate s till surrounds the mo de o f  phosphorite depos ition . Ames 

( 19 5 9 )  h as summarized the different viewpoints with respect to the 

mineralo gy and geochemical aspects of carb onate apatites . Poss ib l e  mo des 

o f  depos it ion include ; chemical precipitates formed upon supersaturation 

of natural waters (Kazakov , 1 9 3 7 ; McKelvey et al . ,  195 3) ; a biogeo

chemical prp duct , formed for example , by the action of microorganisms , 



or a s impl e  replacement product , resulting from the introduction o f  

phosphate units into pre-exis t ing calcareous materials . The las t o f  

these phosphatization , i s  the mos t  favo ure d ,  as  convers ion o f  calcite to 

carbona te apatite may take place at phosphate and calcium concentrations 

considerably b elow those required for p recipitation . The inclusion 

o f  remnants , as in CRP , o f  foraminifo ral tes t s  o f  glauconite as b o th 

rounded grains and t est  fill ings , and o f  a variety o f  detrital part icles 

comparable  with those in the surrounding sediments are cons istent with a 

replacement o rigin ( Pasha , 1 9 7 6 ) . 

Ames ( 1959)  cons iders that the essential environmental conditions 

required for the depos i t ion of natural pho s phate include , a pH > 7 ,  

8 

the presence of  calcareous materials , and a sys tem that is calc ium 

saturated with respect to its b icarbona te content , phosphate concentrations 

>0 . 1  ppm, and a non-depositional environment .  Redox potent ial apparently 

does not control  the exchange rate to a s igni ficant extent , but it may 

effect the trace element assemblage o f  the carbonate-apatites (Arrheni.U$ , 

1 9 6 3) . An increas e in temperature will s peed up the reaction , while an 

increase in the grain size of  the calc ium carbonate precursor material 

will reduce the efficiency of phosphatiza t ion . Differences in the P
2

o
5 

content of  CRP pellets provide an excel lent example o f  the effec t of  the 

latter ( Pasha , 19 7 6 ) . Degens ( 19 6 5 )  sugges ts that if the diagenetic 

environment permits the chemical compos i t ion o f  a completely phosphat ized 

l imestone consisting of carbonate  - apatite  will gradually change in the 

direct ion of a "regular" apatite  with a complete loss of  carbonate . 

2 . 2 . 3  Phosphatized ro cks derived from guano 

Although as a group , PR depos its  o f  this origin are small on a 

world s cal e ,  they are of  cons iderable commercial value , part icularly to  

New Zealand . The mineralogy o f  the phosphatized rocks derived from 



guano depends on the c omposition o f  the underlying or hos t  rock (War�� . 

1968) . Where l imes tone is present , as on many o f  the coral atol l s , the 

phospho rite is apatite ; where the underlying rock is silicate , as in 

islands o f  vol canic o rigin , the phosphate minerals contain Ca-Al-P0
4 

and Al-Fe-Po
4

. Mo st  such deposits  are o f  the order of  only a few 

thousand or tens of  thousand tonnes in s i z e ,  but a few elevated is lands 

are comparatively large depos its . Examples of  thes e ,  the Nauru and 

9 

Ocean Islands in the West  Pacific (Hutchinson , 1 9 50)  and Chris tmas Island 

in the East Indian ( deKeyer and Mcleo d ,  1968)  Oceans . The principle P 

mineral in these three PR materials is a carbonate  hydroxy- fluo rapat ite 

( Chien and McClellan ,  1 9 7 7 ) , al though the extent of  carbonate  subst itution 

for phos phate in these  PR materials is not as extens ive as in SPR ( Lehr 

et al . , 196  7) . As wil l be shown later in this thesis these PR materials 

have widely different stab il ities in soils . This points to the l imi tat ion 

of using only a description o f  mineralogical composition as a guide to 

l ikely agronomic effec tiveness . 

2 . 3  Composition o f  Apatite in Phosphate Rock Materials 

O f  the mo re than 2 5  el ements that have b een repo rted to  occur in 

fluorapatite of  igneous origin (Palache et  al . ,  195 1 ;  Deer e t  al . ,  1966) , 

most are present in insignificant amounts . Lehr et al . ( 19 6 7 )  and 

McCl ell an and Lehr ( 1969)  have shown that the compos ition o f  apatites in 

sedimentary PR materials can be closely approximated by their contents of  

CaO , Na2o ,  MgO , P
2o

5
, co2 , and F .  Smith and Lehr ( 19 6 6 )  and Lehr et  al . 

( 1 9 6 7 )  found that the extent o f  carbona te substitution for pho sphate in 

the apat ite s t ructure can vary from 0 . 3  to 5 . 3% in sedimentary apatites . 

The el ectro s tatic imbalance resul ting from the substi tution o f  planar 

carbonate for tetrahedral phosphate is  only partially co rrec ted by 



sub s t itution of fluoride in vacant oxygen s ites , so  that a coupled 

monovalent cation sub s titution for calcium is necessary to maintain the 

electrostatic neutrali ty .  

Us ing synthetic carbonate apati te�, Ames ( 19 5 9 )  found a coupled 

substitution in which sodium replaced about 1 0% of  the calcium at the 

h ighes t l evel o f  carbonate substitution for phosphate .  This study was 

conducted in the absence o f  fluo rine . In the presence o f  fluorine , 

10  

S impson ( 1 964)  reported sodium contents o f  2 to 3% at the highest l evel 

o f  carbonate substitution ( 5 - 6% co2) ,  but po tass ium showed little 

tendency to replace calcium, probably becaus e the radius of  the potass ium 

ion is more than 30% l arger than that o f  cal c ium,  whereas sodium is 5 %  

smaller than calcium. McClel lan and Lehr ( 1 969)  also found that the 

sum o f  the magnes ium and sodium contents of apatite increased as the degree 

of carbonat e  sub s t itution increas ed . 

The presence o f  carbonate , as well as sodium and magnesium,  in the 

apatite s tructure inhibits crys tal growth by l imiting the numb er o f  

repetit ions than can occur b efore the s tatis tical mismatch of  s tructural 

units terminates growth of a crys tallite . Newes�¥ ( 19 6 3) and Le 

€tere.s _ et ' till � ,  ( 196 7 ) , working with synthetic carbonate apati tes , and 

Sm:i:th . arid: . Leh:-r ( 1 966) ,  Lehr et  al . ( 196 7 ) , McClellan and Lehr ( 19 6 9 ) , and 

Lehr and McClellan ( 19 72) , working with apatites in commercial PR 

materials , found that  as the extent o f  carb onate substitution for phosphate 

in the apatite s t ructure increased , crys tall ite s ize o f  the apatite 

decreased . The net ef fec t is a decrease in the mineral s tability o r  

conversely an increase in the "chemical reac tivity" o f  the P R .  As 

fluo rapatite is more s tabl e  than hydroxyapatite (Landergren , 1 9 5 4 ; Kay 

et al . ,  1 9 6�) ,  sub s t itution o f  fluorine by hydroxyl is l ikely to have a 

s imilar effect as carbonate s ub s t itution for phosphate in those P R  

materials containing carbonate-hydroxy-fluo rapatite . 



2 . 4  Effect o f  Apatite  Compos i t ion on the Po tential Agronomic 

Effect iveness o f  Phosphate Ro ck Materials 

Until the study o f  Caro and Hill ( 19 5 6 ) , and in particular the 

1 1  

more recen t  s eries o f  s t udies by Smith and Lehr ( 19 6 6 ) , Lehr e t  al . ( 19 6 7) 

McClellan and Lehr ( 1 96 9 ) , and L�hr and McClellan ( 19 72) , differences in 

the composition of  apatite  in PR materials were thought to have l i t tl e 

effect on the po tential agronomic effectiveness of  PR material s . The 

failure to recognize that differences exist in the agronomic effectiveness 

of PR materials , as a resul t of  difference in apatite composition , explains 

to a l arge extent the variable agronomic resul ts obtained with P R  materials 

as direct-appl icat ion P fertilizers throughout the world ( Ca ttier , 1 95 2 ;  

Cooke , 1956 ; Pimentel 'et al . ,  196 2 ;  Fassb ender , 196 5 ;  Kramer ani:d ::Lamberge r ,  

1965 ; Anso rge , 1966 ; Barnes and Kamprath , 19 75 ; Chien and Hammond , 

19 78a) . I t  has now been es tablished that as the degree o f  carbonate 

subst itut ion for pho s ph ate in the apatite s tructure increases so does the 

pot ential agronomic e ffectiveness of  the PR . Caro and Hill ( 19 56)  found 

that the amount of "bound carbonate" in PR materials was closely correlated 

with their effect iveness as a P source for alfalfa in the s t udies reported 

by Armiger and Fried ( 19 5 6 ) . Engels tad et  al . ( 19 74 )  also found that 

the effectiveness of seven PR mat erials to flooded Nato rice increased as 

the degree of carbonate substi tution for phosphate  increased in the 

apat ite s tructure . S imilarly , the agronomic effectiveness o f  the PR 

materials evaluated by Chien and Hammond ( 1 9 78�),  increased as the degree 

of carbonate sub s t itution for phosphate in the apatite s t ructure , increased . 

Thus , the extent o f  carbonate s ub s t itution in the apatite s truc ture 

p rovides a rational explanation for the differing agronomic effec t iveness 

o f  PR materials . 



CHAPTER 3 

A PRELIMINARY EVALUATION OF CHATHAM RISE  PHOSPHORITE 

AS A DIRECT-APPLICATION PHOSPHATIC FERTILIZER 

3 . 1 Introduction 

1 2  

Chatham Rise phosphorite ( CRP ) i s  a sedimentary (marine ) phosphorite 

which occurs on the Chatham Rise . Th is is a broad , elongate submarine 

ridge extending about 800 km east of  the South Island of  New Zealand . 

The geology and geomorphology o f  the Chatham Rise have b een describ ed in 

some detail by Norris ( 19 64 ) . Estimates of  the s ize and extent of  the 

CRP deposit vary ; Cull en ( 1 9 7 9 )  considers that 100 mill ion tonnes of 

phosphorite o c cur as hard , dens e ,  generally b lack nodules varying in 

siz e ,  shape , and chemical composition ( Pasha , 1 9 7 6) , and in distribut ion 

( Cull en and S ingl eton , 19 7 7 ) . The P-b earing mineral in CRP , carb onate 

fluorapatite , occurs in microcrystall ine units ( Glasby and Summerhayes , 

1 9 7 5 ) . A varying and sometimes appreciab l e  amount of  calcite  is 

assoc iated with the phosphatic mat erial in the nodules . 

The agronomic evaluat ion of  CRP as a phosphatic fertilizer has been 

confined to  a l imited numb er o f  glasshouse studies . In the s tudies of  

both Rob erts and White  ( 19 74 )  and Andrews et  al . ( 19 78 ) , the comparison 

o f  CRP with s uperphosphate was res tricted to one rate o f  application o f  

P and one soil . 

Roberts and White ( 19 74 )  reported tha t  powdered CRP was 70% as 

effec t ive as superphosphat e  over s ix harves ts when ryegrass was used as 

the indicator species . In contrast ,  Andrews et  al . ( 19 78 ) , us ing white  

clover , found that powdered CRP outperformed ( 199%)  monocalc ium phosphate 



( the maj o r  form of  P in s ingle superphosphate)  over the same numb er 

of harve s t s . 

Although the s t udy of  Raj an ( 19 8 1� was also confined to one soil , 

CRP was compared to superphosphate at five rates of appl icat ion . 

Whereas CRP was found to be as effective as superphosphate a t  1 5  and 

30 kgP ha
- 1  

after four harvests , at  the h ighes t rate of appl icat ion 

( 240 kgP ha
- 1

) CRP was only 85% as effect ive as superphosphate after 

eight harves ts . In an evaluat ion of  the effect of  mychorrizal fungi 

on the recovery of fert ilizer P by plants , Powell ( 19 79 ) and Powell 

et al . ( 19 8 0 )  showed that CRP was an effec t ive source o f  P for both 

ryegrass and white clover in the glasshouse . 

The difference measured in the agronomic effectiveness of  CRP in 

these s t udies probably reflects , in part , the cho ice of the indicator 

species , the number of  harve s t s  taken , and the rat es of  appl icat ion at 

which the P sources were compared . In addit ion , the differences 

1 3  

repo rted for the agronomic effectiveness o f  CRP may also reflect the 

form and metho d  of  appl icat ion of  CRP , which varied from a powdered form 

incorporated into the top 2cm of soil ( Rob erts and Whi t e , 1 9 7 4 ; Andrews 

et al . ,  1 9 7 8 ) , to a powdered fo rm mixed throughout the soil (Powell ,  

1 9 7 9 ) , to a minigranule (0 . 2 - 0 . 5mm) placed in the s o il a t  a d epth o f  

3mm ( Raj an , 19 8 1�) , t o  a pelletised ( 0 . 4  - 1 . 4mm) form mixed throughout 

the s o il (Powell  et al . ,  1 9 80 ) . Both the form (Buchan et  al . ,  1 9 70 ;  

S tephens and Lipsett , 1 9 7 5 )  and method ( Al ston and Chin , 1 9 74 ; Wrigh t ,  

1 9 75 )  o f  applicat ion o f  PR h ave been shown to exert a marked effec t  on 

the agronomic effect iveness  of  PR under glasshouse c ond i t ions . However , 

becaus e PR mat erials of l imited agronomic effectiveness were us ed in many 

of these s tudies , us e of these data in assessing the l ikely effect o f  form 

and method o f  application on the agronomic effectiveness of  PR mater ials 

cons idered suitab l e  for direct applicat ion under glasshous e  condit ions may 
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be  l imi ted . 

Al though pub lished data were predominantly obtained from the 

glasshouse ( Terman et al . ,  1 9 6 9 ; Buchan et al . ,  1 9 70 ; Engels tad et al . ,  

19 74 ; S t ephens and Llpset t ,  1 9 75 ; Powell et  al . ,  19 80) , the wo rk shows 

that p ell etis ing , o r  granula t ion , generally results in a marked decrease 

in the availab ility o f  P from a PR.  This is  due to reduc t ion of  bo th 

the s urface area exposed for dissolution and the physical distribution in 

th e soil ( Chien and Hammond , 1 9 78p) . To become commercially acceptab l e  

in terms o f  both h andling and spreading , however , a finely-ground P R  will 

have to  be pelletised (Knight and Wil l , 1 9 7 1 ;  Chien and Hammond , 19 78�) 

in a form which does not reduce its  agronomic perfo rmance . To dat e ,  

this appears from the publ ished l i terature no t t o  have been achieved . 

In this Chap t er ,  the agronomic effec tiveness o f  finely-ground and 

pelletised CRP is compared to superphosphate at  three rates of appl icat ion 

and on four contrasting soils . In addit ion , the effect o f  form and 

method  o f  applica tion on the agronomic effec t iveness of CRP in the 

glas shouse is also inves tiga t ed .  

3 . 2  Materials and Methods 

3 . 2 . 1  Phosphate sources 

A compos i t e  sample o f  CRP , repres enting seven sites on the Chatham 

Rise , was used in this glasshouse study and in sub s equent s tudies . 

The location of  individual s ites is given in Tab l e  3 . 1 ,  as are values 

for total P and calcium carbonat e  ( CaC0 3) content o f  samples from each 

site . Before us e ,  all CRP was ground to pass through an 85-mesh sieve 

( 180 ]lm) . The particl e-s ize dis tribution o f  the powdered CRP was 

ob tained by the " end-po int" sieving method ( The Fertilis ers Regulations , 

196 9 ) . Over 80% o f  the powdered CRP pass ed through a l OO-mesh sieve 



Table 3 . 1 

Sampl e  
number 

N84 3 

N844 

N84 5 

N846 

N854 

N85 7 

N878  

Location and total phosphorus and calc ium carbonate 

contents of  Chatham Rise phosphorite samples from 

individual s ites on the Chatham Rise 

To tal p Total Caco 3 
Location ( %) ( %) 

4 3°29 . 9 ' 8 ,  1 7 9°20 . 0 ' E  9 . 58 28 . 2  

4 3° 30 • 5 I S ,  1 79° 18 . 5 ' E  8 . 9 2 29 . 8  

4 3° 3 1 . 1 ' 8 ,  1 79° 1 7 . 2 ' E  9 . 35 28 . 5  

4 3°32 . 2 ' 8 ,  1 79° 1 6 . 4 ' E  9 . 5 3 25 . 2  

4 3° 32 . 1  ' S ,  1 79° 32 . 7 ' E 9 . 00 34 . 2  

4 3
°

32 . 6 ' S ,  1 79° 32 . 5 ' E  8 . 3 1 32 . 3  

4 3°2 7 . 8 ' S ,  1 79° 1 6 . 6 ' E  9 . 4 6  2 6 . 7  

1 5 



(Tabl e  3 . 2 ) . The present fertilizer regulat ions spec ify that , for 

registrat ion as a P f er t ilizer , 80% o f  a PR material mus t pass through 

a l OO-mesh sieve ( 1 50 �m) . Exc ept ions are Sechura pho sphat e  rock 

( SPR) and North Carol ina pho sphate rock (NCPR) where 60% mus t  pass 

through a lOO-mesh s ieve for registration . 

The pelletised CRP , prepared by a commercial firm from this 

powdered material us ing bentonite as the b inding was very stabl e  

(mean pellet strength = 5 . 8N) , o f  uniform s ize ( 8 0 %  > 0 . 5mm to > 2 . 0mm) , 

and had excellent flow characteris tics . The fresh pel lets slaked 

readily in water and init ial b reakdown o ccurred rap idly on mo ist soil . 

The water stability o f  the pellets was evaluated as a function o f  t ime 

of storage at 80% relative humidity at 20°C .  At each sampl ing ( 0 ,  30 , 

60 , 90 , 1 20 ,  1 5 3  and 1 8 3  days ) , lOg of  the pellets were placed in the 

top of a t ier of s ieves ( 500 , 250 , and 1 2 5  �m fitted with a receiver) 

and carefully immersed in a container of dist illed water mount ed on an 

Endecot t  Mechanical S ieve Shaker . 

shaker was swit ched on for 5 min . 

Af t er a soaking period o f  1 h ,  the 

The amount of material retained on 

each sieve was determined by weighing . _ 

To evaluat e  CRP as a source o f  P to plants , powdered and 

pellet ised CRP was contrasted with ' granulated ' s ingle superpho sphate 

ob tained by comb ining samples from a number of  stock-piles dest ined for  

aerial appl ica t ion . 

Total P for all samples was determined using perchloric ac id 

digest ion (O ' Connor and Syers , 1 9 7 5 ) . Values for water - (The 

Fert il isers Regulations , 1 9 69 ) , 2%  c it r ic acid - (AOAC , 1 9 60 ) , and 

neutral ammonium c itrate (AOAC , 1 9 70 )  soluble P are summarized in 

Table 3 . 3 , along with some phys ical characteris tics o f  the two P 

sources . 
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Table 3 . 2 Particle-size distribut ion o f  powdered 

Chatham Rise phosphorite using the 

"end-po int " method 

Particle  size 

( )lm) 

> 250 

> 1 80 

> 150  

> 1 25 

> 6 3  

< 6 3  

Part icle-size d is tribut ion 

( % )  

0 

1 . 1  

1 6 . 8  

7 . 5  

32 . 8  

4 1 . 2  

1 7 

• 



Table 3 . 3 Some phys ical and chemical characterist ics of  the phosphate sources 

Particle  s ize  range (mm) Total P Caco
3 

Wat er 

Phosphate source Form 1-2 0 . 5- 1  < 0 . 5  ( %) ( % )  

Superphosphate Granules 4 3  2 7  30 8 . 5  - 4 5  

CRP Powder 
( < 180 llm) - - - 9 . 35 30 . 3  <0 . 01 

CRP Pel l et s  4 0  4 0  20 9 . 1 7 28 . 8  <0 . 0 1  

P extracted by 

2% Neutral 
c itric ammonium 

acid c itrate  

(%  o f  to tal P) 

79 . 5  75 . 0  

20 . 7  5 . 6  

20 . 7  5 . 6  

t-' 00 
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3 . 2 . 2  S o ils used in glasshouse study . 

The four s oils used in the preliminary glas shouse s tudy were 

collected from s ites where the four field trials evaluat ing the agronomic 

effec t iveness o f  CRP ( Chapt er 4) were s ub sequently estab l ished . Detailed 

info rmat ion on the location and pas t fertilizer history of each soil is  

given in the next Chapter ( Table 4 . 1 ) . Three o f  the soils , Kumeroa 

s il t  loam (Wanganui) , Ramiha s il t  loam (Pahiatua Track) , and Wainui s il t  

loam (Woodville)  are from hill country , while the fourth , the Tokomaru 

s ilt  loam (Palmers ton North) , is lo cated on a high river terrace . 

All four soils were s ampl ed to a depth of lOcm, air drie d ,  and 

pas sed through a 6 mm s ieve before use .  The following chemical parameters 

were measured ; soil pH , measured with a comb ination electrode pH meter 

after s t irring lOg o f  s o il in 25  ml o f  dis tilled water and l eaving to 

stand overnight b efore reading ; P sorption capacity ( Saunders , 1 965) , 

determined after shaking 5g of  soil for 16  h in a 25ml of  0 . 2M sodium 

- 1  
acetate solut ion containing 1 000 �gP m l  and adj usted to pH 4 . 65 with 

glacial acetic acid . P sorption capacity was calculated from the 

amount of  P removed from solution by the soil , exp ress ed as a percentage 

of  the amount originally in solution ; and es t imat es o f  plant-available 

P in  the soil , using the b icarbonate metho d ( shaking for 30  min at  a 

solut ion : soil ratio o f  20 : 1 ) of  Olsen et al . ( 19 5 4 )  and the double-

wat er extrac t ion method ( two sequential 1 -h extractions with dis t il led 

0 
water at  a solut ion : so il ratio o f  4 : 1 ) of  Ryden and Syers ( 1 9 7 7 ) . 

For all P extractions samples were shaken in 50-ml polycarbonate 

centrifuge tubes on an end-over-end shaker at  18  r . p . m .  at  2 0°C .  On 

the completion of shaking , the samples were centrifuged at 1 0 , 000 r . p . m .  

for 5 min in a Sorvall RC2-B refrigerated centrifuge ( a t  5°C)  and the 

ext racts f ilt ered (< 0 . 45 � m) . Ino rganic P in an aliquo t  of  the extrac t  

was determined by the Watanabe and Olsen ( 1965)  modificat ion of  the 



2 0  

Murphy and Riley ( 1 962)  metho d ,  except that the b icarbonate extracts 

were no t neutralized prio r to colour development . Absorbance was 

measured at 7 1 2  nm us ing a Pye Unicorn SP 1 800B spectropho tometer . 

Resul ts from thes e analyses are given in Tab le 3 . 4 .  

3 . 2 . 3  Conduct of the glasshous e  s tudy 

The air-dried and s ieved ( < 6mm) soils  were hand packed into po ts 

measuring 1 0  x 1 0  x 9 cm .  The Wainui and Ramiha so ils received s eventeen 

t reatments replicated three times , whereas the Kumeroa and Tokomaru 

received eleven and nine t reatments , respectivel y ,  both repl icated four 

times . Detailed informat ion on each t reatment is given in Tab le 3 . 5 .  

The incorpo rated treatments were thoroughly mixed in the upper 2cm o f  

soil . The trial was estab lished in a randomised-b lock layout . 

Sulphur ( S )  was applied as gypsum to all t reatments at the quant ity of  

S added in  the h ighes t rat e  of  superphosphate . Additional S was applied 

after the 3rd and 5th harvests . Nitrogen (N) as ammonium nitrate ,  

po tassium as potassium chloride,  and the micronutrient solut ion o f  

Middleton and Toxopeus ( 1 9 73 )  were applied after each harves t .  

Approximately 50 s eeds of  perennial ryegras s (Lolium perenne) 

were sown on the soil surface after the addition of fertilizer treatments 

and thinned to  30 seedl ings at  3 weeks . Pots  were watered to field 

- 1  
capacity ( 0 . 40 ,  0 . 4 2 ,  0 . 4 6 ,  and 0 . 58g o f  water g o f  s o il for the 

Tokomaru , Wainui , Kumero a ,  and Ramiha soils , respectively) with distilled 

water throughout the trial , on a daily bas is . A total o f  s ix harves ts  

were taken at  varying intervals ( 4 - 5 weeks ) . All h erbage was removed 

and oven dried at 60°C for 24 h b efore weighing . The concentrat ions o f  

P and N in the ryegrass were determined ,  following Kj eldhal diges t io n ,  

by the autoanalysis method o f  Twine and Williams ( 19 7 1 ) . 



Tab l e  3 . 4  Some characteristics o f  the soil s  

New Zealand S o il Group Soil type 
pHHzO 

Yellow-grey earth/ 
yellow-brown earth intergrade Kumeroa s ilt  loam 6 . 0  

Yellow-grey earth/ 
yellow-brown earth intergrade Wainui silt  loam 5 . 0 

Yellow-brown loam Ramiha s il t  loam 5 . 6  

Yellow-grey earth Tokomaru silt  loam 5 . 8  

P-sorption 
capacity 

( %) 

39 

36 

8 7  

28 

Extractabl e P 

Bicarb onate Wat er 

(\lg g- 1 ) 

8 . 6  5 . 8  

10 . 7  5 . 8 

8 . 9  1 . 6  

2 3 . 8  1 3 . 4  

N 
...... 



3 . 3  Results and Discussion 

Total dry-matter yields are presented in Tabl e  3 . 5 . A 

s ignif icant ( P  <0 . 0 1 )  response to applied P was found with all soils , 

but its  s iz e  varied markedly b etween soil s .  The respons e to appl ied P 

increased with increas ing rat e o f  P for all soils . The type of  P 

fert il ize r ,  its phys ical form and the method o f  appl ication also 

influenced the magnitude  of the response . 

sulphur-respons ive .  

All soil s  were highly 

3 . 3 . 1 Effectiveness of powdered Chatham Rise 

phosphorite  when compared to superphosphat e  

Overall ,  the effec t iveness o f  surface-appl ied, powdered CRP was 

no t s ignificantly different from surface-appl ied superphosphate in 

increas ing ryegrass  yields ( Table 3 . 5) with any soil or at any rate of  

P .  On two so ils (Wainui and Ramiha) for wh ich incorporate d ,  powdered 

CRP trea tments were included , CRP outyielded surfac e-appl ied super

phosphat e  at the h ighes t rat e .  

To permit evaluat ion of  CRP compared t o  superphosphat e ,  respons e 

curves were drawn for the two P sources with each of the four s o ils . 

CRP was then compared at 9 0 %  o f  the yield maxima ob tained from surface-

22 

appl ied sup erphosphate , which was ass igned a value of 100 . The relative 

yield values for surface-appl ied , powdered CRP were 9 6 , 99 , and 100 for 

the Ramiha , Kurneroa ,  and Wainui so ils , respectively . For incorporated,  

powdered CRP , the  relative yield values increased to  100 and 106 on 

the Rarniha and Wainui soil s ,  respectively . 

Total h erbage P uptake data fo r the six harves ts comb ined ( Table 

3 . 6 ) showed s imilar trends in the performance of powdered CRP in comparison 

with superphosphate , with one excep t ion . On the basis o f  y ield data , the 

incorporated , powdered CRP treatments were superior to the equival ent 



Tab l e  3 . 5  To tal yield ( g) in s ix harvests of perennial ryegrass 

as influenced by phosphat e  source , rate ,  and placement . 

Treatments 3 - 1 1  surface-applied , treatments 1 2  - 1 7  

incorporated in upper 2 cm o f  soil 

Appl ication 
S o il typ e  

rat e  
Treatment (kgP hcr 1 ) Wainui Rami ha Kumeroa 

* 
1 Cont rol 0 6 . 2 7  I 3 .  72  J 3 . 6 7 D 

2 Control + st 0 8 . 0 9  H 5 . 38 I 9 . 5 2  E 

3 Superphosphate 35  10 . 28 G 9 . 04  FG 1 2 . 9 2  D 

4 " 70 1 3 . 55 DE 1 1 . 4 1  CD 1 5 . 38 c 

5 " 150 1 5 . 5 7  B 1 3 . 0 0  B 18 . 0 2  A 

6 CRP (pelletised) 35 10 . 04 G 7 . 34 H 1 2 . 88 D 

7 " 70 12 . 5 7 F 9 . 68 E 14 . 58 c 

8 " 1 50 14 . 60 c 1 1 . 14 CD 1 7 . 09 B 

9 CRP (powdered) 35 10 . 4 6 G 8 . 86 G 1 3 . 35 D 

10 " 70 1 3 . 24 E 10 . 9 9  D 1 5 . 26 c 

1 1  " 1 50 1 5 . 2 7 B 1 2 . 53 B 1 8 . 04 A 

1 2  Superphosphate 70 1 3 . 89 D 1 1 . 60 c 

1 3  " 1 50 15 . 78 AB 1 3 . 1 1 B 

14 CRP ( pel l e t ised) 70 1 2 . 1 6  F 9 . 4 7  EF 

1 5  " 1 50 1 3 . 9 7  D 10 . 8 7 D 

1 6  CRP (powdered) 70 14 . 0 7  CD 1 1 . 62 c 

1 7  " 1 50 1 6 . 2 1 A 1 3 . 94 A 

* 
Capital l e t t ers denote  Duncan ' s  symbols for assessing significant 

differences ; P < 0 . 0 1  for treatments within each soil . 

tsulphur 

2 3  

Tokomaru 

8 . 20 D 

1 7 . 0 8  c 

1 7 . 0 1  c 

18 . 9 6  AB 

20 . 33 A 

1 7 . 83 BC 

19 . 1 3 AB 

19 . 4 3  A 



Table 3 . 6  

Treatment 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1  

1 2  

1 3  

14  

1 5  

1 6  

1 7  

To tal phosphorus uptake (mg) in s ix harves ts by 

perennial ryegrass as influenced by phosphat e  

source ,  rate , and placement . Treatments and 

Duncan ' s  symbols as in Tab l e  3 . 5  

Soil t e 

Wainui Ramiha Kumeroa 

9 . 3 1 J 4 . 55 G 1 2 . 4 3  G 

14 . 3 7 H 9 . 6 2  E 19 . 04 DE 

1 9 . 65 DE 1 3 . 3 7 CD 24 . 0 5  c 

26 . 69 A 1 6 . 7 3  B 3 1 . 86 A 

1 1 . 86 I 7 . 49 F 1 7 . 37 F 

1 7 . 1 3 GF 10 . 78 E 20 . 26 D 

2 1 . 4 3  DC 1 3 . 14 D 2 3 . 9 2  c 

1 5 . 6 2  GH 9 . 9 5  E 1 7 . 7 1 EF 

19 . 9 7  EDC 1 2 . 9  7 E 22 . 94 c 

2 3 . 85 B 1 5 . 9 8  B 2 7 . 1 3 B 

2 1 . 68 c 1 2 . 76 D 

2 6 . 75  A 16 . 4 5  B 

1 6 . 02 GH 9 . 9 6  E 

18 . 45 EF 1 2 . 1 3 D 

19 . 83 EDC 14 . 4 8  c 

24 . 7 3 B 19 . 4 9  A 

24 

Tokomaru 

32 . 00 c 

33 . 4 1  c 

4 0 . 7 7 B 

49 . 76 A 

33 . 63 c 

40 . 0 3  B 

4 3 . 08 B 



surface-appl ied treatments  with the Wainui soil ; the P uptake data 

reversed thes e treatment differences . 

The effec t iveness o f  powdered CRP , relat ive to surface-appl ied 

s uperphosphat e  in terms of cumula t ive yield differences over the s ix 

harvests , with the four soils is shown in Fig . 3 . 1 .  The curves 

25 

represent the average effect of the rates with in a fertil izer treatment , 

in cont ras t to  the criteria used above to compare to tal yiel ds . 

Throughout the trial , all soils showed an increas ing respons iveness to 

P appl ied as powdered CRP . The initial difference b etween the surface-

applied and incorporated CRP treatments gradually increas ed with the 

Wainui and Ramiha soils (Fig . 3 . 1a ,  b ) . In contrast , the initial 

difference b e tween the two superphosphat e  treatments with these soils 

decreased over the trial p eriod . The increasing effectiveness of  

powdered CRP with respect to superphosphate , particularly when incorporated , 

is clearly demons trated . 

The data for relative c umulative herbage P uptake over the s ix 

harvests  ( Fig . 3 . 2 ) support  the ranking o f  the treatments es tabl ished by 

the relative cumulative yiel d  data , with the one excep t ion ment ioned earl ier . 

The init ial difference in availabil ity of P b etween powdered CRP and super

phosphat e  is more clearly reflected in the P uptake data than in the yield 

data . Whereas from the yield data ( Fig . 3 . 1 ) initial differences were 

less than 1 5 % , in t erms of herbage P uptake ( Fig . 3 . 2) these differences 

ranged from 12 to 30% at  the first harvest . Herbage P concentrations 

for a number of treatments at  the firs t and s econd harvests with the 

Ramiha , Wa inui , and Kumeroa soils ( Tabl e  3 . 7) further demonstrate this 

initial difference . The low P conc entra t ion values , part icularly on the 

Ramiha s o il , demonstrate the demand imposed by glasshouse trials on 

availab l e  soil P .  At  the field site  (Pahiatua Track) where the Ramiha 

soil was c ollected the P concentrat ion o f  the mixed sward ranged from 
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Table 3 .  7 

Soil type 

Rami ha 

Wainui 

Kumeroa 

Tokomaru 

Phosphorus concentrat ions (mg g
- 1

) in perennial 

ryegrass as influenc ed by phosphate source and 

placement .  Treatments as in Table 3 . 5 .  

Harvest  

Treatment Firs t S econd 

2 1 . 0 9  1 . 0 9  

5 2 . 88 2 . 68 

8 1 . 5 2  1 . 66 

1 1  1 . 5 2  1 . 8 1  

1 5  1 . 24 1 . 4 5  

1 7  1 . 90  1 . 86 

LSD (P  < 0 . 0 1 ) : 0 .  74 0 . 63 

2 2 . 4 2  2 . 00  

5 3 . 9 5 3 . 65 

8 2 . 86 2 . 10 

1 1  2 . 85 2 . 25 

1 5  2 . 60 2 . 0 5  

1 7  2 . 56 2 . 20 

LSD ( P  < 0 . 0 1 ) : 0 . 50 0 . 80 

2 2 . 50 2 . 0 3  

5 3 . 52 3 . 1 8 

8 2 .  39 2 . 4 2  

1 1  2 . 64 2 . 4 5  

LSD (P < 0 . 0 1 ) : 0 . 29 0 . 26 

2 3 . 26 3 . 22 

5 4 . 1 3 4 . 4 7 

8 3 . 35 3 . 59 

LSD (P < 0 . 0 1) : 0 . 55 0 . 6 3  

2 7  



only 0 . 1 6 t o  0 . 1 8 % ,  indicat ing the l ikelihood o f  P deficiency . With 

the exception o f  the data for incorporated , powdered CRP on the Ramiha 

soil (Fig . 3 . 2b )  both superphosphate treatments  were still superior to  

powdered CRP in  supplying P to the plant at  the sixth harvest .  

28 

Relative P uptake decreased rapidly when superphosphate was incorporated , 

p art icularly on the Ramiha soil (Fig . 3 . 2b ) . This contras ts  w ith the 

increas ing availab ility of  P from the powdered CRP treatments (Fig . 3 . 2 ) . 

3 . 3 . 2  Effect iveness of pelletis ed Chatham Rise 

pho sphorite when compared to superphosphate 

The water s tab ility of  the CRP pellets used in this prel iminary 

glasshouse study , and in subsequent studies , increas ed over 1 8 3  days 

( Fig . 3 . 3) .  Whereas the <1 25-um fraction decreas ed from 8 1  to 10% over 

1 5 3  days , the 250 - 1 25-�m fraction increased from 19 to 74 % over the 

s ame perio d . Af ter 1 5 3  days , however , the 250 - 1 25-v m fract ion also 

decreas ed . A corresponding increase  was measured in the 250 - 1 2 5-� m 

fract ion after 1 5 3  days . Increas ing the soaking t ime before shaking to 

1 h had little  or no ef fect on the particle-s ize distribution . 

Total ryegrass yields with surface-appl ied , pelletised CRP (Tab le 

3 . 5 ) were lower than those with the equivalent surface-applied super-

phosphat e treatment with the Wainui and Ramiha soil s .  Only a t  the 

highest rate of applicat ion to the Kumeroa soils however , was there any 

significant difference between these two P sources when surface-applied . 

No differences were found with the Tokomaru s o il . The relat ive yiel d  

values o f  surface-appl ied pelletised CRP a t  9 0 %  of  the yield maxima for 

superphosphat e were 85 , 9 3 ,  9 3 ,  and 104 with the Ramiha , Wainui , Kumeroa , 

and Tokomaru soils , respectively . These  results contrast with tho se 

found for powdered CRP . Incorporation of  the pelletised material into 

the upper 2cm of the soil resul ted in a decrease in the relat ive yield 

value of CRP with the Ramiha ( 83 )  and Wainui ( 9 0 )  soils . 



Figure 3 . 2 

- lrl:orDOI� !o-4*Vho� 
....... Wtac.e .._...., �!Md CRP 
C� �ed s-lt�MrMCt CAP 
........ lralfporaled � CAP 
.. - Surtace ..,.._., �ed CRP 
�� COI"tf'CM 

� ��---T--�;--�.--�r-_,, -

120 (c) Kl.MEAOA SLT LOAM 

110 

��--------------

� �--��, --��--�--��_, MNveos' 

lbl AA ..... A SilT LOAM 1.0 

J --

110 (dl T'OfiDMAAU SIJ l.OIM 

��--------------------

I ""  
! 
! 
J ao 

10 �--�--"t---•• ---.�· ... -

Relat ive cumulat ive herbage phosphorus up take for s ix 

harvests with the four soils as influenced by phosphat e  

source and placement ( s urface-appl ied superphosphat e  

100) . a = Wainui s il t  loam , b = Ramiha s ilt loam ,  

c = Kumeroa s i l t  loam, and d = Tokomaru s ilt loam .  

2 9  



Herbage P uptake by ryegrass over the six harvests from surface

appl ied ,! , pellet ised CRP with the Wainui , Ramiha , and Kumeroa soils 

was inferior t o  that from both superphosphate and CRP which was 

surface-applied in the powdered form (Table 3 . 6) . Only at the highest  

rate  of  application was there any s ignificant dif ference in the two P 

sources with the Tokomaru soil . 

The effec t iveness o f  pelletised CRP relat ive to surface-appl ied 

superphosphate  in terms of cumula t ive yield differences for the four 

soils is  shown in Fig . 3 . 1 .  Init ially the difference between 

pellet ised CRP and surface-applied superphosphate was 1 5-3 2 % .  As with 

powdered CRP , all soils showed increasing responsiveness to pellet ised 

CRP throughout the trial . The init ial differences between pellet ised 

and powdered CRP slowly increased throughout the trial with the three 

soils for which this comparison was made . Whereas incorporation of  
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powdered CRP o r  superphosphate increased their effectiveness , incorporation 

of the pellet ised mater ial (Fig . 3 . l a ,  b )  had no beneficial effect in 

either the short or the long term .  

Pelletising reduced the initial availability o f  P in CRP , as 

indicated by the data for relative cumulative herbage P uptake 

(Fig . 3 . 2 ) for all four soil s .  Init ially this varied from 5 1  to  8 1 %  

o f  the f igure for surface-appl ied superphosphate  and from 7 9  to 1 04 %  o f  

that for surface-appl ied , powdered CRP . Herbage P concentrat ions for 

the first and second harvests  for all four soils (Table  3 . 7 ) further 

illustrate the effect of pelletising on the ini t ial availab ility of P 

in CRP . Although in the glasshouse experiment PR gave rise to lower 

herbage P concentrat ions than superphosphate ,  in the f ield these 

differences were very much less pronounced ( Chapter 4 ) . The effec t  o f  

incorporat ion on both the short-term and long-term availab ility o f  P 

in pelletised CRP is again clearly shown for both the Wainui and Ramiha 

soils (Fig . 3 . 2a ,  b ) . 
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3 . 4  General Discussion  

Over s ix harves ts , CRP compared favourably with s ingle super-

phosphate as a P source for perennial ryegrass grown in four so ils in 

this init ial glasshouse evaluat ion . The relative yield values for 
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CRP ranged from 96  to 106 in the powdered form and from 83 to 104 in the 

p ell etised form ,  when compared at  90% of the yield maxima for surface-

appl ied superphosphate . 

In the study o f  Rob erts and White ( 1 9 74 )  powdered CRP was only 70%  

as effect ive as s ingle superphosphate appl ied a t  a rate o f  approximately 

-1  
100 kgP ha and incorporated into the surface 2 ern . This contras ts 

with the present findings . Us ing the same crit eria for evaluat ing 

data as used by Rob erts and Wh ite ( 19 74) , powdered CRP applied at 70 

- 1  
and 150  kgP ha woul d b e  1 0 2  and 1 0 7 % ,  respect ively , as effec tive as 

superphosphat e  when incorpo rated . This difference may , in par t ,  reflect 

the quality of the superphosphate  used in the respective experiments . 

That used by Rob erts and White ( 1 9 74 )  was 1 00% soluble in neutral 

ammonium citra t e ,  whereas in the pres ent glasshouse trial the equivalent 

value was only 65% (Tab le 3 . 3) . 

Goo d  agreement was found , however , between the resul ts o f  the 

present study fo r the high P-sorbing Rarniha soil and those reported by 

Raj an ( 1 9 8 1� for the high P-sorb ing Moro tui sandy loam,  al though the 

pelletised CRP used in the present  study was l arger (>0 . 5rnrn - < 2mrn) than 

the rninigranules of CRP ( 0 . 4mrn - 1 . 4rnrn) used by Raj an ( 19 8 1a} . On a 

relative b as is , the pelletised CRP , when incorporated into the upper 

2 ern of  the Rarniha s o il , was 82  and 84 % as effective as superphosphate 

- 1  
applied a t  75 and 1 50 kgP ha , respect ively , in the present  s tudy . 

Raj an ( 19.8 1a) found that rninigranules o f  CRP placed in the soil a t  3rnrn 

were 78  and 85% as effective as superphosphate applied at  60 and 
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- 1  1 20 kgP ha , respectively . Interes t ingly , the superphosphate us ed in 

the study o f  Raj an ( 1 9 8 1� had 7 8 %  o f  to tal P soluble in 2%  c i tric acid . 

This compares well with the 79 . 5% citric-solub l e  P value fo r the 

superphosphate used in the pre s ent s tudy . This finding provides 

evidenc e to support the suggest ion that the difference found in the 

e ffect iveness of CRP , when compared to superphosphate , in the s tudy of  

Rob erts and White ( 1 9 74 )  and in  the present  s tudy re flec ts the difference 

in the qual ity of superphosphate us ed in the respect ive s tudies . 

The availability o f  P was general ly lower from CRP than from 

superphosphate , on the b as is o f  herbage P conc entration and P uptake data . 

A numb er o f  workers have no ted this in comparisons of  PR with superphosphare 

( Peasl ee et al . ,  196 2 ;  Barnes and Kamprath , 1 9 75 ;  Ragin e t  al . ,  19 78a) . 

The ini t ial differenc e in availab il ity b etween these two P sources is due 

to their varying solub ilities and initial behaviour on contact with soils . 

Superphos phate dissolves immediately on contact  with mois t s o ils (Brown 

and Lehr , 1 9 5 9 )  and the rea c t ion products fo rmed upon dissolution ( iron 

and aluminium phosphat es in acid and neutral s o ils)  contro l ,  in the 

short t erm at l east (McLaughl in and Syers , 1 9 7 8) , the availab ility of P .  

In contras t ,  the initial rate of  dissolution o f  a PR is a funct ion 

primarily of i ts solub il ity . In the p resen t  s tudy this ini t ial 

difference in availabil ity o f  P b etween thes e two P sources , however , 

did not p ersist . 

The s imil arity in bo th the yield and the P uptake data for the 

Wainui and Kumeroa soils indicates that pH values in the range 5 to 6 

had l it t l e  effect on the availab ility of  P in CRP . This is cons istent 

with the resul ts o f  overseas glasshouse s t udies ( Ellis et  al . ,  1955 ; 

Barnes and Kampra th , 19 75) evaluating PR fertiliz ers wi thin a s imilar 

pH range . In a recent review ,  Khasawneh and Dol l  ( 19 78)  suggested 

that PR materials are ineffec t ive in comparison with superphosphate as 
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P sources to plants on soils o f  moderate to high P s tatus . The pres ent 

resul ts f rom the Tokomaru soil , and to a sligh tly l esser extent  the 

Kumeroa and Wainui s o ils , do not  support this viewpoint ,  but suggest 

that CRP has po tential as a direc t-use  P fertil iser on s o ils  of o ther 

than low P s tatus . 

A feature o f  the present  r esul ts was the satisfacto ry performance 

of the s urface-applied,  pelletised CRP treatments in comparison with 

the equivalent powdered treatmen t s . Thes e resul ts sugges t that the 

freshly-made pelletised material breaks down readily on contac t with 

moist s o ils , and that movement o f  the surface-appl ied , powdered CRP 

into the s o il was sufficiently extensive . The increasing water 

s tabil ity o f  the pelletised CRP with time , indicated by the increases 

in the 2 50 - 1 25-�m fraction , however ,  sugges ts that some cementation 

reac t ions were o ccurring . This could l ea d ,  in the abs ence of  biological 

mixing , to a decreas e in the availability to the plant of  P in a PR, 

by reducing the physical dis tribution of the PR in the soil . 

The effectiveness of CRP , in the pell etis ed form ,  in the present 

study was found to vary somewhat b etween the soils tes ted . The 

relative yield values for surface-applied , pel l etised CRP were 9 3 ,  9 3 ,  

and 100 for the Wainui , Kumero a ,  and Tokomaru soils ; for the Ramiha 

soil the relative yield value was 85 . Al though water uptake largely 

determines the initial b reakdown of the pel l e t , subsequent movement of  

the CRP particles away from the site of  appli cation ( in the glasshouse) 

is also influenced , in the abs ence o f  b iological mixing ,  by the nature 

and configuration of the soil surface . With the Ramiha soil the 

surface configurat ion was uneven and b roken , as a resul t o f  the s tab l e  

s t ructure , wh ich i s  a particular characteris tic o f  this soil . In 

contras t ,  the s urface configuration of th e Wainui , Kumeroa ,  and Tokomaru 

soils was even and continuous . As a consequence , movement o f  the CRP 



part icles away from the s ite o f  appli cation may have been reduced with 

the Ramiha s o il . Use o f  CRP pel lets  with a small er mean diame ter may 

reduce this localisation effect on this particular soil by increas ing 

the numb er o f  pell ets per unit surface area . 
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As in the s tudies of Buchan et  al . ( 1 9 70 ) , Als ton and Chin ( 19 74 ) , 

S tephens and Lips ett ( 19 75 ) , Wright ( 19 75 ) , Powell et al., ( 1980 ). !and-L�dgard 

e t  al . ( 1 9 8 1 ) , bo th the form and method of appl i cation of the PR 

a ffec ted the agronomic effectivenes s  of CRP in the glasshous e .  With 

one exception , the effec tiveness o f  CRP , when compared to superphosphat e ,  

decreased in the o rder o f  powdered and inco rporated > powdered and 

s urface applied > pel letised and surface applied > pelletised and 

inco rporated , particularly in ini t ial harves t ,  Whereas incorporation 

of the powdered PR into the soil maximizes b o th the surface area exposed 

for dissolution and the phys ical distribution of the PR in the soil , 

s urface appl i cat ion in either the powdered o r  pelletised fo rm minimizes 

the phys ical dis t ribution of  the PR in the soil . Incorporation o f  

the pellet into the soil also minimizes the surface area exposed fo r 

dissolution by effectively preventing the inital breakdown o f  the pell e t . 

B ecaus e of  the effect that both form and me thod o f  appl ication have on 

the agronomic effec t iveness of PR in the glasshous e ,  bo th b ecome impo rtant 

cons iderat ions when comparing the findings of glasshouse s tudies in 

which PR materials are evaluated . Fo r example ,  poor agreement is  found 

b etween the resul ts of the presen t  s tudy with powdered CRP and those  

reported by Raj an ( 19 8 1� with the minigranule o f  CRP . 

The resul ts  ob tained in this preliminary glasshouse evalua t ion 

show that finely-ground and pelletised CRP is  an effect ive source of P 

to ryegrass .  In the following Chap ter ,  the agronomic evaluation o f  

CRP a s  a direct-appl i ca t ion P fertilizer i s  extended to the fiel d .  
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CHAPTER 4 

FIELD EVALUATION OF CHATHAM RISE PHOSPHORITE 

4 . 1 Introduct ion 
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In the past s ixty years , numerous f ield s tudies have been conducted 

in New Zealand on the poss ible value of PR mat erials as direct-applicat ion 

phosphatic fert ilizers . Pos s ible worldwide shortages of  elemental 

sulphur ( S ) , threatening the manufacture of the traditional form o f  

phosphatic fertil izer (superphosphate) used f o r  correct ing P deficiencies 

in New Zealand , prompted much of the early work.  

The apparent failure to recognize the quit e  maj or differences that 

exist in the agronomic effectiveness of PR materials (Chapter 2 . 4 ) , 

however , l imits the usefulness of much of the data obtained in many o f  

these studies . The PR materials traditionally used for the manufacture 

of superphosphate in New Zealand , namely Nauru phosphate rock (NPR) and 

to a lesser extent Christmas Island A grade pho sphate rock , were used 

in many of these studies . Apart from a series of  studies reported by 

Ca ttier ( 19 5 2 ) , which gave an encouraging resul t with NPR in pastur e ,  the 

overwhelming evidence has shown that NPR is ineffective as a direct

application P fertil i zer , even when f inely ground (Lynch , 19 5 1 ;  Duncan , 

1953 ; During , 1953 ; Hopkins , 1 9 5 3 ;  Scott , 1 95 7 ;  Karlovsky , 19 6 1 ;  

Scott and Cullen ,  1 9 65 ; Grigg and Crouchley , 1 9 80 ) . 

In contras t ,  when the North African , Gafsa phosphate ro ck ( GPR) 

has been eva luated , favourable  resul ts have usually been obtained 

(Arnold , 19 5 2 ;  Cattier , 1 9 5 2 ;  During , 1 9 5 3 ;  Booth, 1956 ; Cul l en ,  

1 9 5 8 ; Karlovsky , 1 9 5 8 ; Scott and Cullen, 1 9 6 5 ) , although the result s  

o f  Lynch ( 19 5 1 )  suggest that GPR i s  o f  l imited agronomic effect iveness 



in drier ( <  lOOOmm) rainfall areas . In fact the encouraging resul ts 

ob tained w ith GPR by Scott and Cul l en ( 1 965)  prompted these workers to 

s uggest that a more comprehensive evaluation o f  the pos s ible  role of 

P R  materials in New Zealand was more than j us tified . However , apart 

from the recent publication of Grigg and Crouchley ( 1980) , which 

reported work done in the 1 9 60 ' s ,  this research does no t appear to have 

b een followed up until very recently . 

The resul ts ob tained with CRP in the preliminary glasshouse study 

( Chap ter 3) suggest that this PR material has considerable  potential as 

a direct-application P fertil izer . Also the results  ob tained with 

pelletis ed CRP sugges t that the problems associated with the handl ing 

and spreading o f  a finely-ground PR material , which to date has largely 

res tricted their use (During , 1 9 7 2) , can be overcome without seriously 
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affec ting the agronomic effec t iveness o f  this material . 

evaluation is required under field conditions . 

However ,  further 

The initial purpo se of  the field phase of the present s tudy was to 

extend the evaluation of CRP , in both the powdered and pelletised forms , 

over a range of soil types under f ield conditions . In addition to 

generating bas ic agronomic data for the ef fec tiveness o f  this PR, an 

addit ional obj ective was to evaluate the po tential role of CRP as a 

direct appl ication P fert ilizer in two dis tinc t pas toral farming sys tems . 

Of  the four field trials es tabl ished , three were located in hill 

country , a farming area where PR materials are l ikely to have their 

greatest  po tential . In the Nor th Island , hill country repres ents 

4 . 5  mill ion ha of  the 13 mill ion ha o f  pas toral land f armed , with stock 

numbers amo unting to over 31 million . Hill-country f arming is generally 

charact erised by relatively low annual P inputs , with the princ iple aim 

of adding P being the successful es tab l ishment and maintenance o f  a 

vigorous clover component in the sward (Suck� ing , 1959 ) . As a resul t 



o f  the poor competitive ab ility o f  clover for available P in the soil , 

when compared to gras ses ( Jackman and Mouat , 19 7 2�) , a P fertilizer 

needs to maintain a reasonably high l evel of available P in the soil 

for maximum effect iveness . Al though superphosphate has traditionally 

b een used for this purpose , it  is  pos s ible that this P source may no t 
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be the mos t  effec tive fertil izer for hill-country pas tures . For 

instance ,  the initial high plant-availab ility of P in s uperphosphate 

( Rennes , 19 7 8) may not always be utilized fully in h ill country because 

of o ther l imit ing factors , including mo istur e ,  nitrogen , and temp erature 

(Ball :et:::.£1 .  , 19 76; :tu8comb e , 1980). The rapid decline in the short-term 

plant availability o f  P in sup erphosphate whi ch follows appl ica tion 

( Rennes , 19 78) , probably limits the effectiveness of this P source in 

the longer-term ,  particularly if appl ied in the Autumn , with mos t  l egume 

growth o ccurring during the following Spring and Summer perio d .  

Infrequent topdress ing practices in h ill country , due t o  fluctuating 

farm incomes , will l ead to further variab ility in the amounts of plant-

availab l e  P in the s o il . Provided CRP is an effective source of  P 

from the t ime of appl icat ion , the P-release charac teris tics o f  a PR may 

make this P source as , if not more ,  effective than superphosphate as a 

P fertilizer for hill  country . 

The fourth trial was es tabl ished on a high-producing dairy farm ,  

where the P s tatus o f  the soil was relatively h igh and only small 

s easonal responses to added P were l ikely . In contras t  to hill country , 

the principle aim o f  topdress ing at this s ite  was to maintain rather than 

increase P s tatus of the soil . With the maj or P losses o ccurring in 

the above-ground component o f  the P cycle in well-developed pas toral 

sys tems (Karlovsky , 1 9 7 5) , it was considered that unnecessary increases  

in the concentration of P in the pas ture over and above both plant and 

animal requirements , are undes irab l e ,  l eading to unnec essary los s es of P 



by trans fer . Again , provided CRP is  an effec tive source of  P from the 

time of application , then it might be satis factory as a maintenance P 

fertil izer for well-developed pas toral farming s ituations . 

4 . 2  Materials and Methods 

4 . 2 . 1 Fiel d-trial site s election and description 

The location , farm typ e ,  and past fertilizer history o f  each of 

the four fiel d-trial s ites are given in Table 4 . 1 .  The selection of 

trial s ites at each location was based on the evenness o f  the micro

topography , uniformity of pasture compos i t ion , and range in soil pH and 

extractable P .  Apart from the Ballantrae trial , which was located on 

a s loping ( 10 to 1 5°) s ite , the remaining trials were es tablished on 

flat s i t es . The Ballantrae and Wanganui s ites are shown in Plates 

4 . 1  and 4 . 2 , respectively . 

The New Zealand soil group and soil typ e ,  along with values for 
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pH in water , organic carbon content (Bremner and Jenkinson , 1960) , P

sorption capacity ( Chapter 3 . 2 . 2 ) and estimates of plant-availab l e  P in 

the s o il , measured by the b icarbonate ( Chapter 3 . 2 . 2 ) and s ingle-water 

( shaking for 1 h at a solution : so il ratio o f  1 20 : 1 ) ,  which correlates well 

( Currie , pers . comm . ) with the doub le-water extraction of Ryden and Syers 

( 19 7 7 ) , extract ion methods for each soil at the commencement o f  the 

trials at each s i t e  are given in Table 4 . 2 .  

4 . 2 . 2  Phosphate  sources used 

Details of  the collection and s el ec t ion of both the superphosphat e  

and CRP used in this s tudy a r e  given i n  the previous Chapter ( 3 . 2 . 1 ) . 

Resul ts for to tal P ,  determined  by perchlo ric acid digestion 

(O ' Connor and Syers , 19 75) ; calcium carbonate content , determined 

by titration following carbon dioxide evolution ; and water- ( The 

Fertilisers Regulations , 1 9 6 9 )  and citr ic- ( The Fertilisers 



Tabl e  4 . 1 Location , farm type , and past fertilizer h is tory o f  field trial s ites 

Location 

Farm type 

Pasture s pecies 

Past fertil i z er 
his tory 

Superphosphate 

Lime 

Field trial s ite 

Ballantrae 

10 km 
Wes t o f  Woodville 

( Ruahine range) 

Hill country 

Semi-intensive sheep 

brown top 
(Agrostis  tenuis ) , 

perennial ryegrass 
(Lolium perenne) , 

white clover 
( Trifo l ium repens ) , 

Wanganui 

20 km 
No rth Eas t of Wanganui 

Hill country 

Intensive sheep 
and b eef 

b rown top 
(Agrostis tenuis ) , 

danthonia 
(Notadanthonia) , 

wh ite clover 
( Trifol ium repens) ,  

sub terranean clover sub terranean clover 
(Trifol ium sub terranean) ( Trifolium subterranean) 

Infrequent _ 1 
250 kg ha- 1yr · 

Frequent _ 1 
250 kg ha yr  

- 1  

1960 - 1 9 78 1 960  - 1 9 7 8  

None 
- 1  

2 . 5  tonnes ha in 
Spring 1 9 7 7  

Pahiatua 

20 km East o f  
Palmers ton North 

( Ruahine range) 

Hill country 

Semi-intensive sheep 

brown top 
(Agros tis tenuis ) ,  

subterranean c lover 
(Trifolium subterranean) 

lo tus maj or  
(Lo tus pedunculatus) 

Infrequent 
200 kg ha- 1yr- 1  
1 9 70 - 1 9 7 8  

None 

Tokomaru 

5 km East of  
Palmers ton North 

(High river terrace)  

Intens ive dairying 

perennial ryegrass 
( Lo lium perenne) ,  

white clover 
( Trifolium repens) 

Frequent _ 1 
350 to 400 kg ha yr 
1 9 74 - 1 9 7 8  

None 

- 1  

� 0 
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Plate 4 . 1  View of the Bal lantrae field trial s ite . 
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Plate 4 . 2  View o f  the Wanganui field trial sit e .  



Table 4 . 2  S everal characteris tics of  the s o ils 

New Zealand Soil Group 

S o il type 

Pl1I2o 

Organic carbon ( %) 

P-sorption capac i ty ( %) 

Extractab le P in s o il 
- 1  

Bicarbonate ( � g  g ) 

* 

- 1  
Water (�g g ) 

S tandard deviat ions . 

Ballantrae 

Yellow-grey earth/ 
yellow-brown earth 

intergrade 

Wainui s il t  loam 

5 . 0 

4 . 9  

' 33  

+ * 
15 . 3  - 6 . 5  

+ 
4 . 2 - 2 . 4  

Field t rial site  

Wanganui 

Yellow-grey earth/ 
yellow-brown earth 

intergrade 

Kumeroa s il t  loam 

6 . 2 

3 . 5  

35 

+ 
1 8 . 3 - 2 . 1  

+ 7 . 8 - 1 . 1  

Pahiatua 

Yellow-brown loam 

Ramiha silt  loam 

5 . 5 

8 . 8  

8 7  

+ 
9 . 8 - 1 . 8  

+ 
2 . 2 - 0 . 8  

Tokomaru 

Yellow-grey earth 

Tokomaru s il t  loam 

5 . 6 

2 . 0  

24 

+ 
4 0 . 3  - 5 . 2  

+ 
20 . 3 - 2 . 2  

� w 
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Regulat ions , 1 9 6 9 )  soluble P in the monocalc iurn pho sphate (MCP) , 

sup erphosphat e ,  and powdered and pelletis ed CRP used in this s tudy are 

presented in Tabl e  4 . 3 .  The granule- and pellet- s ize range used for 

sup erphosphate and CRP , respectively , are greater than those used in the 

prelimary glasshouse s tudy ( Chap ter 3 .  2 �  l).. Sufficient superphosphate 

and powdered ( 10 0 %  < 1 80 � m) CRP was ob tained a t  the outset of  the s tudy 

to supply all requirements over the three years . The pelletised CRP , 

produced from the powdered material , was used within one week of 

manufacture to eliminate any possible cementation effects ( Chapter 3 . 3 . 2) . 

The MCP was appl ied "as received" as a fine powder . 

4 . 2 . 3  Fertili zer t reatments 

The effectiveness of pelletised CRP was compared to that of  

superphosphate on an equivalent P basis at  two rates of appl ication ( 35 

- 1  
and 70 kgP ha ) .  The field t rials were designed to run for three years 

with the ini t ial effectiveness of the P sources assessed in the first 

year and the res idual effect assess ed in the second and third years . 

To permit the evaluation of the residual effect o f  both superphosphat e  

and CRP appli ed in the f irst  year , one addit ional superphosphate treatment 

was included a t  all four trial s ites ; 
- 1  

this was 3 5  kgP h a  a s  superphosphate , 

applied annually . A s imilar •.tr�atmemt, tisil).g CRP, was al•sb included . in the 

Tokomaru trial . To asses s  the effect o f  pelle t is ing CRP , a powdered CRP 

- 1  
treatment ( 35 kgP ha ) was included a t  the thr ee hill-country s i tes . 

Both the S ( applied as gypsum) and P ( appl ied as MCP) responsiveness at  

each trial s it e  was ass essed in the firs t two years . Each trial cons isted 

of  nine treatments ( Tab l e  4 . 4 ) . 

4 . 2 . 4  Field-trial design and es tablishment 

Each t rial consis ted of  forty f ive plots made up o f  the nine 

treatments ,  replicated five times . Each plot was 3 . 5  m long and 2 m wide . 



Table 4 . 3  

Phosphate source 

MCP 

Superphosphate 

CRP 

CRP 

Several physical and chemical characteris tics o f  s uperphosphate , 

monocalcium phos phate (MCP) , and Chatham Rise  phosphorite ( CRP) 

Particle s ize range (mm) 
Form 4-2 1-2 0 . 5- 1  <0 . 5  

powder  

granule 44  2 7  16  1 3  

powder 
( < 1 80 fliD) 

p el l e t  30 40 24 6 

To tal P 

( %) 

25 . 2  

8 . 5  

9 . 4 

9 . 2  

To tal 
Caco

3 
( %) 

-

30 . 3  

2 8 . 8  

P extrac ted by 
Water 2 %  c itric acid 

(% o f  to tal P) 

9 1  

45 79 . 5  

<0 . 0 1  20 . 7  

<0 . 0 1  20 . 7  

.p. 
lJl 



Table 4 . 4 Fertilizer treatments us ed at Ballantrae , Wanganui , and Pahiatua 

( 1-9 in each case) and at Tokomaru ( 1-8 and 10) 

Rate of  application 
-

Firs t  year Second year 

Fertilizer t reatment sulphur phosphorus sulphur phospho rus 
(kg ha- 1) (kg ha- 1 ) 

1 Control 0 0 0 0 

2 Gypsum 70 0 100 0 

3 Monocalcium phosphate 0 35 0 0 

4 Superphosphate 70 35 100 0 

5 Superphosphate  70 70 100 0 

6 S uperphosphate 70 35 100 35 

7 CRI? , pel l etis ed 70 35 100 0 

8 CRP , pel letised 70 70 100 0 

9 CRP , powdered 70 35 100  0 

1 0  CRP , pelletised 70 35 1 00 35 

Third year 

sulphur phosphorus 
(kg ha- 1 ) 

0 0 

100 - 0 

0 0 

100 0 

100 0 

100 35 

100 0 

100 0 

100 0 

100 35 

.p. 
0'1 
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Replicates were s eparated b y  a border s t r ip of  0 . 5  m a t  Wanganui ,  

Pahiatua , and Tokomaru to ease mowing . This was extended to 1 m at 

Ballantrae to reduce the possib ility of any surface movement of fertilizer 

material downslope . The trials were fenced to exclude the gra z ing 

animal and a mowing with c lippings removed harves t ing technique was used 

throughout the 3 years at all s ites . 

Fer t il i zer treatments were appl ied on 10 / 4 / 78  at Ballantrae , 

9 / 4 / 7 8  at Wanganui , 23/4 / 7 8  at Pahiatua , and 9 /4 / 78 at Tokomaru . A 

randomised b lo ck design was used . S ulphur , as gypsum ,  was appl ied 

initially at the same rate as that applied in the highes t superphosphate 

- 1  addition ( 70 kgS ha ) t o  all plots excep t the controls and tho s e . - :  

plo_ts topdres sed with MCP . 
- 1  

Additional S ( 50 k g  h a  ) ,  as gypsum,  was 

applied the following Autumn and then at 6-monthly intervals for the 

remainder o f  the 3 years . All s ites received a basal dress ing of 

- 1  
potassium (K) as KCl ( 50 kgK ha ) and molyb denum (Mo) as sodium 

- 1  
molyb date ( 250 gMo ha ) in both the Autumn and Spring throughout the 3 

years . 

4 . 2 . 5  Sampl ing techniques 

At each harvest both the total pasture dry matter product ion and 

botanical composition were asses s ed . The frequency o f  harves ting varied 

markedly , both within and b etween s ites over the 3 years . A harves t  was 

taken when approximat ely 1 2cm of pas ture was present on a trial , rather 

than over defined t ime periods . Weather caused some variation in cutting 

frequency over the 3 years . 

4 . 2 . 5 . 1 Ass essment o f  pas ture product ion 

At each s ite pasture production was as sessed by taking two 

mown s t r ips (0 . 53 m wide x 2 . 44 m long) from each plo t ,  using a rotary 

mower after first mowing and discarding clippings from one mown strip 



4 8  

( 0 . 5 3 m )  from the top and b o t tom o f  each plo t . Cutting height was s et 

to leave approximately 1 . 5 cm of pasture on the plo ts . After recording 

the weight of  clippings from each plo t ,  which was taken as the dif ference 

b etween catcher weight before and after mowing each plo t us ing a top 

loading balance with an accuracy of ± lOg , a subsample (approximately 

lOOg) was taken for dry-matter assessment . Thes e subsarnples were 

weighed on return to the laboratory and then oven dried at 60°C for 24 h .  

After reweigh ing , dry matter percentages were calculated and these were 

converted to total pasture dry-matter product ion per hectare . S ubsequently, 

in this thesis  all pasture production data are expressed on a dry-matter 

b asis . 

4 . 2 . 5 . 2  Assessment o f  botanical composition 

Along with total pas ture p roduction , botanical composition 

was ass es s e d  at each harves t .  Approximately lOOg of  pasture was removed 

by cl ippings from the area b etween the two mown strips on each plot , b efore 

the trial was trimmed . After thoroughly mixing the pasture sampl e ,  

botanical compos i t ion was determined o n  a dry matter basis after dissection 

of approximately hal f  the sample into grasses (mainly perennial ryegrass , 

Lolium perenne ; browntop , Agros tis tenius , with some annual poa , Poa 

annua ; sweet vernal grass , Anthoxanthum odoratum ;  danthonia , No tadanthonia 

clavata ; cocks foot ,  Dactylis glomerata ; Yorkshire fog ,  Holcus lana tus ; 

t imothy , Phleum pratense) ; and clover (mainly white clover , Trifolium 

repens ; sub terranean clover , Trifolium sub terranean , with some red clove r ,  

Trifo l ium pratens e ;  suckl ing clover , Trifolium dub ium ; and lotus maj o r ,  

Lo tus pedunculatus ) .  The remaining 50 g was placed into a s epara te bag 

and also air dried at 60°C for 24 h .  This  composite pas ture sample was 

used for chemical analys is a fter grinding . 

After drying s eparately at 60°C for 24 h ,  the grass and clover 

dissections were weighed separately . Clover content was expressed as a 



percentage o f  to tal dry weigh t  o f  grass and clover comb ined , and to tal 

clover production was then calculated from pas ture production us ing 

4 9  

this percentage . Some gras s-clover dissec tions f rom selected treatments 

for all s i t es over the 3 years were retained and us ed for chemical 

analys is . 

4 . 2 . 5 . 3  Ear thwo rm populations 

An assessment was made of the earthworm species and 

numb ers pres ent at each site  in the Autumn of 1 9 8 1 . Thir ty , 1 5-cm 

diameter cores to a depth o f  20 cm were taken a t  each site . Cores were 

also taken from outs ide each trial area to assess any possible effect o f  

mowing with clippings removed on the ea rthworms species present and their 

b iomass . Extraction o f  earthwo rms was by hand , with bo th the numb ers and 

freshweigh t  of each sp ecies determined . 

4 . 2 . 5 . 4  Soil  sampl ing 

In addition to soil  sampling b e fore the field trials were 

commenced ,  soil samples were taken in both S pring and Autumn (before 

re-topdressing) from all plo ts at each s ite over the 3 years . At e ach 

sampl ing , 5 ,  2-cm diame ter soil cores to a dep th of 4 cm were taken from 

each plo t . By res t ri cting sampling depth to 4 cm it was cons idered that  

any d ifferences b etween treatments would b e  detec ted more readily . Af ter 

air dry ing in a glasshous e , all soil samples were ground to pass through 

a 2 -mm s i eve , bagged , and s tored for analys is . 

4 . 2 . 6  Soil and plant analysis 

4 . 2 . 6 . 1  Soil analys is 

Soil  s amples collected in b o th the S pring and Autumn f rom all 

s it es over the 3 years were analysed for changes in pH , sorb ed ino rganic P 
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measured by  O . SM NaOH extraction ( solution : soil ratio of 100 : 1  and a 

1 6-h shaking p eriod with a prewash with 0 . 1M NaCl for 30 min) ; and 

plant-availab l e  P es timated by the s ingle water ( s ee 4 . 2 . 1 ) , b i carbonate 

( Chapter 3 . 2 . 2 ) , and the Bray (0 . 0 3  M NH4
F and 0 . 0 25M HCl at a so lution : 

s o il ratio o f  7 : 1  and 5-min shaking period) , o f  Bray and Kurtz ( 1945) , 

extraction metho ds . Water-extractab le P in s o il samples was determined 

within 6 weeks of coll ection , b ecaus e of pos s ib l e  changes in this soil 

P fract ion with s torage ( Smith , 1 9 79) . 

4 . 2 . 6 . 2  Plant analysis 

Total P and N in composite  pas ture samples were determined 

following Kj eldahl d i gestion . Uptake o f  P and N by pas ture was 

calculated from concen tration and pasture p roduction data . Selected 

grass and clover samples were periodically analysed for all macro- and 

micro-nutrients , with emphas is on S and Mo . 

4 . 3  Results  and Discuss ion 

4 . 3 . 1  Sulphur and phosphorus respons es 

4 . 3 . 1 . 1  Pas ture production 

Annual pas ture production varied from 3 , 4 20 to 10 , 000 kgDM 

- 1  
h a  at Pahiatua and Tokomaru , respec tively , reflec ting differences in 

soil P s tatus , amongst other factors . There were also appreciab l e  

dif ferences within s ites . For ins tance a t  Ballantrae , pas ture production 

- 1  
varied from 4 , 4 60 to 7 , 330 kgDM ha ove r  the 3 years , reflecting the 

varying climat ic conditions . Above average pasture growth , due to wet 

summer conditions , resul ted in increased pasture production at Pahiatua 

and Tokomaru in the firs t  year and at Bal lantrae in the second , whereas 

dry s ummer condit ions at Ballantrae in the firs t  and at Wanganui in the 



Tab le 4 . 5 Pas ture product ion at the four s ites in the first and s econd 

years as influenced by phosphorus and sulphur addition 

Fertilizer treatment 

First year 

Control 

Sul phur ( gypsum) 

Phosphorus (MCP) 

S uperphosphate 

S econd year 

Control 

Sulphur ( gypsum) 

Phosphorus (MCP) 

Superphosphate 

Applica t ion rate 

Sulphur Phosphorus 
- 1  

(kg ha ) 

0 0 

70 0 

0 35 

70 35 

0 0 

170  0 

0 35 

1 70 35 

A S i gnificant a t  the 1%  l evel . 

a S ignificant at the 5% l evel . 

Ballantrae 

39 78 Aa 

4 5 70 Aa 

4 246 Aa 

44 60 Aa 

509 1 Bb 

5 9 76 ABab 

6305 ABa 

6 852 Aa 

Pas ture produc tion 

Wanganui Pahiatua 
- 1  

(kgDM ha ) 

58 7 1  Bb 4 76 7  Bb 

6056 ABb 4886 Bb 

6 389 ABab 59 7 1  Aa 

6 8 10 Aa 5950 Aa 

5 8 1 9  Aa 2654 Ab 

5 5 8 1  Aa 29 12  Aab 

6032  Aa 2929 Aab 

6 5 10 Aa 2980 Aa 

Tokomaru 

10289 Aa 

10 140 Aa 

10546 Aa 

1 0 2 7 2  Aa 

7 3 74 Aa 

740 7 Aa 

7883 Aa 

7526 Aa 

\.J1 
,.... 



s econd yea r ,  probably decreas ed pas ture production . In contras t to 

varying summer pas ture pro duction at each s it e ,  winter and spring 

pas ture product ion was remarkably unifo rm at each site over the three 

years , a f inding cons istent with the work of S uckl ing ( 19 75 ) . Spring 

( 1st  S eptember to 30th November) and Summer ( 1 s t  December to 1st March) 

growth represented over 6 5 %  of  pasture product ion at the three hill

country s it es and 55% at Tokomaru . 

In the absence of  P ,  no s i gnificant increas es were meas ured in 

pasture p roduction to S applied as gypsum in either the f irs t o r  s econd 

year at any o f  the four s ites ( Tab l e  4 . 5 ) . Small ( P < 0 . 05 ) s easonal S 

52  

respons es , however ,  were meas ured at Tokomaru in the Autumn of the firs t 

yea r ,  at Wanganui in the Spring o f  the firs t and in the Autumn of  the 

second year , and at Ballantrae in the Spring o f  the first  and second year . 

The high P-sorption capacity of the Ramiha sil t loam at Pahiatua p robably 

explains the lack of any S response at this  site . The l arge number o f  

sites available f o r  s ulphate s o rpt ion would minimise the leaching o f  S .  

Apart from a response (P < 0 . 0 1) to MCP at Pahiatua in the first 

year , no significant increases were measured in pasture p ro duction when 

P was added in the ab sence of S ,  in either the firs t or s econd years at 

any o f  the field sites ( Table 4 . 5 ) . 

Large increases in pasture produc t ion were measured at Wanganui 

(P < 0 . 0 1 ) and Pahiatua (P < 0 . 0 1) in the firs t year , and at Ballantrae 

(P < 0 .  0 1 ) and Pahiatua (P < 0 . 0 5) in the second year when both S and P 

were appl ied as superphosphate ( Tab l e  4 . 5) . Al though no response was 

measured at Ballantrae to superphosphate in the first year , due probably 

to dry s ummer c onditions , a respons e ( P < 0 . 0 1) to superphosphate was 

measured in the s pring harvests  o f  the firs t year . The dry conditions 

over the Summer and . the earlier Autumn at Wanganui probably explain the 

abs ence of a respons e to superphosphate in the second year ( Table 4 . 5 ) . 
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Responses  ( P  < 0 . 0 5 )  to superphosphate were restricted t o  autumn harvests  

in the s e cond year at Tokomaru , reflec ting the h igh P s tatus of  this 

s ite at establ ishment . 

The comb ined effect o f  P and S as s uperphosphate on total pasture 

dry matt er product ion at Wanganui in the first year and at Ballantrae 

in the s econd year  demons trates the importance of meeting the swards 

requirements for both these macro-nutrients . 

4 . 3 . 1 . 2  Clover production 

As with annual pas ture product ion , clover production varied 

markedly , not only between , but also within s ites over the 3 years o f  

th is s tudy . Over 75% o f  clover produc tion was ob tained in the late 

Spring and Summer at the three hill-country s ites and 65% at Tokomaru . 

To tal clover pro duc t ion , however , contributed less than 25% o f  total 

pas ture dry mat ter produc t ion in any one year at each site . 

Apart from a response ( P  < 0 . 0 1 ) to  gypsum at Ballantrae in the 

second y ear , no responses to S in the abs ence of P were measured in 

clover production in either the first  or  s econd year at any of the four 

sites ( Table 4 . 6 ) . In the absence o f  S ,  clover responses to P applied 

as MCP were ob tained at Wanganui (P  < 0 . 0 1 ) and Pahiatua ( P  < 0 . 0 1 )  in the 

firs t year and at Ballantrae (P < 0 . 0 1 )  and Pahiatua (P < 0 . 0 1 ) in the 

second year ( Table 4 . 6 ) . 

Addition o f  both S and P as superphos phate resul ted in large 

inc reas es in total c lover produc tion at  both Bal lantrae (P  < 0 . 0 1 )  and 

Pahiatua (P < 0 . 0 1) in both the first and s econd years , and at Wanganui 

(P < 0 . 0 1 ) and Tokomaru (P < 0 . 0 5) in the first year (Tab le 4 . 6 ) . Again 

this demonst rates the impo rtance of supplying bo th these macro-nutrients  

for maximum pas ture production . 

In the remainder o f  this Chapter , the effectiveness  o f  s uperphosphate 

and CRP as sources o f  P are compared in the presence of  added S .  



Table 4 . 6  Clover product ion at the four s ites in the first and 

second years as influenced by phosphorus and sulphur addition 

Appl icat ion rate 

Fertil izer treatment Sulphur Phosphorus 
- 1  

( kg ha ) 

First year 

Control 0 0 

Sulphur (gypsum) 70 0 

Phosphorus (MCP) 0 35 

Superphosphate 70 35 

S econd year 

Control 0 0 

Sulphur ( gypsum) 1 70 0 

Phosphorus (MCP ) 0 35 

Superphosphate 1 70 35 

A S ignificant at the 1% l evel . 

a S ignificant at the 5% l evel . 

Pas ture produc tion 

Ballantrae Wanganui Pahiatua 
- 1  (kgDM ha ) 

1 73 Bb 9 73 Bb 705  Bb 

260 ABb 1 0 3 7  Bb 738 Bb 

235 ABb 1 36 7  Aa 14 3 1  Aa 

4 5 2  Aa 14 38 Aa 1 595 Aa 

429  Cc  75 1 Aa 269  Bb 

69 1 Bb 7 1 2  Aa 363  ABb 

850 Bb 98 1 Aa 4 9 7  Aa 

1288 Aa 9 85 Aa 458  Aa 

Tokomaru 

2 4 35 Ab 

24 14 Ab 

2924 Aab 

30 18  Aa 

1 2 36 Aa 

1349 Aa 

1602  Aa 

1585 Aa 

Vl � 



4 . 3 . 2  Effect o f  pelletising Chatham Rise phosphorit e  

4 . 3 . 2 . 1 Pasture and clover product ion 

No difference was found in pas ture production when P was 

suppl ied as powdered or pel l e tised CRP at a rate of 3S kgP ha
- 1  

in 

either the firs t  ( Fig . 4 . 1a) o r  s econd  ( Fig . 4 . 1b )  y ear at any o f  the 

three hill-country s i t es , although no P respons e was measured at 

s s 

Bal lantrae in the firs t ,  or  at  Wanganui in the second year . Also in the 

spring harves ts at Ballantrae in the first  year , when a P response 

(P < 0 . 0 1 ) was measured , no difference was found between the two forms . 

Both forms o f  CRP were as effective as superphosphate from the t ime o f  

applicat ion . 

This resul t contras t s  with the f inding o f  the preliminary glasshouse 

study ( Chapter 3) , where pelletising reduced the agronomic effectiveness 

of  CRP , particularly in init ial harves t s . A more detailed analysis o f  

individual h arvests  in the firs t eight months of  each o f  these three 

trials , when d ifferences b etween powdered and pelletised CRP are l ikely 

to be the more pronounced , also failed to show any differences , even 

though the mean pell et s ize used ( > O . S  mm to < 4 . 0  nnn) was great er than 

that used in the preliminary glasshouse s tudy ( > O . S  mm to < 2 . 0  mm) .  

Also no differences were found in clover product ion from either 

powdered or  pelletised CRP or superphosphate in either the firs t 

( F i g .  4 . 1a) o r  second ( Fi g . 4 . 1b )  years at  any o f  the three hill-country 

s ites . 

Visual observat ions in the field immediately following the 

application of pell etised CRP , indicated that the breakdown of the pellets 

occurred rapidly , with h eavy dew p roviding sufficient mois ture to achieve 

this . Resul ts from the glasshouse ( Chapter 3) also indicate that the 

surface-appl ied pel l e t  b reaks down rapidly , as this treatment performed 
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similarly t o  the surface-applied , powdered CRP . In initial harves t s  in 

the glasshouse the surface-applied , pelletised CRP and to a lesser 

extent the surface-appl ied , powdered CRP were b o th l ess  effec tive than 

powdered CRP incorpo rated into the upper 2 cm of s o il and also than 

superphosphate .  This sugges ts that movement o f  the CRP particles f rom 

the soil s urface down into the soil profile was res t ricted in the glass-

house . In contras t ,  in the field the ini t ial differences between the 

two forms of CRP and superphosphate were far less pronounce d ,  s ugge s t ing 

that after  the breakdown of the s urface-appl ied pellet , the particl es 

o f  CRP moved suffic iently rapidly into the s oil p rofile which would 

promo t e  d is solution . 

The number o f  earthworms a t  the trial s ites were assessed  in 

Autumn o f  1 9 8 1 . The numb ers o f  Lumb ricus rubellus (Ho ff) and Allo lobophoxa 

cal iginosa  ( Savigny) were greater in the t rial areas than in  the paddocks 

immediat ely surrounding each of the t rials (Table 4 . 7) .  In general , the 

differences were more pronounced with �- rubellus . This difference 

pos s ib ly re flects the close grazing in the paddocks surrounding each t rial , 

limi t ing litter return . The s evere pugging which occurred in the paddock 

around the Tokomaru site  in the p revious year may be responsib l e  for the 

marked difference found at  this s ite . 

4 . 3 . 2 . 2  Phosphorus concentration in pas ture 

and phos phorus upt ake by pas ture 

In contrast  to the resul ts obtained at Wanganui and Pahiatua , 

a dif ference was found in the pasture P concentration between the powdered 

and pell etised CRP treatments in the first two harvests at  Ballantrae in 

the first year (Tab l e  4 . 8) . However ,  this difference was small  and from 

an a gronomic s t andpoint probably of l i t tle s ignificance . I t  does sugges t ,  

however , that pelletising a PR can l ead  to some localizat ion , in the 

short  term, under certain field conditions . In a commercial operation 



Table 4 .  7 Numbers of  L .  rub ellus and !·  caliginosa at the four s ites 

and in the surrounding pastures in the Autumn of 198 1 

Earthworm species 

Field trial 

L .  rub ell us 

A .  caliginosa 

Combined population 

Surrounding pas ture 

* 

L .  rubellus 

A .  calignosa  

Combined population 

S tandard erro r .  

Ballantrae 

1 2 7  � 20 
* 

( 4  7 )  t 

1 4 5  ± 2 1  ( 5 3) 

2 7 1  

7 7  ± 2 0  ( 32 )  

165  ± 3 0  ( 6 8) 

24 2 

tPercentage o f  total earthworm population . 

Field trial site 

Wanganui 
-2 

(No . m ) 

150  � 1 5  ( 30 )  

350 ± 4 0  ( 70)  

500  

70 ± 1 8  ( 19 )  

300 ± 40 ( 81 )  

3 70 

Pahiatua 

94  � 20 ( 1 2)  

6 75 ± 50 ( 88 )  

769 

79 ± 22 ( 12 )  

594  ± 6 5  ( 88)  

6 7 3  

Tokomaru 

1350 � 30 ( 29 )  

855 ± 8 0  ( 7 1 )  

1 205  

50 ± 25 ( 13 )  

324 ± 55 ( 87 )  

374 

U1 
o:> 



Table  4 . 8  Phosphorus concentration in pasture in initial harves ts of  the first year 

at the three hill-country s ites as influenced by pho sphat e  source 

Appl icat ion Phosphorus concentrat ion in pas ture at harves t date 
rate 

Treatment - 1  
(kgP ha ) ( %  P ) 

Ballantrae 1- 10- 78 6- 1 1-78  26- 1 2- 78 

Control 0 0 . 28 Cc 0 . 28 Ab 0 .  29 Be  

CRP , powdered 35 0 . 36 Aa 0 . 36 Aa 0 . 35 Aa 

CRP , pelletised 35 0 .  33 Bb 0 . 32 Ab 0 .  3 1  Ab 

Superphosphat e  3 5  0 . 36 Aa 0 . 37 Aa 0 . 35 Aa 

Wanganui 19-5- 7 8  1 7- 7- 7 8  20-9 - 7 8  3 1- 10- 7 8  

Control 0 0 . 40  Aa 0 . 29 Bb 0 . 45 Aa 0 . 33 Bb 

CRP , powdered 35 0 . 4 3  Aa 0 . 36 Aa 0 . 4 7  Aa 0 . 4 1  Aa 

CRP , pelletised 35 0 . 4 1  Aa 0 . 34 Aa 0 . 4 7  Aa 0 . 40 Aa 

Superphosphat e  35 0 . 4 2 Aa 0 . 38 Aa 0 . 49  Aa 0 . 38 Aa 

Pahiatua 19-9 - 7 8  4 - 1 2- 7 8  

Control 0 0 . 22 Cc  0 . 20 Bb 

CRP , powdered 35 0 . 29 Bb 0 . 24 Aa 

CRP , pellet ised 35 0 . 28 Bb 0 . 2 3 Aa 

Superphosphate 35 0 . 34 Aa 0 . 24 Aa 

A S ignificant at  the 1%  level . 

B S ignificant at the 5% l evel . 

l/1 
1.0 



where the pellet-s i ze range is not so s t rictly controlled and where 

damage of the pell et  woul d p robably occur during handling , transpo rt , 

60 

and spreading , a far wider range o f  pellet sizes would probably b e  pres ent , 

reducing and probably el iminating the sma l l  differences found a t  Ballantrae 

in the firs t  eigh t  months . 

Although this difference between powdered and pelletised CRP a t  

Ballantrae was also refl ected in init ial P up take data from this site  no 

difference was found in total P uptake by pas ture between the two forms 

o f  CRP in either the firs t ( Fig . 4 . 2a)  or  second ( Fig . 4 . 2b )  years at any 

o f  the three hill-country sites . As was the case for annual pas ture 

production , no . !differences were found b etween these two forms o f  CRP and 

superphosphate in either the firs t ( Fi g . 4 . 2a) or second ( Fig . 4 . 2b )  year 

at any of the s ites . This resul t again contras ts sharply wi th the 

findings o f  th e glasshouse study ( Chap ter 3) , where differences between 

both powdered and pel letised CRP , and powdered CRP and superphosphate 

were far more pronounced when P uptake data were used . In addition to 

pos sibly reflect ing the effect of  us ing a s ingle species indicator plant 

in glasshouse s tudies , these differences S:,u g- g e s t i · <t h a t  .a n umb l} ·r . 

o f  factors which may operate in the f ield and contribute to an increased 

effect ivenes s of a PR,  are generally excluded from glasshouse s tudies . 

4 . 3 . 3  Initial effectiveness o f  Chatham Rise phosphorite 

The dis cuss ion on the agronomic effec tiveness of  CRP will be 

divided into the ini t ial and res i dual effects o f  this P R  when compared to 

superphosphate . These two terms are used loosely , with f irst-year 

results  representing the init ial effectiveness  of  the two P sources and 

the res idual effects o f  P sources assessed by their performance in the 

second and third year . 

4 . 3 . 3 . 1 Pas ture production 

Responses (P < 0 .  0 1 )  to superphosphate and CRP were only 



-
'! 
C) 

� -
G,) ... ::I ... 
en 
CV 
Q, 
>-

.Q 

G,) 
� 
CV ... 
Q, ::I 
Q. 

Figure 4 . 2  

25 a 

20 

1 5  

1 0  

5 

0 

25 

20 

1 5  

1 0  

5 

0 

.----

b 

-

r
.----

-

BALLANTRAE 

l J  
r--

1 % 5 %  

r--
7'2 7'. � 

\ \ 
� � 

7'.! 
11) 11) 
I? I? 

' I i � 
11) ll 
I? • 8. 0 a. 

:: • a." a: § a. ;, a: a: If) (,) (,) 

r-�r- I I 

,....--
- l i  

.----

WANGANll PAHIATUA 

Phosphorus uptake by pas ture in the fis t ( a )  and 

second ( b )  year at the three hill-co untry sites 

as influenced by phosphate source . Leas t 

s ignificant difference ( LS D) at the 1 %  and 5% l evel . 

6 1 



ob tained a t  Wanganui and Pahiatua in the first year ( Fig . 4 . 3) .  No 

difference (P < 0 . 0 1 )  was found between superphosphate and CRP at either 

application rate at  Wanganui ( Fig . 4 . 3b) . 
- 1  

Application o f  7 0  kgP ha 

- 1  as CRP outyielded b o th superphosphate and CRP appl ied at 35 kgP ha a t  

Pahiatua which , in turn , outyielded the control plo ts (Fig . 4 . 3c) . 

6 2  

Al though not shown in the two spring harves ts a t  Ballantrae in the first 

year , both P sources increased (P  < 0 . 0 1 ) pas t ure p roduction to a s imilar 

extent . In fact by the end of  the first  year this site was showing a 

20% respons e to added P .  

On a relative bas is , the increases in pas ture produc t ion f rom 

superphosphate and CRP were 10 and 1 2 % , respec tively , at Wanganui and 

2 7  and 35% ,  respe c tively , at Pahia tua . 

A more detailed analysis of  individual harvests in the firs t year 

also failed to show any s ignificant differences in the effect iveness o f  

CRP and superphosphate a s  sources o f  P to  pas ture . This sugge s t s  that 

the rat e  of dis s o lution of CRP was sufficiently rapid to mee t  the P 

requirements o f  the sward from the t ime o f  application .  The slow rat e  

of  autumn and winter growth in the firs t year at  Pahiatua , due t o  

climatic  conditions , may have favoured the lower water solub il i ty o f  CRP , 

al though at  Wanganui both superphosphat e  and CRP increased (P  < 0 . 05 )  

growth b y  1 0 %  a t  the firs t harves t in t h e  Autumn . Significant ly the 

relatively h igh pH ( 6 . 2) of the Wanganui site  appears to have had no 

detrimental effect on the initial agronomic effectiveness of  CRP . 

4 . 3 . 3 . 2  Bo tanical compo s i t ion of the sward 

and clover  production 

The l egume species varied from predominantly whi t e  clover 

at Tokomaru , to a mixture of white and sub terranean clover at Ballantrae 

and Wanganui , to sub terranean c lover and lotus maj or at  Pahiatua . With 

the poorer competitive abi lity o f  l egumes than grasses for s o il P 
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( Jackman and Mouat , l� 7 2a) , any differences in the initial effec tiveness o f  

the two P sources should b e  refl ected in the clover component o f  the 

sward .  

Apart from ini t ial differences at Ballantrae ( P  < 0 . 05 )  and Pahiatua 

(P  < 0 . 0 1 ) , b o th P s ources increased (P  < 0 . 0 1 ) clover production markedly 

at both rates of appl ica t ion and at  all trial s i tes including and 

su� ingly , Tokomaru ( Fig . 4 . 3b) . The wet summer conditions a t  this 

site  in the first year  may have been a factor contributing to increas ed 

clover growth (Hunt and Wagner , 1 96 3 ;  Boswell ,  1 9 7 7 ) . Clover p ro duction 

nearly tripled at Pahiatua in the first y ear ( Fig . 4 . 3c) in response to 

added P .  This increas e in clover production was also reflected in 

increas ed N uptake by the mixed sward at all s ites ( Table  4 . 9 ) . Although 

the mixed pas ture species were used for N determinat ions , the increases 

in N uptake at the hill-country s ites , are of the same magnitude as those  

measured by Grant and Lamb ert ( 1 9 7 9 ) . 

4 . 3 . 3 . 3  Phosphorus concentration in pasture 

and phosphorus uptake by pasture 

The P concentration in the pas ture result ing from super-

phosphate appl ica t ion was initially greater than that result ing from CRP 

application at  all four trial sites in the first year , part icularly when 

. applied 
- 1  

a t  70 kgP ha (Table 4 . 10 )  . Whereas addition of increa s ing 

amounts  of superphosphate led to increas ing P concentrat ions in the 

sward in init ial harves t s ,  the initial P concentration in the sward 

following addition o f  CRP did not increase as the rate of  add i t ion 

increased ( Table  4 . 10 ) . This differ ence , which probably reflects the 

init ial differ ence in the behaviour of the two P sources on contact with 

soil ( Chapter 7 . 3 . 1 ) , was not reflect ed in increased pasture product ion 

with superphosphate in the first year (Fig . 4 . 3) .  The fact tha t  the 

initial P concentrat ions in the sward did not increase with increas ing 



Table 4 . 9  Nitrogen uptake by pas ture in the firs t  year a t  the 

four s ites as influenced by phosphate source 

Treatment 

Control 

Superphosphate 

CRP 

Application 
rate 

- 1  (kgP h a  ) 

0 

70 

70 

A S ignificant at  1%  level . 

a S ignificant at 5% level . 

Ballantrae 

94  Ab 

109 Aa 

1 1 2  Aa 

Nitrogen up take by pas ture 

Wanganui _ 1  Pahiatua 
(kg ha ) 

185 Bb 102  Bb 

225 Aa 164 Aa 

2 30 Aa 1 6 5  Aa 

Tokomaru 

2 9 2  Bb 

340 Aa 

335 Aa 

0\ 
Ll1 



Table 4 . 10 Phosphorus concentrat ion in pas ture in init ial harvests of  the first year 

at  the four s ites as influenced by phosphate source 

Applicat ion 
rate 

(kgP ha- 1 ) 

Phosphorus concentration in pas ture at  harvest date 

Treatment 

Ballantrae 

Cont rol  
Superphosphate 
Superphosphate 
CRP 
CRP 

Wanganui 

Control 
Superphosphate 
Superphosphate  
CRP 
CRP 

Pahiatua 

Cont rol  
Superphosphate 
Superphosphate 
CRP 
CRP 

Tokomaru 

Control 
Superphosphate 
Superphosphate 
CRP 
CRP 

0 

35 
70 

35 
70 

0 

35 

70 
35 
70 

0 
35 
70 

35 
70 

0 
35 

70 

35 
70 

A S ignificant at 1% level . 
a S ignificant at  5% level . 

1- 10- 78 

0 . 28 D 
0 . 36 B 
0 . 4 6 A 
0 . 33 c 
0 . 40 B 

1 9-5- 7 8  

0 . 40 B 
0 . 4 2 B 
0 . 5 1 A 
0 . 4 2  B 
0 . 4 2 B 

19-9 - 7 8  

0 . 2 2 D 
0 .  34 B 
0 . 38 A 
0 . 2 8 c 
0 . 29 c 

2 2-5- 7 8  

0 . 43 
0 . 50 

0 . 50 
0 . 46 

0 . 45 

6- 1 1- 78 

0 . 28 A 
0 . 3 7 AB 
0 . 40 A 
0 . 33 B 
0 . 36 AB 

1 7- 7 - 7 8  

0 . 29 D 
0 . 38 AB 
0 . 4 1  A 
0 . 34 c 
0 .  34 c 

4- 1 2 - 7 8  

0 . 20 c 
0 .  24 B 
0 . 29 A 
0 . 24 B 
0 . 2 3 B 

3- 7- 78 

0 . 4 7 
0 . 5 2 

0 . 55 
0 . 49 

0 . 49 

( %  P ) 

26- 1 2 - 7 8  

0 . 29 B 
0 . 35 AB 
0 . 38 A 
0 . 3 1 AB 
0 . 35 AB 

20-9- 7 8  3 F · 10- 7 8  

0 . 45 c 0 .  33 B 
0 . 4 9  ab c 0 . 38 A 
0 . 5 3 a 0 . 4 2 A 
0 . 4  7 be  0 . 40 A 
0 . 5 1 ab 0 . 39 A 

1 7-9- 7 8  3- 1 1- 78 

0 . 4 7 0 . 4 1  
0 . 52 0 . 4 3 
0 . 60 0 . 4 7 
0 . 49 0 . 4 3 
0 . 5 3 0 . 4 3  0"\ 

0"\ 



6 7  

addit ions of CRP has some important impl icat ions to the efficiency of the 

P cycle  in a grazed sward ( see 4 . 3 . 5 ) .  

Al though differences ( P  < 0 . 05 ) , in favour of superphospha t e ,  were 

found in P uptake by the pasture in initial harvests at both Ballantrae 

and Pahiatua , no differences were found b etween the two P sources in 

terms of to tal P uptake at either rate of  application at any of the four 

s ites in the first year (Fig . 4 . 4 ) . 

Calculat ion o f  apparent P recoveries , expres sed as the percentage 

difference between a fertilizer treatment and control in rel a t ion to P 

applied , of the two P sources var ied from 3 . 8  to 1 6 %  with superphosphate 

and 2 . 9  to 1 3 . 6% with CRP (Table 4 . 1 6 ) . 

4 . 3 . 3 . 4  Estimates of  plant-availab l e  

pho sphorus i n  soil 

Estimates o f  plant-available  P in the soil to which either 

superphosphate or CRP was added , were obtained by three chemical-extrac tion 

methods , namely b icarbonate , s ingl e  water and Bray extractions . The 

increases in bicarbonate-extractable  P in the soil at all four sites 5 

- 1  
months after the application o f  70 kgP ha as superphospha te , was greater 

- 1  
( P  < 0 .  0 1 )  than that from an appl ication of 7 0  kgP ha a s  CRP ( Tabl e  4 .  1 1 ) . 

This apparent difference , however , was not reflected in either clover or 

pasture product ion (Fig . 4 . 3) or in total P uptake (Fig . 4 . 4 ) in the f ir s t  

yeal!. at any o f  the four sites . This suggests that the effectiveness of  

the bicarbonate method as an estimate of plant-availabl e  P in the soil is 

influenced by the P source , at l east  in the short term. Al though 

removing l ess P than the b icarbonate method , water extraction also removed 

far less P from those plo ts receiving CRP than superphospha t e ,  suggest ing 

that this method ,  also underestimates the amount of short- term, plant-

available P in a soil to which a PR has b een added . 

With the exception of the resul ts from Ballantrae , which pos s ibly 
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Table 4 . 1 1 

Treatment 

B icarbonate 

Control 

Superphosphate 

Superphosphate 

CRP 

CRP 

Bray 

Control 

Superphosphate 

Superphosphate 

CRP 

CRP 

B icarbonate- and Bray-extractable phosphorus in the soil five months after the 

addition of either superphosphate  or Chatham Rise  phosphorite ( CRP) at the four s ites 

Appl ication Extrac table' r phospho rus in s.oil 

rate Ballantrae Wanganui Pahiatua Tokomaru - 1  - 1  
(kgP ha ) ( l.lg  g ) 

0 19 . 8  c 1 3 . 6  B 1 2 . 6  c 39 . 8  c 
35 22 . 3  c 14 . 7  B 1 5 . 5  B 4 5 . 5  B 

70  34 . 1  A 22 . 3  A 2 3 . 0  A 49 . 6  A 

35 1 9 . 5  c 1 3 . 9  B 14 . 2  B C  4 1 . 8  c 
70  2 7 . 3  B 14 . 9  B 15 . 4  B 4 1 . 3  c 

0 26 . 2  c 1 3 . 8  c 8 . 8  c 4 1 . 3 c 
35 30 . 4  B 16 . 5  B 1 2 . 3  B 4 5 . 2  B 

70 39 . 1  A 26 . 0  A 18 . 8  A 55 . 1  A 

35 30 . 2  B 16 . 8  B 1 3 . 2  B 44 . 3  BC  

70  38 . 4  A 22 . 4  A 16 . 6  A 4 8 . 3  B 

A S ignificant at  1%  l evel . 

0\ 
\.0 



70 

reflect the lower pH of  the soil at this s it e ,  b icarbonate- extrac tab l e  P 

l evels did not increase as the addition  o f  CRP to soil increased from 

- 1  3 5  to 7 0  kgP ha ( Tabl e  4 . 1 1 ) .  _ In contras t ,  the Bray method extracted 

increasing amounts o f  P as the rat e o f  addition of  CRP increased a t  all 

four sites ( Tabl e  4 . 1 1} �  This difference probably reflects the 

d if ference in the pH of the two extrac tants . Whereas the pH of  the 

Bray reagent is acidic (pH = 2) ,  the pH o f  the bicarbonate solution is 

adj usted to 8 . 5 ,  b efore us e .  This would result in a differing ab ility 

o f  these two extractants to disso lve P from any unreacted PR in the soil . 

The initial difference in b icarb onate-extrac table P with the two P sources 

(Table 4 . 1 11 �  were far less pronounced than tho se ob tained with the Bray 

method ( Tabl e 4 . 1 1) . This is in l ine with the yield ( F ig .  4 . 3) and P 

uptake ( Fig . 4 . 4 )  data , suggesting that a proport ion of the P in the 

unreacted PR and extracted by the Bray reagent becomes availab l e  to the 

plant , in the short t erm .  

For an initial evaluation o f  these three extractants , the relationship 

between P uptake by pasture in the first year ( Fig . 4 . 4 )  and estimates o f  

plant-available P in soil t o  which either superphosphate o r  CRP was added 

(Table 4 . 1 1 ) ,  was es tabl ished by  l inear regression analysis ( Table 4 . 12 ) . 

Data from the Tokomaru s ite were not cons idered in the analysis , b ecause 

of the small d ifferences found b etween treatments in the first year 

(Fig . 4 . 4 ,  Table 4 . 1 1 ) . The s lope o f  the regression l ines and intercepts  

were found to vary , no t only with the extraction method and soil  typ e ,  but 

also with P source ( Tab le 4 . 1 2 ) . With the addition o f  superphosphate , 

all three extractants appeared to give a relatively good positive 

relationship ( Tab l e  4 . 1 2 ) . In contras t to superphosphate , all three 

extract ion methods , particularly water , gave inconsist ent resul ts with 

CRP ( Tabl e  4 . 12 ) . Resul ts f rom Ballantrae and Wanganui suggest  that , 

with CRP , soil pH is one fac tor which affects these relationships , as 



Table 4 . 12 

Extraction method 

Superphosphate 

Bray 

Bicarbonate 

Water 

Regress ion equations and correlation coefficients b e tween phosphorus uptake 

by pas ture in the firs t year and either Bray- , bicarbonate- , or water

extractab le phos phorus in s o il five months after the addit ion o f  either 

superphosphat e  o r  Chatham Rise phosphorite at  the three hill-country s ites 

Regress ion equations and correlation coefficients 

Ballantrae Wanganui Pahiatua 

y = 0 . 2 7x + 5 . 00 y = 0 . 48x + 14 . 50 y = 0 . 89x + 4 . 90  
r2 = 0 . 5 5 5 ** r2 = 0 . 6 26** r2 = 0 . 783** 

y = 0 . 3 lx + 7 . 1 3 y = 0 . 54x + 14 . 4 3  y = 0 . 84x + 0 . 14 
r2 = 0 . 5 7 1 ** r2 = 0 . 555** r2 = 0 . 8 19** 

y = 0 . 7 7x + 3 .  84 y = 0 . 8 7x + 1 1 . 59 y = 1 . 3 3x + 5 . 65  
r2 = 0 . 48 9 *  r2 = 0 . 6 8 1 ** r2 = 0 .  725** 

Chatham Rise phosphorite 

B ray y = O . S lx - 2 . 62  y = 0 . 16x + 19 . 6 3 y = 1 . 44x + 0 . 12 
r2 = 0 . 5 78** r2 = 0 . 0 8 1  r2 = 0 . 892**  

y = 0 . 38x + 6 . 35 y = 0 . 19x  + 1 9 . 22 y = 1 .  82x - 1 4 . 5 
r2 = 0 . 384 r2 = 0 . 1 6 4  r2 = 0 . 69 3** 

Bicarbonate 

y = 0 . 76x + 2 . 45 y = 22 . 14 - 0 . 92x y = 4 . 1x - 9 . 2  
r2 = 0 . 4 34 *  r2 

= - 0 . 04 1  r2 = 0 .  7 72** 
Water 

** 
S ignificant at 1 %  l evel . 

* 
S ignificant at 5%  level . 

-....J 
..... 
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indicated by  the correlation coefficients ( Tab l e  4 . 1 2 ) . 

By the end of  the first year , differences in b icarbona t e-extractable 

P in  the s o il to which either superphosphate or CRP was added were small 

( Tab le 4 .  1 3 ) . Whereas b icarbonate-extractable P in the s o il to which 

CRP was added had remained relatively cons tant from the ini t ial sampling 

( Tabl e  4 . 1 1 )_ , with superphosphate it had generally declined ( Table 4 . 1 3) . 

Differences between the two P sources in t erms of both wat er- and Bray-

extractab l e  P were also small . 

At the end of  the first year , the Wainui s il t  loam at Ballantrae 

was showing a large ( 20%)  response to added P .  B icarbonate-extractab l e  

- 1  
P was 20 � g  g o f  soil on the control . In contras t ,  only a small 

( < 10%)  respons e to added P was measured on the Kumeroa silt loam at 

Wanganui .  A t  this site  b icarbonate-extractable P had _oocreased from 1 8  

- 1  
a t  the b eginning o f  the trial t o  1 2  � g  g of  soil a t  the end o f  the first 

year . Interes t ingly , one of  the few differences between the soils at  

these two s ites is soil pH , which has been shown recently by Lamb ert and 

Grant ( 19 80)  to have a marked eff ec t  on the amount of P extract ed by the 

b icarbonat e  method .  These workers found that b icarbonat e-extractable P 

decreased in the soil as pH increased with l ime addition . More recent  

wo rk at  Massey University (P . Sorn-Srivichai , pers . cornrn . ) sugges ts that 

although b icarbonate-extractab l e  P may decrease on liming , available P ,  

as assess ed by plant uptake,  is l argely unaffected . 

4 . 3 . 4  Res idual effec t  of  Chatham Rise phosphorite 

4 . 3 . 4 . 1 Pas ture pro duction 

Throughout most  o f  the second year a t  Ballantra e ,  super-

phosphate and CRP increased total pas ture produc t ion to a s imilar extent 

(Fig . 4 . 5) .  By the end of the s econd year , a single application at  the 

- 1  
start o f  the experiment o f  70 kgP ha a s  C RP  was producing cons iderably 



Table 4 .  1 3  Bicarb onate-extractable phosphorus i n  the s o i l  at  the end o f  the 

firs t year at the four s ites as influenced by phosphat e  source 

Treatment 

Cont rol 

Superphosphate 

CRP 

App l i cation 

rate 
- 1  (kgP h a  ) 

0 

35 

70 

35 

70 

A S ignificant at the 1 %  l evel . 

a S ignificant at the 5% l evel . 

Ballantrae 

20 . 4  Ab 

22 . 2  Ab 

25 . 8  Aa 

22 . 3  Ab 

25 . 7  Aa 

Bicarbonate-extractabl e  phosphorus in soil 

Wanganui Pahiatua 
- 1  ( flg g ) 

1 1 . 7  Ab 10 . 3  Be  

12 . 1 Ab 1 3 . 6  ABb 

16 . 0  Aa 1 7 . 8  Aa 

1 3 . 4 Aab 13 . 5  ABb 

14 . 0  Aab 1 7 . 0  Aa 

Tokomaru 

24 . 1  Ac 

28 . 5  Ab 

35 . 1  Aa 

28 . 7  Ab 

3 1 . 3  Ab 

....... w 
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more pasture than superphosphat e  applied as either one application or two 

annual applicat ions o f  35 kgP ha
- 1  

(Fig . 4 . 5 ) . By the third year this 

difference b etween superphosphate and CRP was significant ( P  < 0 . 0 1 ) a t  

Ballantrae ( Fig . 4 . 6 ) . The greater residual effect of CRP was also 

- 1  
shown when these two P sources were compared at 35  kgP ha a t  this site . 

- 1  
I n  fact a s ingle ini t ial applicat ion o f  70 kgP h a  as C RP  was producing 

a similar amount of pas ture to superphosphate applied in three annual 

applica t ions ( 105  kgP ha
- 1

) in the third year (Fig . 4 . 6) .  Although , 

at the end of  the 3 years the comparison favours CRP , resul ts from the 

las t  harves t in the third year indicated that both P sources were 

behaving s imilarly . 

- 1  
As was the cas e a t  Ballantrae , CRP appl ied a t  70 kgP ha showed 

a marked residual effect at  Wanganui , outpro ducing (P < 0 . 05 )  the 

equivalent superphosphate treatment in the third year and producing a 

s imilar pasture yiel d  to the three annual app lications of  sup erphosphate 

(Fig . 4 . 6) . At Wanganui , this difference b etween the P sources was not 

apparent a t  the lower appl ica t ion rate ( Fi g .  4 . 6 ) . 

No differences were found b e tween the two P sources a t  Pahiatua in 

the second year ( Fig . 4 . 5) .  The trial a t  Pahiatua was dis continued after 

6 months into the third year , becaus e of  poor growth , probably due largely 

to the great er than normal growth at  this site  in the first year ( Fig . 

4 . 3) which exhaus ted availab le P .  Until this trial was terminated,  no 

differences were found in the res idual effect  of these two P sources 

(Fig . 4 .  6 ) . This contras ts with the resul t s  ob tained a t  both Ballantrae 

and Wanganui where CRP exhib ited a greater residual effect than super-

phosphate (Fi g .  4 . 6) . 

At b oth Ballantrae and Wanganui , the s o ils  have a low P-sorption 

capacity , whereas at  Pahiatua the soil has a high P-sorption capacity . 

This sugges ts that a t  the applications used and with the criteria used 
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to s eparat e  initial and residual effects , the residual effec t o f  CRP is 

dependent on soil typ e .  

An overall P respons e was no t measured a t  Tokomaru in either the 

second ( Fig . 4 . 5) or  third ( Fig . 4 . 6 )  year , but P respons es (P < 0 . 0 5 )  

were measured in the last two harvests of  b o th the second and third 

years . No differences were found b etween the two P sources in these 

harvests . The small P responses measured a t  this site highl ight the 

7 7  

difficulties involved in evaluating P sources o n  soils o f  relatively high 

P s tatus . The harves ting technique of  mowing with cl ippings removed was 

used ins tead of mowing with clippings returned in an attempt to increase 

the P responsiveness of the s it e . This latter technique is .probably more 

applicab l e  at this site  ( Elliot and Lynch , 1958) . 

4 . 3 . 4 . 2  Botanical composition of  the sward 

and clover  production 

By the s econd year , differences in clover vigour and content 

between those plots receiving P fer t il izer , part icularly at the highes t 

rat e  o f  applicat ion , and those receiving no added P ,  were vis ible a t  all 

trial s it es , including Tokomaru . Differences in the clover content o f  

the sward ,  averaged f rom the spring and summer harvest at  a l l  four sites , 

in the s econd (Table 4 . 14 ) , and third ( Tabl e  4 . 14D  years , illus trate 

the effect of  both the form and amount of  added P .  It  is during this 

period that the bulk of clover growth o ccurs ( s ee 4 . 3 . 1 . 2) . Although 

- 1  
CRP was more effect ive ( P  < 0 . 0 1 ) a t  70 kgP ha than superphosphate at  

Ballantrae , in general both P sources increased the clover content  of  the 

swards to a s imilar extent at all s it es ( Fig . 4 . 14)  in the second year . 

By the third year , the effectiveness o f  the s ingle initial applica t ion of  

- 1  
70 kgP ha as CRP was mo re effec t ive ( P  < 0 . 0 1 ) a t  three o f  the four 

field-trial s ites (Table 4 . 140 �  



Table  4 . 14 Average clover content o f  the sward in the spring and summer harvests 

o f  the second and third years at  the four s ites as influenced by phosphate source 

Application Clover content o f  the sward 
--

rate Ballantrae Wangaui Pah iatua Tokomaru 

Treatment 
- 1  

(kgP h a  ) ( % )  

Second year 

Control 0 1 2  C c  1 3  C c  1 2  Cc  1 5  Bb 

Superphosphate 35 22 Bb 1 7  Bb 1 8  Bb 2 1  A a 

Superphosphat e  70 24 Bb 2 1  A a 2 3  A a 24 A a 
* 

Superphosphate 2 ( 35 )  2 8  A a 20 A a 20 Bb 2 3  A a 

CRP 35 24 Bb 1 7  Bb 20 Bb 2 3  A a 

CRP 70 29 A a 20 A a 24 A a 25 A a 

CRP 2 ( 35 )  2 3  Aa 

Third year 

Control 0 1 6 D 8 c 5 A a 1 6  Dd 
Superphosphate 35 20 CD 10 c 7 Aa 23 C c  

Superphosphate 70 22 BC 9 c 8 Aa 2 3  Cc 

S uperphosphate 3 ( 35 )  25 B 16 A 9 Aa 30 A a 

CRP 35 24 BC  1 1  BC 6 Aa 2 7  Bb 

CRP 70 3 1  A 14  AB 9 A a 2 6  Bb 
-.....! 

CRP 3 ( 35 )  30 Aa CX> 

A S ignificant at  the 1% l evel . a Significant at  the 5% level . * Annual appl i cation o f  35 kgP ha- 1 . 



The difference obs erved in the clover content of the swards was 

also  reflected in total clover production in b o th the second ( Fig . 4 . 5 )  

and third ( Fig . 4 . 6 )  years . Whereas both P sour c es produced s imilar 

yields at  Wanganui ,  Pahiatua , and Tokomaru in the s econd year , at 

- 1  
Ballantrae clover growth f rom the addition o f  70 k gP ha as CRP was 

greater (P < 0 . 0 1 )  than from the equival ent superphosphate treatment . 

In the third year , CRP was showing a marked residual effect a t  

79 

- 1  b o th Ballantrae and Wanganui , outproducing superphosphate a t  70 kgP ha 

and maintaining a s imilar l evel o f  clover product ion to superphosphat e  

- 1  
applied at  3 5  kgP ha in each of  the 3 years ( Fi g . 4 . 6) . This suggests  

tha t a single appl ication of  CRP was sus taining a sufficiently high 

concentration o f  P in the soil solution to give near maximum clover growth 

at both these s ites for the 3 years . 

The differences found in N uptake by the sward in both the second 

( Table 4 . 15 )  and third ( Tab le 4 . 15 )  years b etween those  plots receiving 

- 1  
7 0  kgP ha and those receiving no added P a t  the three hill-country 

s ites are again of a s imilar magnitude to tho se measured by Grant and 

Lambert ( 19 79) , where N fixation was found to b e  roughly proportional to  

c l over growth . This measurement , however ,  probably underes t imates the 

t o tal amount of N fixed by  the c lover component . The long intervals 

b etween harvests , particularly at  the hill-country sites , probably allow 

s ome recycling within the sward and the contribution of N from above-

ground c lover parts  below the cutt ing heigh t ,  and from under ground parts  

(nodules ) ; these were not measured in the pres ent study . 

Surpris ingly , the marked increases measured in the clover content 

o f  the swards and exp ressed in increased clover production , were no t 

s ub sequently measured in increased production from the grass component o f  

the sward , particularly in the third year . This may reflect the 

harvesting technique used , which largely eliminat es the above-ground 



Table  4 . 15 Nitrogen uptake by pasture in the second and third year at  the three 

hill-country s ites as influenced by phosphate source 

Nitrogen uptake by pasture 
Appl ication 

rate Ballantrae Wanganui Pah iatua 

Treatment 
- 1  

( kgP h a  ) ( kg ha- 1) 

Second year 

Control 0 1 5 3  c 1 20 B 65  B 

Superphosphate 70 2 12 AB 156 A 88  A 

CRP 70 2 2 7  A 16 1 A 8 7  A 
* 

Superphosphat e  2 ( 35 )  2 0 8  B 150 A 82 A 

Third year 

Control 0 140 c 80 c 30 c 
Superphosphate 70 185 B 94  B 5 2  B 

CRP 70 2 30 A 1 12 A 5 3  B 

S uperphosphate 3 ( 35 )  208 B 1 2 3  A 64 A 

A S ignificant at  the 1 %  l evel . 

* Annual applicat ion of  35 kgP ha
- 1

• 

00 0 
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recycling o f  nutrients ,  particularly N .  The exhaus tive nature o f  this 

t echnique was reflected in a general decline in the vigour of  the swards 

at  all s ites , during the 3 years of  the s tudy , particularly in the third 

y ears . 

In addition to the loss of biologically-fixed N in cl ippings , 

further losses o f  the remaining N by immob ili za tion into the soil organ i c  

fract ion , may have led to further reduc tions in the transfer o f  N t o  the 

grass component . The topsails a t  two of  the h il l-country sites , 

Ballantrae and Pahiatua , were charac terised by the presence of  an organic 

mat . Walker et  al . ( 1 9 59 ) found that the rat io of C to N in the topsoil 

organic mat ter of a c entral North Island site , decreased , from 3 3 : 1  to 

1 1 : 1  over 2 5  years following pas ture development from s crub ,  with soil N 

- 1  accumulation oc curring at  an average annual rat e  of 1 1 0  kgN ha 

Therefore unt i l  the C : N  ratio of the organic mat ter in the topsoil is 

near the des ired level , approximately 10 : 1 , only small annual inc reas es 

in pasture production ( i . e . , grass product ion) may be expected ( Suckling ,  

1 9 75 ) . 

4 . 3 . 4 . 3  Phosphorus concentration in pasture 

and phosphorus up take by pasture 

As with the c lover content o f  the sward , the P concentrat ion 

in the pasture proved to be a sens i t ive indicator of the changes in p l ant-

availabl e  P from these two P sources in the second and third years . 

Changes in the P concentration following the addition o f  superphosphat e  

- 1  
and CRP a t  7 0  kgP ha , and superphosphate in three annual applications 

- 1  o f  35 kgP h a  a t  the h ill-country si tes over the 3 years ( Fig . 4 . 7 ) 

reflec ted closely the changes in the clover content of the sward ( Tabl e  

4 . 14 )  and clover product ion ( Fig . 4 . 5 ;  Fig . 4 . 6 ) . For completeness ,  the 

P concentration in the pas ture in the first year are included in each 

Figure . 
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B y  the end of  the first year , the differences in concentration 

l n:. t:ne- s w a rd "'\·i i·eh . . . .  t h �  two P sources was small at all three hill-

country sites ( Fig . 4 . 7) . By the end o f  the second and throughout the 

third year , CRP was giving a h igher P concentrat ion in the sward than 

superphosphate at b o th Ballantrae ( Fig . 4 . 7a) and Wanganui ( Fig . 4 . 7b ) . 

In fact at Ballantrae (Fig . 4 . 7a ) , CRP was giving a s imilar P concentration 

to superphosphate applied in three annual applications , providing further 

evidence that a s ingle applicat ion of CRP was able to maintain the 

concentration of P in the soil solution at a sufficiently h igh level for 

near maximum pasture product ion at  this site over 3 years . 

The increases in P concentrations in the pas ture a t  Tokomaru were 

relatively small ( Fig . 4 . 8a) and no differences were found between the 

two P sources when added as a s ingle initial appl i cation in either the 

s econd or third years . In contras t to the first year P concentration 

- 1  
data (Table 4 . 10 ) , an annual applicat ion o f  35 kgP ha a s  CRP gave a 

-1 
s imilar P concentrat ion in the sward as an annual applicat ion of 35 kgP ha 

as superphosphate in the second and third years at  Tokomaru ( Fig . 4 . 8b ) . 

This sugges ts that the initial difference found between CRP and super-

phosphate may reflec t ,  in part , past fertilizer history of the s ite , �hich 

until the commencement of  the p resent trial had received only annual 

applicat ions of superphosphate . 

The grass and clover components o f  the swards in all four t rials 

were sampl ed periodically over the 3 years , to monitor the concentration 

of ess ential macro- and micro-nutrients  in the herbage . Apart from P and 

N ,  the concentrations of nutrients were more than adequate for maximum 

pasture growth . An exception , was one sampling at  Wanganui during the 

dry summer o f  the second year , where Mo concentrations in clover were 

found to be relatively low ( 0 . 20 - 0 . 40 � gMo g- 1) . With the basal 

- 1  - 1  
application o f  Mo ( 250g ha 0 . 5 yr ) a t  Wanganui , coupl ed with rela t ively 
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high pH ( 6 . 2) o f  this site , the low Mo concentration in the clover is 

rather surprising . Dry summer conditions may have provided an a typical 

sample for analys is . 

No difference in total P uptake by the pas ture was found b etween 

- 1  
superphosphate and CRP applied a t  either 3 5  or 70 kgP ha , as was the 

case for clover and pasture product ion (Fig . 4 . 5 ) in the second year at  

each o f  the four s ites ( Fig . 4 . 9 ) . At B al lantrae and Wanganui , P 

85  

uptake data sugges t that CRP was supplying more P to the sward than super-

phosph at e .  These differences were significant ( P  < 0 . 0 1 )  in the third 

- 1  
year when the two P sources were compared at  70 kgP ha ( Fig . 4 . 10) . In 

- 1  
fact, a single app l i cation o f  CRP at  7 0  kgP ha increased P uptake in the 

third year at both Ballantrae and Wanganui to a s imilar extent to super-

phosph ate applied in three annual applica t ions (Fig . 4 . 10) . 

In contras t ,  no difference was found  in the res idual effect o f  CRP 

and sup erphosphate in either the second ( Fig . 4 . 9 )  or  third (Fig . 4 . 10 )  

year at  Pahiatua , us ing P uptake data as the basis for  comparison . This 

provides further evidence to sugges t that at  the applica tion rates used , 

the res idual effect of  CRP is dependent on soil type . 

Data for apparent P recovery by pas ture over 3 years further suggest 

that there is no difference in the long-term effectiveness of  sup erphosphate 

and CRP on the h igh P-sorb ing soil at  Pahiatua ( Table  4 . 16 ) . At the 

o ther three s ites , the apparent recovery o f  added P by pas ture f rom CRP 

was greater than that from superphosphate at  both rates of  application 

(Table  4 . 16 ) . This was particularly pronounced in the third yea r .  The 

high apparent recovery o f  added P from CRP by the pasture at Tokomaru 

further supports the view that CPR is an effective P source on a soil o f  

relat ively high P s tatus , even when appli ed annually . 

The apparent recovery o f  P added as MCP was greater than that added 

as superphosphate (Table  4 . 16 ) , particularly in the third y ear , even though 
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Table 4 . 16 Apparent recovery o f  phosphorus by pas ture over two and a hal f years at Pahiatua and three years 

at Ballant rae , Wanganui , and Tokomaru as influence d  by phosphate source 

Apparent recovery o f  phospho rus by pas ture a t  

Ballantrae Wanganui Pahiatua 
Appli cation * 

Treatment rate 1st  2nd 3rd Total 1st  2nd 3rd To tal 1 s t  2nd 3rd To tal 1st  
- 1  

(kgP h a  ) ( %  o f  to tal P added) 

Superphosphate 35 7 . 0  14 . 6  8 . 2  29 . 8  14 . 9  8 . 7  9 . 6 33 . 2  14 . 2  3 . 2  1 . 8 1 9 . 2  6 . 0  

CRP , powdered 35 9 . 0 2 3 . 3  1 8 . 6  50 . 9  12 . 4  13 . 5  13 . 0  38 . 9  9 . 3  6 . 5  1 . 3  1 7 .  1 

CRP , pelletised 35 2 . 9  2 1 . 1  1 7 . 5  4 1 . 5 1 2 . 6  14 . 7 1 3 . 8 ' 4 1 . 1  1 1 . 3  5 . 9 2 . 3  19 . 5  8 . 6 

MCP 35 22 . 0  1 8 . 0  3 . 4  4 3 . 4  22 . 6  1 2 . 6  8 . 2  4 3 . 4  1 9 . 3  3 . 0  0 . 8  2 3 . 1 H . 9  

Superphosphat e  70 16 . 0  9 . 3  9 . 5  34 . . 8 1 1 . 3  1 1 . 3  6 . 3  25 . 0  12 . 8  6 . 4  1 . 8  2 1 . 0  3 . 8  

CRP , pell etised 70 1 3 . 6  1 6 . 0  19 . 4  4 9 . 0  8 . 4  8 . 4 1 1 . 4  29 . 7  8 . 9  6 . 2 2 . 1  1 7 . 2  5 . 6 

Superphosphate 3 ( 35) t 26 . 0  1 8 . 7  12 . 3  

CRP pell etised 3 ( 35 )  

--

* 
Total P uptake for 3 years . 

t Annual application o f  35 kgP ha
- 1

. 

Tokomaru 

2nd 3rd 

8 . 0  4 . 4 

1 1 . 9  10 . 4  

1 7 . 4  6 . 3  

4 . 0 8 . 2  

8 . 1  10 . 1  

Total 

18 . 4  

30 . 9  

35 . 6  

16 . 0  

2 3 . 8  

19 . 8  

1 7 . 2  

CO 
CO 
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in the abs ence of added S ,  the response to added P was not as pronounced 

( see 4 . 3 . 1 ) . This difference b etween superphosphate and MCP may reflect 

the difference in the water solub i lity o f  these two P sources ( Tab le 4 . 3) . 

In contras t ,  the apparent recovery o f  added P by pas ture over 3 years 

from MCP and CRP was very s imilar , al though agronomically thes e two P 

sources b ehaved very differently , as  shown by P uptake by pas ture in the 

first  and third years ( Table 4 . 16 ) . 

4 . 3 . 4 . 4  Extractab l e  phosphorus in soil 

With the exception o f  some seasonal changes , b icarbonate-

( Fig . 4 . 1 1 ,  4 . 1 2) , water - , and B ray-extrac table P in the soil continued to 

decline on the controls at  all t rial sites . This reflec ts , in part , the 

exhaust ive nature of the technique of mowing with clippings removed .  

By the end o f  the third year , the trials a t  the Wanganui and 

Ballantrae s ites were showing a 25 and > 40 % ,  respectively , respons e to 

freshly-appl i ed P with values for b icarbonat e-extractable P on controls  

- 1  
being 8 and 14 � gP g o f  soil , respectively ( Fig . 4 . 1 1 ) . Although the 

responsiveness of the Wanganui site  had increased from the first year , 

this apparent difference in the responsiveness o f  these two s ites , is 

cons istent with the observation that although b icarbonate-extrac tab l e  P 

decreases on l iming , the amount o f  plant-available P in the soil is largely 

unaffected .  

S o il pH remained relatively c onstant a t  all sites over the 3 years . 

The appli ca tion o f  2 . 5 tonnes of  l ime at  Wanganui maintained the soil pH 

above 6 throughout the 3 years , with the highes t pH ( 6 . 35 ) being measured 

at  the beginning of the second year . By the third year o f  this t rial , 

soil pH was uniform ( 6 . 0 to 6 . 1) throughout the top ( 0 to 7 . 5 cm) soil , 

indicating that the effect  of  the applied lime had no t been res tricted to 

the immediate suFface (0 to 2cm) layer . 
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Both the bicarbonate- ( Fig . 4 . l la) and B ray-extraction methods 

reflected the increased amounts of available P in the so il derived from 

CRP , compared to superphosphate , by the end of the second year and 

throughout the third year at  Ballantrae . In contras t ,  the difference 

found in the residual effect of thes e two P sources at Wanganui was no t 

reflected by either o f  these extractants (Fig . 4 . 1 1b ) . On the o ther 

9 2  

hand , Bray-extractab le P values indicated well  the increased effectiveness 

o f  CRP , not only at Ballantrae but also at  Wanganui in the third year . 

However , this difference at  Wanganui was no t as marked as it  was at  

Ballantrae , sugges t ing that the Bray method may also be affected by the 

pH o f  the soil at  this site . The Bray method ,  however , appears to  b e  

less  sensi t ive t o  s o il pH than the b icarbonat e  method .  

The differing e f fect o f  P source on the relationship between P 

uptake by pas ture and the amounts o f  plant-available P estimated by the 

three extractants , in both the se cond (Tab le 4 . 1 7 )  and third ( Table 4 .  1 8) 

y ears , again j ustifies the evaluat ion o f  these three extractants , 

separately , as methods for  estimating plant-available P with soils t o  

which the two P sources were added . 

The difference in the regress ion equa tions ob tained with each P 

source decreas ed a t  all s ites over the 3 years ( Tables 4 . 12 ,  4 . 1 7 ,  4 . 18) , 

suggest ing that in the longer term, the mechanisms controlling plant

available P derived from the two P sources in soils are s imilar . 

Consequently , in the longer term,  the effect iveness o f  these three 

extractants as estimates of plant-availab le P in the soil may be l ess 

dependent on P source . 

The apparent recovery by pas ture o f  P added as either superphosphate 

or CRP indicates that even at  the h ighly P-responsive Ballantrae s it e ,  

only about 50% of  the total P added , was recovered during 3 years 

( Tabl e  4 . 16 ) . Al though the apparent recovery ::o f  adde'd P a t  Pahi.atua , . . . 



Table 4 . 1 7 Regress ion equat ions and correlat ion coefficients between phospho rus uptake by pas ture 

in the second year and either Bray- , bi carbonate- , o r  water-extractable phosphorus in 

the soil at the b eginning o f  the second y ear to which either s uperphosphate or  

Chatham Ris e  phosphorite was added as a s ingle appl icat ion in  the first  year 

Regress ion equations and correlation coefficients 

Extract ion method Ballantrae Wanganui Pahiatua Tokomaru 

Superphos phate 

Bray y = 0 . 7 1x + 6 . 54 y = 0 . 83x + 7 . 9 3  y = 0 . 4 7x + 5 . 0 2  y = 0 . 37x + 32 . 6 9  
r2 = 58 1 ** r2 = 0 . 6 86 * *  r2 = 0 . 5 75 ** r2 = 0 . 056 

y = 1 .  12x - 2 . 94  y = 0 . 24x + 14 . 75 y = 0 . 4 2x + 3 . 0 5  y = 0 . 29x  + 26 . 9 7  
r2 = 0 . 525*  r2 = 0 . 188  r2 = 0 . 6 4 6 ** r2 = 0 . 2 70 

Bicarbonate 

y = 2 . 5 3x - 10 . 3 7 y = 0 . 34x + 14 . 22 y = 0 . 60x + 5 . 06  y = 0 . 44x  + 25 . 96 
r2 = 0 . 844** r2 = 0 . 2 10 r2 = 0 . 54 7 ** r2 = 0 . 2 79 

Water 

Chatham Rise phosphorite 

Bray y = 0 .  9 3x + 2 .  6 6 y = 1 . 0 7x + 5 . 9 4  y = 0 . 74x + 2 . 9 7  y = 0 . 16x + 29 . 00 
r2 = 0 . 639**  r2 = 0 . 583** r2 = 0 . 64 1** r2 = 0 . 2 36 

B icarbonate y = 0 . 96x + 1 . 0 7  y = 0 . 75x + 8 . 6 3  y = 0 . 4 3x + 2 . 5 7  y = 0 . 24x + 26 . 5 7  
r2 = 0 . 4 5 8* r2 = 0 . 395  r2 = 0 .  754 ** r2 = 0 . 309 

Water y = 1 . 33x + 3 . 88 y = 0 . 98x + 7 . 2 7  y = 0 . 6 7x + 3 . 9 5  y = 0 . 4 9x + 25 . 37 
r2 = 0 . 6 2 8** r2 = 0 . 558** r2 = 0 . 7 3 1 ** r2 = 0 . 3 1 8  

** 
S i gnificant at 1%  l evel . 

* 
S ignificant at 5% l evel . 

1.0 w 



Table 4 . 1 8 Regres s ion equat ions and correlat ion coefficients between phosphorus uptake by pas ture 

in the third year and either B ray- , bicarbonate- , or water-extractable phosphorus in 

the s o il at the b eginning of the third year to wh ich either superphosphate o r  

Chatharn Ris e  phosphorite was added a s  a single application in the firs t year 

Regression equations and correlation coefficients 

Extract ion method Ballantrae Wanganui Pahiatua Tokornaru 

Superphosphate 

Bray y = 0 . 76x + 4 . 0 2  y = l . l x + 4 .  90  y = 1 .  2 6x + 0 .  75 y = 0 . 69x + 16 . 76 
r2 = 0 . 6 72** r2 = 0 . 7 9 9 ** r2 = 0 . 90 8 ** r2 = 0 . 4 96* 

y = 0 . 7 7x + 2 . 86 y = 1 .  0 3x + 4 . 9 8 y = 0 . 7 3x - 0 . 69 y = 0 . 46x + 2 1 . 79 
r2 = 0 . 5 19 *  r2 = 0 . 59 3**  r2 = 0 . 805 ** r2 = 0 . 36 8  

Bicarbonate 

y = 0 . 94x + 7 . 2 1  y = 1 .  6 7x + 3 .  5 1  y = 1 . 2 1x + 2 . 69 y = 1 . 5 2x + 16 . 60 
r2 = 0 . 4 19 *  r2 = 0 . 7 37 ** r2 = 0 . 374 r2 = 0 . 5 1 1  

Water 

Chatharn Rise phospho rite 

Bray y = 0 . 86x + 3 . 0 5  y = 1 . 08x + 5 . 4 0  y = 0 . 35x + 3 . 23 y = 0 . 59x + 1 8 . 99 
r2 = 0 . 7 39** r2 = 0 . 6 5 1** r2 = 0 . 5 72** r2 = 0 . 5 84** 

B icarbonate y = 1 . 32x - 5 . 64 y = 1 . 2 7x + 3 . 1 8 y = 0 . 3lx + 1 . 74 y = 0 . 39x + 2 3 . 99 
r2 = 0 .  754 ** r2 = 0 . 5 2 3* r2 = 0 . 6 83** r2 = 0 . 364 

Water y = 0 . 54x + 1 1 . 60 y = l . 2 lx + 6 . 7 7 y = 0 . 46x + 3 . 45 y = 1 . 3 7x + 1 8 . 1 7  
r2 = 0 . 194  r2 = 0 . 5 1 1* r2 = 0 . 460*  r2 = 0 .  5 84 

** 
Significant at 1% l evel . 

* 
Significant at 5% level . 

\0 � 
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(undeveloped) , Ballantrae (moderately developed) , and Wanganui (moderately 

to well developed) , is high compared with much of the pub lished literature 

for pasture swards during development (During , 19 72) , a relat ively low 

recovery of adde d  P (Karlovsky , 1 9 6 6 , 19 75)  was obtained at Tokomaru , 

which is a well-developed pas ture near maintenance . 

Because apatite minerals are insoluble in dilute NaOH and b ecaus e 

this reagent extracts sorb ed inorganic P (Williams et al . ,  1 96 7 ) , 

increases in the NaOH-extractab le P f rac tion o f  a so il to which a PR 

has been added should provide a good es timat e of the amount of P 

dissolved and retained in the soil inorganic P fraction on sorp t ion 

s ites ( Chapter 7 . 2 . 4 ) . However ,  b e caus e inorganic P can diffus e into 

short-range order hydro us ferric oxides in so il , leading to a progressive 

decrease in NaOH-extractable P with time ( Ryden et al . ,  1 9 7 7 ) , the latter 

value represents a minimum fo r the amount of P added as PR which has 

disso lved in the s o il but no t yet b een taken up by the plant . 

Similarly , NaOH extraction should p rovi de a reasonable es timate o f  the P 

added as s uperphosphate which has dissolved and b een retained on sorption 

s ites accessible to NaOH . 

By comb ining the amount o f  NaOH-extractable P with the P recovered 

by pas ture ( Tabl e  4 . 16 )  an indication of  the to tal P added as either CRP 

or superphosphate which has dissolved can be calculated . . Conversely , an 

es timate o f  the P added wh ich has yet to dissolve can b e  calculated by 

difference . This do es no t include any disso lved P which is immobilized 

as soil o rganic P .  In the calc ulations given in Tab le 4 . 19 it was 

assumed that P added as either s uperphosphate or CRP reac ted and remained 

in the top ( 4 cm) soil . Of the total P added as superphosphate , 44 and 

46%  was recovered by NaOH ext ract ion plus pasture , at Ballantrae and 

Wanganui , respectively , wh ile 6 2 %  of to tal P added as CRP was recovered 



a t  Ballan t rae , and 54% at  Wanganui ( Tab le 4 . 19 ) . 

On b o th the Wainui (Ballantrae) and Kumeroa (Wanganui) s o ils  a 

far greater proportion o f  the total P added was recovered by pas ture 

than by NaOH ext ract ion ( Table 4 . 1 9 ) . Of the P added as CRP at 

Ballantrae and Wanganui ,  and recovered by either the sward o r  by NaOH 

extractio n ,  only 2 3  and 46% , respectively , was recovered in the s o il at  

the end of  the third y ear . Al though nearly 50% of the total P added 

96 

as CRP was recovered in these two f ract ions at Pahiatua , a far greater 

p roportion ( 65%)  P was recovered by NaOH ext raction , demons trating the 

dominat ing effec t that sorp t ion react ions have on added P in this so il . 

These resul ts demonst rate that , although dissolut ion of P from a PR is a 

pr;erequis ite for P uptake by plants , an increase in the rate o f  

dissolution do es no t necessarily imply an increase in the amount o f  

plant-available P from the PR . A far greater proportion o f  the total 

P added as superphos phate and recovered was also in the soil inorganic 

P fraction at Pahiatua ( Tabl e  4 . 19 ) , sugges t ing that in the longer-term 

the mechanisms controlling plant-available P from thes e two P sources 

are s imilar , at  leas t on a high P-sorb ing s oil . The recovery o f  over 

40% of the total P added as CRP by NaOH extrac t ion and by the pas ture at 

Tokomaru ( Tab le 4 . 1 9 )  indicates that the dissolution of CRP was largely 

unaffected by the relatively h igh P s tatus o f  the soil at  this s i te . 

4 . 3 . 5  Effect iveness o f  superphosphate and Chatham Ris e  

phosphorite a s  phosphatic fertilizers 

In the present s tudy CRP showed considerab le potential as a P 

fertilizer at  all s ites and showed a marked residual effect at  two o f  the 

three hill-country s ites . A comparison o f  P fertili zers b ased on 

differences in the apparent recovery of P by the pas ture provides an 

init ial evaluat ion o f  effectiveness . An evaluat ion o f  the potential 



Table 4 . 19 Recovery o f  phosphorus by 0 . 5M NaOH at the end of  the third year and apparent 

recovery of  phosphorus by pas ture during the two and a hal f  years at Pahiatua and 

three years at Ballantrae , Wanganui and Tokomaru as influenced by phosphate s ource 

Estimate of dissolved fertilizer phosphorus 

Ballan t rae Wanganui 
- 1  (J.l g  g ) 

Pahiatua 

Superphosphate 

Total P added 700 700 700 
* 

Recovery by sward 245 ( 35)  1 75 ( 25)  147  ( 2 1) 

Extracted by NaOH 6 4  ( 9 )  1 50 ( 2 1 )  206 ( 2 9 )  

Total recovered 309 ( 4 4 )  32 5 ( 4 6 )  353  ( 5 0 )  

Chatham Rise phosphorite 

To tal P added 700 700 700 

Recovery by sward 336 ( 4 8) 20 3 ( 29 )  1 19 ( 1 7) 

Extracted by NaOH 96 ( 14 )  1 75 ( 25 )  2 20 ( 3 1 )  

Total recovered 4 32 ( 6 2 )  3 7 8  ( 5 4 )  3 3 7  ( 4 8 )  

* 
Percentage o f  added phosphorus . 

Tokomaru 

700 

1 12 ( 16 )  

140 ( 20 )  

2 5 2  ( 36 )  

700 

168 ( 24 )  

1 4 0  ( 20 )  

3 0 8  ( 4 4 )  

\0 -.....! 
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losses from the above-ground c omponents o f  a grazed sward , however ,  

o f fers a useful method for comparing the effectiveness o f  the two P 

fertil i zers as sources of  P by enabl ing an evaluation of the los s es and 

recycled components of the sward . 

Al though the greates t p roportion of  total P in the P cycle of  a 

grazed pas ture is contained in the s o il , at any one time it is the above-

ground components o f  the P cycle that show the greatest scope for 

manipulat ion . Consequently , changes in the above-ground components  

have the greatest effect , no t only on  the efficiency of the P cycle 

(Karlovsky , 1 9 75 ) , but also on the efficiency of  applied P .  To compare 

the efficiency of  superphosphate and CRP as P fertilizers in grazed hill 

country ,  the resul ts from the pres ent s tudy are evaluated by us ing the 

P cycle  constructed by Gil lingham ( 19 78) . 

In the P cycle o f  Gill ingham ( 19 78) , measurements were made o f  P 

uptake by pas ture and P returned in pas ture litter and dung for differing 

paddock s t rata on two intens ively-grazed , north- and south-facing paddocks 

in s teep hill country soils  of mo derate to high P s tatus . A net P 

balance was derived for each of  the three paddock s trata . Gill ingham 

( 19 7 8) found a large net annual gain of P on easy s lopes , including 

- 1  
camp s ites ( 50 and 120 kgP h a  on North and S outh aspec ts , respectively) , 

which was more than sufficient for annual pasture requirements . A 

0 - 1  
cons iderab le net P loss o ccurred from both 2 5  s lo pes ( 20 and 10  kgP ha 

on No rth and S outh aspects , respectively) and 45° slopes ( 1 5 and 14 kgP 

- 1  
ha on North and South aspects , respectively) . This net loss of  P 

from s lopes was equivalent to 29  - 7 1% of  the annual P up take by pas ture 

at these s i tes . 

Gillingham ( 1 9 78) suggested that the s ignificant trans fer o f  P f rom 

slopes by the grazing anumal may explain the slow rate of pas ture 

improvement no ted in many hill-country situations (During , 19 72 ; Brougham 



et  al . , 1 9  7 3) • Although subdivision offers a method for reducing the 
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losses of  P by  transfer to  campsites and s elec tive topdressing can assist  

in reducing the total requirements for  P by avoiding camps ite areas 

(Mauger , 19 77) , both these op tions are of only l imi ted practical value , 

as the topography of  hill country is of ten quite variable over short 

distances . 

Us ing a mathematical model based on field data from the north-

facing paddock and vali dated against resul ts f rom the south-facing paddock , 

Gill ingham ( 19 7 8) predicted that the quantity o f  P transfer from slopes 

was directly related to the P concentration in the pasture . In fac t ,  

us ing this mo del , Gillingham ( 19 78) calculated that a decrease in the 

average P concentrat ion from 0 . 45 to 0 . 35 %  would resul t in a direct 

reduct ion of  22% in the net P balance of each s trata over one year . 

Therefore P concentrat ions which are higher  than those required fo r 

optimum pas t ure pro duct ion and animal requirements will  resul t  in 

unnecessarily high losses o f  P by transfer from slopes . The net effect 

is a reduction in the efficiency o f  applied P .  As the P concentration in 

the sward is directly influenced not only by the rate of appl ication o f  P 

( Tab l e  4 . 10 )  but also , and of  greates t interest here , by the sour c e  of  P 

( Fig . 4 . 8) ,  there appears to b e  s cope for reducing the losses of  P by 

trans fer to camps ites and thus increas ing the efficiency o f  applied  P .  

In the p res ent s tudy the addition o f  increas ing amounts o f  super-

phosphate in the initial harvest of the first  year gave increasing P 

concentrat ions in the sward at  all three hil l-country s ites ( Tab l e  4 . 1 0 ) . 

These initial increas es were no t reflected in increas ed pasture p ro duction 

( see 4 . 3 . 3 . 1 ) . In contras t ,  the addition o f  increasing amounts o f  CRP 

did not l ead to increasing P concentrat ions in the sward in ini t ial 

harves ts of the f irs t year (Tab le 4 . 10 ) , although it did sus tain a s imilar 

l evel of pasture product ion to superphos phate ( s ee 4 . 3 . 3 . 1 ) . 

MASSEY UNIVERSITY 
.LI BRAF,Y 

To illus trate 
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these differences in the P concentrations o f  the sward , resul ting f rom the 

us e o f  CRP and superphosphate under a s ingle and annual topdressing 

s t rategy ,  the results from Ballantrae are reproduced in Fig . 4 . 1 3 .  The 

magnitude o f  any reductions in the annual losses o f  P by trans fer f rom 

us ing CRP will be dependent on the level of pasture production during the 

perio d .  

A large p roportion o f  pasture product ion in hill country occurs in 

the Spring and Summer ( s ee 4 . 3 . 1 . 1 ; Suckling ,  1 9 5 9 , 1 9 7 5 ) , rather than 

during the Autumn and Winter when differences in P uptake by the pasture 

f rom superphosphate and CRP were found to be greates t .  Consequently , 

even under optimal growth rat e  conditions in Autumn and Winter , the 

potent ial reduct ions in the annual losses of P by trans fer from us ing 

CRP , in an Autumn topdress ing s t rategy , would be small . Using the 

mathemat ical model of Gil l ingham ( 19 78) , the reduction in P losses , by 

t ransfer , at Ballantrae from the us e of CRP , inst ead of  superphosphate 

are less than 10% . On the o ther han d ,  under a spring o r  summer topdres s ing 

s t rategy , when the bulk o f  growth and thus P uptake occurs , the potential 

reduction in the losses of P by transfer , resul t ing from us ing CRP , may 

b e  o f  greater s ignificance . 

4 . 4 General Discuss ion 

The results ob tained in the f ield trials s tarted in 1 9 78 confirm and 

extend the f indings of the prel iminary glasshouse study ( Chap ter 3)  in 

which CRP was found to be an effective source o f  P for perennial ryegrass .  

Except for glasshouse s t udies ( Roberts and Whit e , 1 9 74 ; Andrews e t  al . ,  

1 9 7 8 ;  Powell ,  1 9 7 9 ; Powell et al . ,  1980 ; Raj an , 1 9 8 1a) ,  the evaluat ion 

of CRP as a P fertil izer has been res tricted to the studies of Quin ( 19 8 1 )  

s tarted in 1 9 79 , and Raj an ( 19 8 1� s tarted in 1 9 80 . Al though only interim 
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Figure 4 . 1 3 Ch anges in phosphorus concentration in pas ture ove r  

three years at Ballantrae as  influenced b y  phos phate 

source and topdress ing s trategy . A = singl e  init ial 
- 1  

application o f  70 kgP ha  as  Chatham Rise  phospho rite , 
- 1  

B = s ingle initial appl ication o f  7 0  kgP ha as 
-1 

s uperphosphate ,  C = annual application of 35 kgP ha 

as  superphosphate ,  and D control . a = s ingl e  

init ial application , and b = s ingle versus annual 

application . 
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resul ts were reported in these s tudies , CRP was found to  be an effective 

s ource of P for pas ture when compared to superphosphat e .  Consequently , 

the results of  the p resent  field s tudy provide the first comprehensive , 

l ong-term evaluation o f  CRP as a P fertilizer on several s o il types and 

under a range of climatic condit ions . 

The f inding that pelletised CRP was as effective as powdered CRP 

and superphosphate at the three hill-country s ites , excep t for some 

initial differences at Ballantrae , contras ts with the resul ts  of the 

p reliminary glasshouse s tudy ( Chapter 3) , where pelletised CRP was less 

e ffective than the powdered material , and with the bulk o f  the l iterature 

( Terman et al . ,  196 9 ; Buchan et al . ,  1 9 70 ; Engels tad et a l . , 1 9 72 ; 

S tephens and L ipsett , 19 75 ; Powell  et  al . ,  1 9 80 ) , the results of  which 

are also derived from glasshous e s tudies . This discrepancy probab ly 

resul ts in part from the fact that in glasshouse studies a numb er o f  

factors which operate i n  the field and which may contribute t o  an 

increased e f fectivenes s  of a PR material , are usually excluded . Of these 

earthworms are p robably the mos t  important ( Chapter .S ) . Consequently , 

conclus ions drawn from the glasshouse fo r the effectivenes s o f  pelletised 

PR materials are not applicable to the field in the abs ence o f  b iological 

mixing , based on the results of the p resent s tudy . 

Early differences in the agronomic effectiveness o f  s uperphosphate 

and CRP in the present  s tudy were restricted to the initial harves ts  o f  

the first year . There is overwhelming evidence in the l iterature ( Cooke , 

1956 ; Cullen ,  1958 ; Engels tad e t  al . ,  1 9 74 ; Archer , 1 9 78 ;  Chien and 

Hammond , 1 9 78� ;  Mokwunye ,  19 79)  to  show that , in the short-term PR materials 

are less effective than superphos phate . This reflects the marked 

difference in the init ial behaviour of these two P sources on contact with 

soil . Whereas the initial plant  availability o f  P in the s o il to which 

largely water-solub le superphosphate is added is high and decreases with 
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time ( Rennes , 1 9 7 8 ) , the dissolution ( Chapter 7 . 3 . 3 . 1 ) and subsequen t  

plant availability o f  P from a P R  ( Chapter ( 7 .  3 .  2 )  increases o n  addition 

to s o il . A difference between superphos phate and CRP was only found 

initially in terms of  clover p roduction and P uptake by mixed pas ture . 

Quin ( 19 8 1 ) , also found only small diffe rences in the initial effectiveness 

of CRP and superphosphate with pas ture . As in the present s t udy , this 

difference was short l ived . 

Interest ingly , CRP appl ied annually was as effect ive as s uperphosphate 

appli ed annually in both the second and third years at Tokomaru . Quin 

( 19 8 1 )  also found that initial differences in the effec t iveness of  

superphosphate and either S echura pho sphate rock ( SPR) o r  CRP in  the 

firs t year o f  applicat ion were no t ob tained in the s econd year o f  

appli cat ion . This sugges ts that the initial differences found between 

the two P sources in the first year in the present study , may partly 

reflect past fertil izer his tory of  the s ite . I t  also sugges ts that in 

future comparis ons of superphosphate and PR materials ,  less emphasis 

should be placed on any differences measured in the firs t year . 

At Wanganui ,  CRP performed effectively as a P fertilizer from the 

time of application , even though this s ite had received 2 . 5 tonnes o f  

- 1  
lime h a  approximately 6 months before the start o f  the trial , and s o il 

pH was 6 . 2 .  This finding conflicts with the bulk of the literature in 

New Zealand with GPR ( Cullen , 1 95 8 ;  Karlovsky , 1958 ; S co t t  and Cullen , 

1 9 6 5 ; Grigg and Crouchley , 1 9 80 )  where l iming has generally resul ted in 

marked decrea s es in the agronomic effectiveness of this PR . Both s o il 

pH and exchangeab le Ca , which increase on l iming , have been shown to 

reduce the agronomic effectiveness o f  PR materials (Barnes and Kamp rath , 

1 9 75 ; Khasawneh and Doll , 19 78) . In contrast to the p resent s tudy , 

however ,  l ime was applied along with GPR in each of the above s tudies . 

This may suggest tha t p rovided the initial reaction o f  the l ime with the 
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s o il h as occurred , then any det rimental effect  that lime has  on the 

agronomic effectiveness of  a PR can be  reduced . This conclus ion is 

supported by the early field work of Roberts ( 19 30 )  and Ames and Kitsuta 

( 19 32 ) , who showed that the effect of l ime on the ability of a PR to 

p rovide P fo r plant growth was reduced by adding the lime in advance .  

Al though the P response in the firs t year at  Tokomaru was restricted 

to the clover component of the sward , CRP and superphosphate increas ed 

clover produ ction to a s imilar exten t ,  even though the initial p s tatus 

of this s ite was relatively high . Raj an ( 19 8 1� also found  that CRP and 

North Carolina phosphate ro ck (NCPR) performed effectively on a soil with 

a relatively high P status . This conflicts with the viewpoint  held 

by Khasawneh and Doll  ( 19 �8) , but supports the conclus ions reached earl ier 

( Chapter 3 . 4 ) and agrees with results reported later ( Chapter 7 . 3 . 3 . 2 ) . 

The result from Tokomaru indicates that CRP woul d be an e ffective 

maint enance P fert ilizer on soils o f  relatively high P s tatus . 

A feature of  the result s  from the present  field study was the marked 

residual effect  exhibited by CRP when compared to superphosphate at 

Ballantrae and Wanganui . The res idual effect was refl ected no t only in 

greater clover and to tal pas ture production , but also in P up take by the 

sward ,  p art icularly at these two s ites in the third year . Surprisingly , 

excep t for the s tudy by S co t t  and Cullen ( 1965)  with GPR ,  little difference 

has generally b een found in the res idual effect of  superphosphate and 

PR materials on p ermanent pasture under New Zealand conditions . 

Although predominantly derived from annual crops rather than permanent 

pasture , there is conflict ing evidence in the overseas literature as to 

the residual effect of PR materials when compared to sup erphosphate 

( Cook , 1956 ; Mattingly , 1 96 8 ; Engel s tad et al . ,  1 9 74 ; Archer , 1 9 78 ; 

Chien and Hammond ,  1 9 7 8�; Mokwanye , 1 9 7 9 ) . 



I t  is  interest ing to cons ider the reason for the origin o f  the 

marked res idual effect exhibited by  CRP in the present s tudy . When 

- 1  - 1  
7 0  kgP ha is added as CRP , approximately 200 kgCaco

3 
h a  is also 

a dded . Although this Caco3 had no measurable effect on s o il pH , 

During ( 19 72 )  has reported pas ture dry matter responses on yellow-grey 

earth/yellow-brown earth intergrade soils to relatively small amounts  

-1  ( 350 to  6 00 kg ha ) o f  lime . Thes e responses could not alway? be 
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attributed solely to the effect of  added lime on plant-available Mo in the 

s o il . A direct lime respons e ,  however , appears an unlikely explanat ion , 

as the residual effect shown by CRP was not res tricted to Ballantrae but 

was also found at Wanganui . A positive lime-P interact ion is also an 

unlikely mechanism, b ecause of  the relatively high pH ( 6 . 2 ) o f  the soil 

at Wanganui throughout the trial . The effect of  the Caco3 in CRP on 

the availab ility of Mo in the s o il is also an unlikely me chanism , as all 

trial sites were topdressed with Mo on a regular basis throughout the 

3 years . 

Because Caco3 is  mo re soluble than phospho rite ( S ilverman et  al . ,  

1952) , the p resence o f  this Caco3 in close p roximity to the phosphorite , 

would decrease the rate o f  dissolution of  the phospho rite by increasing 

the pH and Ca concen trat ion in the solution film immediately surrounding 

the phosphorite particle ( Chapter 6 . 3 . 3 . 1 ) . In fact in a later s tudy 

( Chapter 7 . 3 . 3 . 1 ) i t  is reported that the rate of diss o lution o f  CRP is 

slower than that o f  SPR,  which contains a substantially lower amount 

o f  Caco 3 ( 8 . 9% ) . 

Evidence to s upport the sugges t ion that the origin o f  the residual 

effec t exhibited by CRP at Ballantrae and Wanganui result s  from the 

influence of Caco3 on the rat e  of  release of  P from the phosphorite , is 

obtained from the results  of two recent field trials evaluating the 

agronomic  effect iveness o f  SPR,  CRP , and superphosphat e  on two yellow-grey 
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earth / yellow-b rown earth integrade soils ( Gregg et  al . ,  1 9 8 1 ) . Res ults  

from the firs t year of  thes e  trials indicated that SPR  was s lightly more 

effective than CRP at both s ites , a fin ding which is consistent with the 

glasshous e  resul ts  ( Chapter 6 . 3 . 1 ) .  However ,  in the second year these 

workers found that  CRP was outyielding no t only superphosphate , b ut also 

SPR . In fact no difference was found in the residual e ffect o f  s up er-

phos phate and SPR in the s econd year in either of  these trials ( Gregg et 

al . ,  198 1) . 

Further indirect evidence to s upport the conclusion that the 

residual effect of CRP resul ts s imply f rom s low release , is ob tained from 

the s tudy of S co t t  and Cullen ( 19 6 5 )  in which GPR showed a marked residual 

effec t ,  when c ompared to superphosphate .  
- 1  

In this study , 1 2 50 kg ha of  

lime was accidently applied over the no-l ime plots  at  the s tart o f  the 

pas ture production measurements . This  may have reduced the rate o f  

rel ease of  P f rom GPR in a s imilar manner to that found with CRP i n  this 

study ( Chapter 7 . 3 . 3 . 1 ) . 

In marked contras t to the res idual effect shown by CRP at Ballantrae 

and Wanganui , no measurable differences were found in the res idual effect 

of  CRP and superphosphate in the 2 . 5  years o f  s tudy at Pahiatua . This 

s ugges ts that at the application rates used  in the pres ent s tudy and with 

the criterion used to  s eparate initial and residual effects , that the 

residual effect o f  CRP is dependent on s o il type . The abs ence o f  a res idual 

e ffect from CRP on the high P-sorb in g  Ramiha s il t  loam at Pahiatua may 

reflect the dominating effect that P-s o rp t ion reactions have on added P in 

th is soil . Evidence for this comes from the relatively high proport ion of  

P added as CRP which was recovered by  NaOH extraction from this soil as 

inorganic P at the end o f  2 . 5  years . Of the P added as CRP and recovered 

from this s o il by e ither the sward or by NaOH extraction,  6 5 %  was recovered 

by the latter . S imilarly o f  the P added as superphosphate and 
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�ooverecl,,5 8'%1 was �recmr.:e:r_ed'fr,om the s o il a s  inorganic P .  However ,  of  the P 

added as CRP at  Ballantrae and Wanganui ,  and recovered by either the 

sward or by NaOH extraction , only 2 3  and 46%, respectively , was recovered 

in the s o il at the end of the third year . There is conflicting evidence 

in the literature fo r the relative effectivenes s  of PR materials on high 

P-sorb ing soil s , although most  of  this has b een ob tained in the glasshouse .  

For ins tance , Wong Yun Cheong ( 19 6 6 )  and Mclean and Logan ( 19 70 )  found 

that the relative agronomic effectiveness of a PR material , when compared 

to superphosphate , increased as the P-sorpt ion capacity of  the s o il increas es . 

As in the present study , Juo and Kang ( 19 78) found no real differences 

between the two P sources . 

Another feature o f  the present s tudy was the marked difference found 

in the response to added P of the grass  and clover components of the sward . 

Whereas grass p roduct ion remained relatively constant clover p ro duct ion 

varied markedly with the form and amount of P .  Because o f  the importance 

of clover to the N economy of the sward , and b ecaus e of the greater 

s ensitivity of  clover to changes in available  P in the so il , when compared 

to grass es (Ozanne et al . ,  1 9 6 9 ; Jackman and Mouat , 1 9 72�; Barrow , 1 9 75 ) , 

due to their  poor competitive ability for available P in the s o il 

(Jackman and Mouat , 1 9 72�, the effectiveness of a P fertili zer in 

s t imulating the clover component o f  the sward is of special importance . 

In additio n  to any shortage o f  plant available N in the s o il limiting grass 

production , the ab sence of  any real response by the grass component o f  the 

sward when compared to clover , to added P ,  may s imply reflect  the difference 

in the sensitivity o f  these two plant species to availab l e  P l evels in the 

soil (Jackman and Mouat , 1 9 72a) . 

Apart f rom s ome initial differences in early harvest s  o f  the first 

year ,  CRP was as effective as superphosphate in increasing clover production 
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at all s ites . In fact , the residual effect exhibited by CRP was very 

pronounced in the clover component of the sward at both Ballantrae and 

Wanganui ,  particularly in the third year . Although legumes have a 

greater ability t o  utilize P f rom a PR than grasses (Deis t et  al . ,  1 9 7 1 ) , 

a s ingle applicat ion o f  CRP was s ustaining a s imilar level o f  b icarbonate

extractab le P in the s o il as annual app l i cations of  superphosphate 

( Fig . 4 . 1 1 ) . In fact, this l evel was sufficiently high to achieve 

maximum clover growth at Ballantrae and Wanganui for 3 years , as no yield 

difference was found between those  two treatments . This provides further 

evi dence to suppo rt the s uggestion that the origin of the res idual effect 

exhib ited by CRP resul ts from slow release . 

Quin ( 19 8 1 )  partly attributed the increased effectiveness o f  SPR 

and CRP in the s e cond year , when comp ared to s uperphosphate in a maintenance 

P t rial , to the poor quality of  superphosphate used . Only 6 2 %  o f  the 

total P in the superphosphate used by Quin , was s oluble in 2% citric acid . 

Assuming that 2 %  citric acid gives a reasonable es t imate of  p lant-available 

P in superphosphate , then o f  the 20 kg of  P appl ied annually in the 

maintenance trial of Quin ( 19 8 1 )  some 1 3  kg was potentially available to 

the plant . The superphosphate used in the pres ent  s tudy contained a much 

higher proport ion ( 80%) o f  total P soluble in 2 %  citric acid . At 

Pahiatua , where no S response was measured , there was no yield  difference 

between s uperphosphate and MCP in either the firs t or s econd y ea r ,  

although apparent recovery of  added P by pasture from MCP was greater 

than that from superphosphate at this , and the o ther three field trial 

s i tes . 

Also no differences were found between superphosphate and CRP at 

this s ite , s uggesting that the differences found between superphos phate 

and CRP at  Ballantrae and Wanganui in the third year , repres ent a real 

difference in the residual effect of these two P sources . 
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Ultimately , the usefulness of the findings o f  the present s tudy 

wil l depend on how applicable they are to a grazed sward . The 

harvesting technique used , o f  mowing with clippings removed ,  largely 

eliminates the above-ground recycl ing of nutrients , found in a grazed 

sward . In o ther s tudies (Elliott and Lynch , 1958 ; Wol ten , 196 3) , this 

technique has led to a gradual deterioration in the vigour of the sward 

after repeated  harvests . This is confinned in the present  s tudy . 

Th is loss of vigour has b een at tributed largely to a depletion o f  N and 

K mo re than to a depletion of P (Elliott  and Lynch , 195 8 ; Wolten , 1 9 6 3) . 

The decline in bicarbonate extractabl e  P in the s o il on the controls  (no 

added P) at all four trial s i tes in the present s tudy , sugges t s  that a 

decline in the P s tatus also contributes to the loss of vigo ur .  

From a comprehens ive evaluat ion o f  various harves t ing techniques , 

Elliot and Lynch ( 1958)  concluded that  mowing with clippings returned 

duplicated the pasture production measurements ob tained with a grazed 

sward using small cages , more closely than did mowing with cl ippings 

removed ,  on easy country . The good agreement found sugges ts  that no net 

loss of above-ground nutrients f rom either dung or urine o ccurred from the 

grazed sward  in their s t udy , and the return was relatively uniform .  In 

hill country , however ,  in which th ree of the present trials were locate d ,  

the return of  dung and urine i s  highly modified b y  topography . 

Gillingham and During ( 19 7 3) found that large quantities o f  P ,  N ,  and K 

were transferred in dung and urine by the grazing animal f rom s t eeper 

s lopes , which made up 60% of  the grazed area , to easy slopes and to 

campsites which represented less than 10% of  the grazed area . In fact 

in a later , more comprehensive s tudy Gillingham ( 1 9 78 )  found  that a large 

net loss  o f  P occurred by transfer from both 25° and 4 5° s lopes ( 2 9  to 7 1% 

of annual P uptake by pasture) , with a large net gain of  P occurring on 

easy s lopes  and campsites . The harvest ing technique o f  mowing with 
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c lippings removed is therefore probably more applicab le in hill country ,  

where s ignificant losses occur by nutrient  trans fer f rom a large 

p ropo r t ion of  the grazed area . 

Based on the resul ts of  the s tudies by Hunt and Wagner ( 19 6 3) and 

Boswe l l  ( 19 7 7 ) , the mowing technique adopted in the p resent s tudy 

probably overes timates the annual and s easonal pas ture p roduction o f  a 

grazed sward by s t imulating p lant growth . Boswell  ( 19 7 7 )  found that 

infrequent harves ting consi s t ently l ed to higher yields than frequent 

cutting , especially in the S pring and Summer . During this period o f  

maximum growth , cut ting t o  3 cm also consistently outyielded those plots 

on which 6 cm o f  h erbage was left  after cut ting . Boswell  ( 19 7 7)  also 

found that cutting height h ad a pronounced effect on clover production 

although unl ike total pas t ure  production , frequency of cutting was o f  

less s ignificance . Consequently , the pronounced increas es in clover 

p ro duction measured at all four sites probably reflect , in addition to a 

response to added P ,  a response to  the mowing regime adopted . Although 

clover and to tal pas ture dry matter production may have been over-es t imated 

in the present s tudy , the res ul ts probably represen t  the maximum 

differences that would be  found b etween these  two P sources under fiel d 

conditions . 



CHAPTER 5 



THE EFFECT OF EARTHWORMS ON THE AVAILABILITY 

OF PHOSPHORUS IN A PHOSPHATE ROCK 

5 . 1 Introduction 

1 1 1  

The resul ts obtained in the prel iminary glasshouse s tudy ( Chapter 

3) for the effectiveness o f  pelletised CRP are no t consistent with thos e  

ob tained under f ield condit ions ( Chapter 4 ) . The diff erence found 

between powdered and pel let ised CRP in the glasshouse ( Chap ter 3) was 

not found in the field ( Chap ter 4 ) . Muller ( 1 9 70 )  also found that the 

results ob tained in the glasshouse for the effec t ivenes s  of a pell etised 

PR were not d irectly app l icable to those obtained in the f ield . He 

found that responses to  pelletised Calciphos were greater under fiel d  

c onditions than in the glasshouse experiment reported by Buchan e t  al . 

( 1 9 70 ) . This difference probably resul ts  in part from the fact that in 

glasshouse s tudies , a number o f  factors which operate in the field and 

which may af fect the agronomic performance of a pelletised PR material , 

are usually excluded ( Chapter 3) . These include the impact o f  raindrops 

and treading by the grazing animal , as they a f f ect  the breakdown and 

distribut ion of a pel l et ised PR, and the influence of cracks and channels 

in the soil , along with the activity of  fauna ( particularly earthworms ) 

as they influence the incorporation of the powdered material derived f rom 

the PR pellet into the s o il . 

The influence o f  earthworms on the phys ical and chemical properties 

of  s o il materials has b een well documented s ince the pioneering work o f  

Darwin ( 1 88 1 ) . The enrichment o f  earthworm casts in plant nutrients , 



s uch as  P ,  N ,  K ,  Ca , and Mg (Parle , 1 9 6 3 ;  Graff ,  1 9 70 ; Sharpley and 

Syers , 1 9 76 ; Dash and Patra , 1 9 79 )  and the importance of earthworms in 

the cycling o f  P (Mansell et al . ,  198 1 )  and N ( Syers et al . ,  1 9 7 9 )  in 

pasture ecosys tems have been demons trated . Also , the importance of  

earthworms in  the incorporat ion of  plant res idues in  both cropping and 

pasture sys t ems (Barley and Kl einig , 1 9 64 ; S to ckdill , 1 9 66 ) , and in 

fores t ecosys tems ( Edwards and Heath , 196 3 ;  Vimmers tedt and Finney , 

1 9 7 3) has been s t udied extens ively . However , the role played by 

1 1 2  

earthworms in the incorporat ion o f  surface-appl ied agricultural materials , 

such as  fertilizers , l ime , and pes t ic ides and the effect this has on their 

subsequent performanc e has largely been overlooked . 

In one of  the very few s tudies on this topic in New Zealand , 

S tockdill ( 1 966)  attributed improved vert ical distribut ion of  lime in the 

field , resul ting in increases in both s o il pH and extractabl e  Ca to a 

depth of  1 5  cm , to  the feeding and burrowing activity o f  surface-cas t ing 

earthworms . S to ckdill ( 19 66 )  also measured increases in the vertical 

distribution of D . D . T .  and , as a resul t , an increase in its  effect iveness 

in the contro l o f  grass grub in the field , where earthworms were active . 

Whether earthworms directly incorporate these materials into the soil 

through their feeding and b urrowing activity or whether the presence o f  

earthworm burrows , open t o  the surface , s imply facilitates the downward 

movement o f  the surface-applied material , is unclear . In addition to 

the incorporat ing effec t  earthworms may have on surface-applied material , 

inges t ion o f  these materials , particularly l ime , by earthworms during 

feeding could lead to an increase in the degree o f  int imate contact  o f  

the l ime with the soil during passage through the digest ive tract . This 

intimate conta c t  could promo te dissolution of the lime , leading to further 

increases in b o th the pH and exchangeable Ca o f  the s o il . Although 

evidence for this sugges t ion is lacking it  is clear that earthworms play 
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an important role in the field in the incorporat ion and mixing o f  

s urface-appl ied mat erial . Thus their exclusion from glasshouse s tudies 

may decrease the agronomic effec t iveness of  a surface-appl ied , pelletised 

PR material . • 

The bulk of  data for the performance o f  PR materials has been 

ob tained in the glasshouse (Armiliger and Fried , 19 5 7 ;  van der Paauw , 

1965 ; Bengtson et al . ,  1 9 74 ; Roberts and White , 19 74 ;  Chien and 

Hammond , 19 7 8�), largely b ecaus e o f  the fewer r esources required to conduc t 

glasshouse s tudies and the relatively short-time period required to ob tain 

results . An unders t anding o f  the way in which earthworms affec t the 

agronomic p erformance of a surface-appl ied PR material may be useful in 

the interpretat ion and extrapolation of res ul ts  from the glasshouse to 

the f ield s ituation . 

Th is Chapter repo rts the results from a glasshous e s tudy in which 

the effect of earthworms on the plant availab ility of P in a pelletis ed 

PR is inves tigated . Sub sequently , resul ts from a series o f  s tudies in 

which the mechanisms of incorporat ion and possible effect of  inges t ion o f  

PR particles b y  earthworms are evaluated i n  a n  attempt t o  explain the 

origin of the effect of earthworms on the agronomic effectiveness of PR 

materials .  
' 

5 . 2 Mat erials and Methods 

Four studies were conducted . The first involved a glasshouse 

study to measure the effect  of earthworms on the plant availabil ity of P 

in superphosphate and pelletised PR;  the s econd experiment involved a 

glasshouse trial with tillage treatments to investigate the mechanisms 

contro ll ing incorporat ion ; the third experiment involved an incubation 

study to evaluate the effect of  the inges t ion of  PR particles by earthworms ; 
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and the fourth experiment involved a s eries of  soil-inges tion trials 

to es t imate earthworm inges t ion rates . 

5 . 2 . 1  Soil used in experiment 

The Tokomaru s ilt loam us ed in each of thes e four experiments was 

collected from three depths , 0 - 10 , 10- 15 , and 10-20 cm . The following 

chemical parameters were measured ; s o il pH in water ; organic carbon 

( Chap ter 4 . 2 . 1 ) ;  exchangeable Ca ( to tal of  4 ,  10-min extractions with 

M ammonium acetate ( pH 7) at a solut ion : soil ratio of 2 . 5 : 1 ) ; P-sorp t ion 

capacity ( Chapter 3 . 2 . 2) ;  0 . 5M NaOH-extractab le P ( Chapter 4 . 2 . 6 . 1 ) ;  

and estimates of  plant-available soil P ,  the b icarbonate ( Chapter  3 . 2 . 2 ) , 

the Bray ( Chapter 4 . 2 . 6 . 1 ) and s ingle water ( Chapter 4 . 2 . 1 ) methods . 

Results for these analyses are given in Table 5 . 1 .  

5 . 2 . 2  Glasshouse experiment involving earthworms 

All soils were air dried and passed through a 6-mm s ieve b efore 

potting . The soil was hand packed , in the two (0-10  and 10-1 5cm) depths , 

into po ts measuring 30 x 30 x 1 8  cm to leave the soil surface 3 cm below 

the top o f  the po t .  The weight o f  air-dried soil per pot was 9 kg . 

Earthworms were collected in winter ( July , 19 78) from under 

permanent pas ture adj acent to where the soil was sampl ed . A solution 

containing 1 %  formal in was used to extrac t the earthworms . This 

conc entration extracted earthworms for use in the pots without undue 

damage . 
2 

The earthworm population dens ity was estimated using 1 6 , 0 . 0 2  m 

2 
hand-sorted soil cores and 1 6 , 0 . 0 2  m cores immersed in 2%  formalin 

solution ( Springett , 198 1 ) . The populat ion was approximat ely 50%  

Allolobophora caliginosa (Savigny) 50% Lumb ricus rubellus Ho ff . An 

-2  -1  
earthworm populat ion of 600 m ( 54 po t ) was used in the glasshouse 

trial . Measurement of the N cont ent o f  the mixed earthworm populat ion 

was made following Kj eldahl diges t ion (Bremner , 1965) . The population 



Table 5 . 1  

Soil P�2o 
depth 

( ern) 

0- 10 5 . 7 

10- 1 5  5 . 7 

1 0-20 5 . 5  

Some chemical characteristics o f  Tokornaru s ilt loam from th,ree :depths 

NaOH- Extractab le-soil P 
Organic  Exchangeable  P-sorption extractab l e  P 
carbon ea capacity in soil B icarbonate Bray 

( %) (rneq %) ( %) 
- 1  (f.l g  g ) 

- 1  (f.l g  g ) 

2 . 29 6 . 6  24 72  8 . 4 8 . 9  

- - 26 - 6 . 2  -

1 . 06 5 . 3  26 45 4 . 2  5 . 6  

Water 

3 . 9  

3 . 2  

3 . 1 

1-' 
1-' 
V1 



dens ity cf En:chytra=e:::Lda=e was also measured in the f ield prior to s o il 

collectio n .  S ixteen s o il cores ( 3 . 6  cm i n  diameter and 8 c m  deep) 

were extracted in heated , wet funnels for 3 h ( Table  5 . 2) . Additional 

p o ts with earthworms were included for destruc t ive sampling during the 

experiment to check on earthworm survival . 
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The PR us ed in the glasshouse experiment was Chatham Ris e  phosphorite 

( CRP)  . The pell etised CRP had a to tal P content of  9 . 2% ,  o f  which 20 . 7% 

was s oluble  in 2%  citric acid , and the granulated s ingle sup erphosphate 

c ontained 8 . 5% total P ,  of which 79 . 5% was soluble in 2% citric acid . 

Addi tional information on these two P sources is given in Chapter 3 . 

( Table  3 . 3) . The treatments are l is ted in Fig . 5 . 1 .  A complete 

randomised block design was used . Incorporated treatments were mixed 

into the upper 2 cm of s oil . Sulphur ( S )  was applied as gypsum to all 

t reatments a t  the quantity of  S added in the highest rate o f  s uperphosphate . 

Additional S was applied after the 3rd and 5 th harvests . Nitrogen (N)  

as ammonium nitrate , potassium as potassium chloride , and the micronutrient 

s olut ion of Middleton and Toxopeus ( 19 7 3) were applied after each harvest . 

Approximately 150 seeds o f  perennial ryegrass ( Lolium perenne) were sown 

on the soil surface after the addition of  earthworms and fertil i zers . 

A total of seven harvests were taken at  varying intervals  ( 8 ,  4 ,  4 ,  

4 ,  4 ,  4 ,  and 5 weeks) .  All herbage was removed and oven dried at 60°C 

for 24 h b efore weighing . The concentrations of P and N in the ryegrass 

were determined following Kj eldhal diges t ion . Three cores  ( 2 . 5  cm in 

diameter) from selected treatments were also taken for s o il chemical 

analys is at the end of the glasshouse trial . 

5 . 2 . 3 Incorpora tion experiment involving t illage 

Before po t t ing , b o th the upper (0 to 10 cm) and l ower ( 10 to 20 cm) 

soil horizons were air dried and pass ed through a 6-mm s ieve . S o il from 



Table 5 . 2  Changes in field populations o f  earthworms under 

permanent pas ture from July 1 9 78 to February 1 9 79 

Parameter 

-2 
Numbers (m ) 

t -2 
Biomass ( g  m ) 

* 
S tandard errors 

t Wet weights 

Earthworm population 

July 19 78  February 1 9 79 

333 ± 29 . 4  

1 2 7 . 8  28 . 7  

1 1 7  
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the lower depth was hand packed to the f ield b ulk dens ity into the 

bottom 10 cm of pots h aving a diameter of 25 cm and a dep th o f  24 cm . 

S o il collected from the upper 10 cm in the field was then added and 

a gain hand packed to fiel d  bulk dens ity to leave the soil surface 4 cm 

below the top o f  the pot . 

The PR us ed in the glasshouse trial was Sechura pho sphate ro ck 

( SPR) from the S echura Desert area of northern Peru . Values for total 

P ,  determined following perchloric  acid diges tion (O ' Connor and Syers , 

1 9 75) and water- ( The Fertilisers Regulations , 1969)  and 2%  citric  acid-

( The Fertil isers Regulations , 1 9 6 9 )  extractable P in the powdered and 

p elletised SPR, and o f  superphosphate are summarised in Table 5 . 3 , as 

a re some physical characteristics of the two P sources . 

The individual treatments used in the experiment are given in 

Table 5 . 4 .  The pell etis ed SPR treatments  were surface appl ied , while 

b oth powdered SPR and graqulated ( < 2  mm) superphosphate treatments were 

incorporated into the upper 4 cm of s o il to maximise effectiveness .  

The t illage treatment was devised to s imulate the number o f  earth-

worm burrows open to the soil surface at any one time . This was 

achieved by pres s ing metal needl es into the soil . To s tandardise the 

pro cedure ,  10 needles , o f  varying diameter ( 1 . 5 to 4 . 0 mm) and l ength 

(4  to 2 2  cm) , were f ixed to a b oard having the same diameter as  the pots , 

and the board was pressed onto the soil surface . The 10  holes formed 

are equivalent to the numb er o f  burrows which would be open to the surface 

- 1  -2 
on a daily b as is if  an earthworm population of  30 pot ( 600 m in the 

field) was pres ent ( S pringett , unpubl ished data) . The t illage I 

treatment was appl ied every second day . The tillage I I  treatment relates 

-2 
to a f ield earthworm population of 1 200 m , with 20 burrows open to the 

surface . 

S ulphur ( S )  was appl ied as  gypsum to all treatments in the same 



Tab l e  5 . 3  

Phosphate 
source 

Superphosphate 

SPR 

Some phys i cal and chemical characteristics o f  

S echura phosphate rock (SPR) and superphosphate 

p extracted by 
To tal Total 

Form p Caco
3 

Water 2%  citric 

( %) ( %) (% o f  to tal P )  

Granules 1 0 . 1  0 5 3 . 2  8 3 . 5  

Powder 1 3 . 7  8 . 9  <0 . 0 1  4 2 . 4 
( < 1 80 llm) 

Pellets 
( 2-4 mm) 1 3 . 0  8 . 1 < 0 . 0 1 4 2 . 4  

1 1 9 

acid 



Table 5 . 4  

Treatment 

Control 

To tal yield of ryegrass and phosphorus uptake 

by ryegrass over four harvests as influenced 

by tillage and the sourc e ,  form,  method , and 

rate  of applicat ion of phosphate 

Appl icat ion 
Rate Y ield 

- 1  
( kgP ha ) ( g) 

0 4 0 . 3  H* 

Control , Tillage I 0 4 3 . 7  G 

Control , Tillage II  0 4 7 . 8  F 

P elletis ed SPR 75 55 . 6  E 

Pelletis ed SPR, Tillage I 75 58 . 1  D 

Pelletis ed SPR, Tillage II  75  59 . 9  CD 

Powdered SPR 75 64 . 2  B 

Superphosphate 75 6 1 . 0 c 

S uperphosphate 150 70 . 4  A 

* Capital l etters deno t e  Duncan ' s  symbols for assessing 

s ignificant (P <0 . 0 1 ) differences . 

1 2 0  

p uptake 

(mg) 

1 2 6 . 9  F 

1 38 . 8  E 

146 . 1  E 

1 79 . 9  D 

19 7 . 0  c 

20 2 . 4  c 

222 . 5  B 

2 14 . 8  B 

2 72 . 4  A 
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quant ity a s  the S added in the highes t sup erphosphate treatment . 

Additional S was app l i ed after the 3rd harves t .  Nitrogen (N) , potassium, 

and the micronutrien t  solution o f  Middl eton and Toxopeus ( 19 7 3) were 

applied after each h arves t .  Approximately 1 20 s eeds of perennial 

(Ruanui) ryegrass (Lolium perenne) were sown on the soil surface a f t er 

the addit ion of  fert il izer . Po ts were watered to field capacity ( taken 

at 40--cm suct ion) on a daily b as is . A to tal of  4 harvests were taken 

at varying interval s ( 7 ,  4 ,  4 ,  and 5 weeks ) . All herbage was removed 

and oven dried at  60°C for 24 h before weighing . The concentration of  

P and N in  the ryegrass was determined following Kj eldahl diges t ion . 

Three soil cores ( 2 . 5  cm in diameter) were taken from one repl icate of  

each treatment at the first  harvest and the remaining four replicates 

sampled at the fourth harves t ,  and used for soil analys is . 

5 . 2 . 4 Incub at ion study with earthworms 

Duplicate 4000-g s ampl es of  air-dried and s ieved ( < 6 mm) Tokomaru 

s ilt loam (0 - 10 cm) with 50 g of o rganic matter added as f inely-ground 

( <0 . 5  mm) herbage , were incubated in pots with SPR and superphosphate 

- 1  
at an application rate to give 500 � gP g o f  soil . The herbage 

contained 3 . 2% N ,  0 . 4 1% P, and 0 . 95%  Ca . Incubat ions were done in the 

presence and abs ence of earthworms at field capacity ( 4 2 %  water content 

and 20°C for 70 days) . Thirty �· rub ellus were added to each pot at the 

start o f  the experiment .  Earthworms were also added to the above 

treatments in a separate set of pots 24 days after the s tart of the 

incubat ion . 

The 50 g of  o rganic matter was added to each pot as a food source 

for the earthworms . Because of  poss ib l e  interactions between earthworm 

activity and extrac tabl e-so il P l evels ,  the effect of addition o f  various 

amounts o f  o rganic matter ( 0 ,  50 , and 100 g per 4000 g o f  soil) , was also 

monitored over 70 days in a s eparate study . 
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During the 70 days , a total o f  1 2  samplings were conducted . At 

each sampling a duplicate 20-g soil sample was taken from each po t ,  

s ieved ( < 2  mm) , and analysed . In addition to changes in bicarbonate- , 

Bray- , and O . SM NaOH-extractab le P in the soil , changes in pH ·and organic 

carbon content were also determined at each sampling . Earthworm casts , 

col l ected after 7 days from the SPR treatment , were incubated separate ly 

at 20°C and analysed for changes in O . SM NaOH-extrac table P at  six time 

int ervals .  

Because o f  the difficulty of  identifying CRP particles in the soil , 

SPR was used in the incub ation study and a small optical and s canning 

electron mi cros copy study was include d .  

5 . 2 . 5  S o il inges t ion trials with earthworms 

Es timates of  inges tion rates by earthworms were made us ing three 

methods : 

( i) After weigh ing 50 earthworms (L . rub ellus ) which had been 

feeding in the Tokomaru s il t  loam for 48 h ,  the gut content  

was retrieved by s tripping . The soil collected was 

weighed after  drying a t  60°C for 24 h .  

( ii) Fifty earthworms (�. rubellus) were placed in the Tokomaru 

s ilt loam ( a  soil o f  l i ght colour) for 4 8  h .  These were 

then trans ferred to Manawatu s il t  loam (a soil of darker 

( iii) 

colour) for a further 24  h ,  then removed .  The soil was 

then s eparated out and the readily-identifiab l e  casts o f  

the Tokomaru s o il rembved ,  oven dried at  60
°C for 2 4  h ,  and 

then weighed .  

The third method used for estimating earthworm ingestion 

rates used the frame technique developed by Springe t t  ( pers . 

comm . ) .  Two earthwo rms o f  either �· rubellus or !· caliginosa, 

o r  one o f  each specie s , were placed in 200 g o f  s ieved ( < 2  mm) 
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Tokomaru soil in frames measuring 20 x 10 cm ( side) x 

1 cm (width) , with one glass s ide , watered to field 

capacity ( 4 2 %  water content) , and kept in a growth cabinet 

There were ten repl icates of each . Daily 

counts , over 19  days , were made on an area basis of the 

soil affected by earthworms either by cas ting or burrowing , 

using a grid p laced over the glass s ide . Between counts 

the frames were kept in polythene boxes . 

5 . 3  Results and Dis cuss ion 

5 . 3 . 1  Effect o f  earthworms on the plant availabil ity of  

phosphorus in  superphosphate and Chatham Rise phosphorite 

The mixed earthworm populat ion affected both the yield of ryegrass 

and P uptake by ryegrass over s even harves ts (Fig . 5 . 1) .  This effect , 

however , varied in magnitude with the source and rate and metho d o f  

appl icat ion o f  P .  The effect o f  earthworms on the performance  o f  super-

phosphate and pell etised CRP will b e  discussed separately . 

5 . 3 . 1 . 1  Changes in earthworms population 

The numbers and weights of earthworms per pot at the 

b eginning and at the end of the experiment are shown in Tab le 5 . 5 .  

The field populat ion and b iomass o f  earthworms over the same time period 

are shown in Tab l e  5 . 2 .  Al though the numb ers :of earthworms in the pots 

remained relat ively constant throughout the trial period ,  to tal earthworm 

biomass per pot decreased markedly . As the N content o f  earthworms was 

8 . 9 5% , the loss in b iomass contributes , on average , an addit ional 

- 1  
1 7  � gN g to the N pool in the s o il . The survival o f  earthworms in the 

pots ( Tabl e  5 . 5 ) was greater than that of the field population ( Tabl e  5 . 2 ) 

during the same period . Mean earthworm weight was also greater 
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Tab l e  5 . 5  Number and weight o f  earthworms p resent at the s tart ( July 19 78)  

and at the end (February 1 9 7 9 )  of the experiment 

Earthworm numbers 

July 19 78 February 1 9 7 8  

* 
Treatment Application rate Numb ers Weigh t  Numbers Weight 

- 1  
(kgP ha ) 

- 1  
( po t  ) 

- 1  
( g  po t ) - 1  

(pot ) 
- 1  

( g  pot ) 

Control 0 54 26 . 0 8  4 8  8 . 7 1 

Superphosphate 50 54 26 . 16 5 1  8 . 56' ' 

Superphosphate 100 54 25 . 20 5 2  8 . 32 

Superphosphate 100 ( Incorp . )  54 24 . 96 4 7  8 . 2 1 

CRP 50 54 25 . 8 1  49  8 . 16 

CRP 100 54 24 . 8 7 46  8 . 28 

CRP 100 ( Incorp . )  54 25 . 30 4 8  8 . 24 

Mean earthworm 
weight (g )  0 . 4 6 5  0 . 1 7 1  

* 
Wet weights . 

...... 
N 
V1 
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in  the glasshouse than in the field at  the end of  the experiment . 

5 . 3 . 1 . 2  Effectiveness o f  superphosphate 

Total ryegrass yiel ds for the s even harves ts were increas ed 

s ignificant ly (P <0 . 0 1 ) by superphosphate addition at bo th the 50 and 

100 kgP ha
- 1  

appli cation rates and in b o th the presence and abs ence of  

earthworms (Fig . 5 . 1a) . No s ignificant (P  <0 . 0 1 ) differences in ryegrass 

yiel ds w ere found between sup erphosphate treatments in the presence and 

abs ence of earthworms . To tal P uptake by the ryegrass over the seven 

harvests ( Fig . 5 . 1b )  also showed no significant ( P  <0 . 0 1 ) differences 

between superphosphate treatments in the presence and absence  of earth-

worms . 

The relative cumulative yiel d  data over seven harves ts for super

phosphate in the p res ence and absence of earthworms are shown graphical ly 

in Fig . 5 . 2a .  Where there are two rates for a fertilizer treatment , the 

curve represents the average effect . The effectiveness o f  superphosphate 

was increased markedly in the presence of earthworms at the first ( 19 to 

35% ) , second ( 19 to 33%) , and to a lesser extent the third ( 10 to  1 9 % )  

harves ts . Incorporation increased the effectiveness o f  superphosphate 

in the p resence of earthworms by 12% at the firs t harves t .  The initial 

yiel d of the controls was also increas ed in the presence o f  earthworms . 

By the seventh harves t ,  the differen ces in the effectiveness of  super

pho s phate in the presence and abs ence of earthworms had decreased to 

between 7 and 10% . The relative cumulative P uptake by ryegrass from 

sup erphosphate (Fig . 5 . 2b )  was also initially greater ( 20 to 4 0%)  in the 

presence of earthworms . Incorporation of  superphosphate in the presence 

of  earthworms inc reased its initial effec tiveness by 20% .  As with the 

relative yield da ta , however ,  thes e differences did no t persis t . 

Inco rporation o f  superphosphate had no measurabl e effect on its 

effectiveness in the absence of  earthworms . 
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In addition to s ignificant differences in initial P uptake by 

ryegrass b etween superphosphate treatments in the presence and abs ence 

o f  earthworms , a significant (P<0 . 0 1 ) difference was also  found in the 

concentration o f  N in ryegrass for the same treatments at  the first 

harves t .  In the abs ence o f  earthworms , the average N content o f  the 

ryegrass was 3 . 55% , whereas in the presence of earthworms the average 

N content of the ryegrass increased to 3 . 9 5% at the firs t harves t .  As 

was the case for P up take and yield differences , this difference did no t 

p ers is t .  Average N contents o f  the ryegrass for the remainder o f  the 

trial ranged f rom 4 . 00 to 4 . 20% . With one excep t ion, no differences 

were found in the amounts of water-extractable P ( Fig . 5 . 3) in soil s  

between superphosphate treatments in the presence and abs ence o f  earth-

worms at the three depths at  the end of the experiment . The exception 

was for superphosphate treatments when incorporated at the 0-2 cm depth . 

5 . 3 . 1 . 3  Effec tiveness o f  Chatham Rise phosphorite 

Total ryegrass yields with pelletised CRP for the seven 

harves ts were significantly (P <0 . 0 1 ) greater in the presence o f  earth-

worms at both rates of application (Fig . 5 . 1 ) .  On a relative bas is , the 

inc reas e in yield was 19  to 22% greater  in the presence of  earthworms . 

Incorporation reduced the performance o f  pelletised CRP , compared to the 

surfac e-appli ed treatment , by 5% in b o th the pres ence and abs ence o f  

earthworms . As for total yield , to tal P uptake by ryegrass from 

pell etised CRP was also significantly (P  <0 . 0 1 ) greater in the presence 

of  earthworms . 

The overall difference b etween pelletised CRP in the presence and 

abs ence of earthworms ( Fi g . 5 . 1 ) exis ted from the firs t harvest, as shown 

by the relat ive cumulative yield data over the s even harves ts ( Fig . 5 . 4a) . 

Again all treatments are compared to surface-appl ied superphosphate , in 
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the abs ence o f  earthworms . This difference in the effectiveness of  

pell etised CRP remained relatively constant throughout the trial , 

al though the ac tual effectiveness of  pelletised CRP increased  with time 

in the presence o f  earthwo rms . By the seventh harvest ,  the yields with 

pell etised CRP in the pres ence of earthworms were 28 to 33% greater than 

the controls , whereas in the abs ence o f  earthworms the increases in 

yield were only 1 1  to 1 5 %  higher . Comparisons bas ed on relative 

cumulative P up take by ryegrass from pelletised CRP over s even harves ts 

gave the same trends as the yield data , although at  a lower l evel when 

compared to sup erphosphate ( Fig . 5 . 4b ) . As with the superphosphate 

treatments , a significant (P  <0 . 0 1 ) difference was found in the 

concentration of N in the ryegrass b etween pelletised CRP treatments in 

the pres ence and absence of earthworms at the firs t harves t .  In the 

abs ence of earthworms the average N content of the ryegrass was 3 . 62% 

whereas in the pre sence of  earthworms the average N content increased to 

3 . 89 % .  Again this difference in the concentrat ion of N in the ryegrass 

did not p ers is t . The N content of  the ryegrass for the remainder o f  

the trial was within the range reported earl ier for superphosphate . 

The pres ence o f  earthworms had a small er effect on P uptake ( 7  to 14%)  at  

the first harvest  than it had on ryegrass yiel d ( 16 to  20%) . The effec t 

o f  method of  appl ication on the plant availab ility of P in CRP is again 

clea rly demons trated . 

Water-extrac tabl e  P l evels in s o il from the surface-appl ied 

pell etised CRP t reatment were greater at the lower two sampl ing depths in 

the presence o f  earthwo rms at the end o f  the experiment (Fig . 5 . 3) .  This 

result contrasts  with that found for superphosphat e .  When the pelletised 

CRP was incorporated the differences in water-extractabl e  P l evels at the 

lower two dep ths were far small er . 
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5 . 3 . 2  Possible mechanisms o f  incorporat ion  and the 

possible effec t  o f  inges tion of phosphate rock 

particles by earthworms 

5 . 3 . 2 . 1  Incorporation experiment involving tillage 

To tal ryegrass yield fo r  the four harvests combined are 

1 3 2  

g iven in Tabl e 5 . 4 .  A s i gnificant ( P  <0 . 0 1 ) P respons e was ob tained with 

b o th superphosphate and SPR in bo th the powdered and pel letised fo rms . 

The s o il also showed an increas ing response to P with increasing rates o f  

appli cat ion . 
- 1  

Whereas a t  75 kgP ha powdered S P R  gave a greater ( P  <0 . 0 1) 

yield of  ryegrass than s up erphosphate ,  in the pelletised form SPR was less 

(P < 0 . 0 1 )  effective (Tab l e  5 . 4 ) . On a relative yield bas is , powdered 

SPR was 1 0 5 %  as effective as superphosphate .  

The tw0 tillage treatments increased the yiel ds o f  ryegrass in b o th 

the contro l s  ( 9  to 19%)  and with the pelletised SPR (4 to 7% ) . On a 

relative yiel d  bas is , ryegras s yields from pelletised SPR were increased 

from 9 1% o f  that ob tained with s uperphosphate to  9 5  and 9 8% with the 

t illage I and II treatments , respec tively . 

No differences were found in to tal P uptake  by ryegrass between 

s uperphosphate and powdered SPR al though pell e t i s ing reduced the effec t-

iveness of  SPR ( Table 5 . 4 ) . Again , the two til lage treatments increased  

P uptake by the ryegrass in  bo th the  controls (9  to  15%)  and pelle tised 

SPR ( 10 to 1 3% )  treatments . Al though bo th the til lage treatments 

increased ( P  <0 . 0 1 ) the effectiveness of  pelletised SPR, these increases 

were s till l ess  ( P  <0 . 0 1 )  than those with either s uperpho sphate or 

powdered SPR ( Tabl e  5 . 3) . 

Water-extractable P in the top 4 -cm soil depth in the po ts increased 

at the f i rs t  harves t when powdered SPR was incorporated ( Fig . 5 . 5 ) . 

Even after four harves t s , the increas es in water-extrac tab le P were 

res tricted to the upper 2 cm of s o il in the pots  when pel l etised SPR was 
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surface appl ied . When the t illage treatments were used in conj unction 

with sur face-applied , pell etised SPR, the amounts of water-extractab l e  

P increas ed in the 2 t o  4 c m  soil depth at the fourth harves t ( Fig . 5 . 5 ) . 

5 . 3 . 2 . 2  Incub ation s tudies wi th earthworms 

In the first 20 days , no differences were found between 

earthworm and non-earthworm treatments but by day 38 , earthworms had 

increas ed the Bray-extractab l e  P in the soil to wh ich SPR was added , by 

32% ( Fig . 5 . 6 ) . Addition o f  earthworms after 24 days to soil incub ated 

wi th SPR also resul ted in an increase in Bray-extractab l e  P ,  but this 

increase ( 16%)  was no t as pronounced . 

The amoun ts o f  0 . 5M NaOH-extractable ino rganic P in the soil to 

wh ich SPR was added , increas ed . in bo th the presence  and absence of  

earthworms over 70 days (Fig . 5 . 7 ) .  Because apa tite minerals are 

insolub l e  in dilute NaOH and b ecause this reagent extracts sorbed ino rganic 

P (Will iams et al . ,  1 9 6 7 ) , increases in the 0 . 5M NaOH-extrac table P 

fract ion of  a s o il to which a PR is adde d ,  provides a goo d estimate o f  the 

amount of P dissolved and retained by the soil . Validation of  the use o f  

the NaOH extract ion t o  provide an estimate o f  the amount o f  PR dissolved 

in a soil is p resented l a ter  ( Chap ter 7 . 2 . 4 ) . 

As with B ray-extractable P ( Fig . 5 . 6 ) , earthworms had no marked 

ef fect on 0 . 5M NaOH-extrac tab l e  P in the soil to which SPR was added over 

the first 20 days . Howeve r ,  by 70 days 0 . 5M NaOH-extractab l e  P had 

increased by 1 9 %  in the presence of earthworms ( F i g .  5 . 7) . Al though these 

p ercentage increases are l es s  than thos e  repo rted for Bray-extractab l e  P 

( Fig . 5 . 6 ) , the actual increases in 0 . 5M NaOH-extractab l e  P are far greater 

(40 � gP g
- 1  

of  soil) . Earthworm cas ts collected from the soil to which 

SPR was added 7 days after the s tart o f  the s tudy and incubated separately , 

showed a s imilar increase in 0 . 5M NaOH-extractab l e  P to that in the soil 

with SPR in the presence o f  earthworms ( Fig . 5 . 7) .  
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Marked differences were obs erved by optical micros copy in the 

degree of intimate contac t of SPR particles with soil in earthworm cas ts 

( Plate 5 . 1 ) compared to particles inc uba ting in the soil (Plate 5 . 2 ) . 

Whereas contact o f  the SPR par ticles with soil aggregates in the 

incubating so il was res tri cted to a few surfaces ( Plate 5 . 1 ) ,  the PR 

particles were in intimate  contact with soil on all surfaces (Plate 5 . 2 ) 

in the earthworm cas ts . 

A mo re detailed examinat ion by s canning elec tron micro s copy ( S EM) 

however ,  showed no vis ib l e  differences in the s urface morphology o f  SPR 

particles following passage thro ugh the earthwo rms diges tive tract (Plate 

5 . 3) ,  compared to tha t of  particles incubated in the so il (Plate 5 . 4 )  and 

prior to incub at ion (Plate 5 . 5 ) . Fo ur earthwo rm species (!. caliginosa , 

�· rubellus , A .  longa , and Oc talasium cyaneum) and two soil types 

( Tokomaru s il t  loam and S t ratfo rd s andy loam) were included in this study . 

- 1  
When 5 0  g ( s upplying 5 1 . 3  �gP g o f  soil)  and 100 g ( s upplying 

- 1  
10 2 . 6  �gP g o f  soil)  o f  o rganic mat ter were added as finely-gro und 

herbage to the Tokomaru s il t  loam ,  b icarbona te-extractable P in the soil 

increased , particularly in the pres ence of earthworms ( Table 5 . 6 ) . 

Increases in b i carb onate-extractable P in the soil  to whi ch SPR was 

added , were in fact very s imilar to those reported for Bray-extractable P 

( Fig . 5 . 6 ) . Af ter 70 days , marked increases were found , particularly at  

the h ighes t organic ma tter addition , in  bicarb onate-extractab l e  P in  the 

soil to which either SPR o r  superphosph ate was added in the p res ence of 

earthworms ( Table 5 . 6 ) . 

Measurements o f  s o il pH showed no changes over 70 days in the s o il 

alone and in the soil to which 50 g o f  o rganic matter was added in either 

the pres ence o r  absence of earthworms . In contrast , at the highest level 

o f  o rganic matter addi tion ( lOO g) , soil  pH decreased in the presence o f  

earthworms from 5 . 4 5  initially , t o  5 . 10 a t  3 5  days , and to 4 . 82 at  70 days . 



Plate 5 . 1 Nature and extent o f  the contact between S e chura 

phosphate rock �articles when mixed with sieved 

( < 2  mm) Tokomaru s i l t  loam (magnific ation = 80 ) . 

1 3 8  



Plate 5 . 2  Nature and ext ent o f  the contact  between Sechura 

phosphate ro ck particles and s o il material in 

casts after passage through the earthwo rm ' s  

digest ive tract (magnificat ion = 80) . 

1 3 9  



Plate 5 . 3 S canning electron micrograph o f  a S echura phosphate 

rock part icle after passage through the earthwo rm ' s  

digestive tract (magnification = 400) . 

1 4 0  



Plate 5 . 4  S canning electron micrograph o f  a S e chura phosphate 

rock particle after incubation in s ieved ( < 2  mm) 

Tokomaru s il t  loam (Magnification - 400) . 

1 4 1  



Plate 5 . 5  

142 

Scanning el ectron micrograph o f  a Sechura phosphate 

rock particle prior to  incub ation (magnification = 400 ) . 



Tab l e  5 . 6  

Treatment 

1 Control 

2 SPR 

Bicarbonate-extractabl e  soil phosphorus ( �g g
- 1

) 

values at 70 days as influenc ed  by the source o f  

phosphat e ,  addition of  o rganic  matter , and earthworms . 

Treatments 1-3 earthworms abs ent ; 

treatments 4-6 earthworms present 

- 1  
Differences between dupl icates < 1 . 5  �gP g 

Application 

1 4 3  

rate Level o f  organi c  matter addition ( g) 
- 1  

(JlgP g ) 0 50 100 

0 6 . 0 8 . 4  1 2 . 6  

500 26 . 4  30 . 6  32 . 2  

3 Superphosphate 500 70 . 7  72 . 0  75 . 5  

4 Control 0 7 . 8  9 . 6  1 5 . 6  

5 SPR 500 34 . 2  42 . 6  48 . 0  

6 Superphosphate 500 79 . 2  86 . 4  9 3 . 6  
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In the absence of  earthworms , the decreas es were far l ess pronounced ; 

5 . 38 at  35 days to  5 . 12 at 70 days . Organic carbon monitored throughout 

the s t udy , however ,  remained cons tant , even in the earthworm treatments . 

Al though not measured , addition of  o rganic matter in the incubating soil 

- 1  coul d  h ave increas ed exchangeable Ca l evels  by as much as 1 1 9 and 2 38 �g g-

o f  s o i l  as a resul t o f  the addition of  50  to 100 g o f  organic mat ter , 

respectively . 

The average weight o f  30 earthworms added at the s tart o f  the 

experiment was 0 . 33 g per earthworm . After 70 days , the average weight 

o f  earthworms was related closely to the level o f  added organic matter . 

With soil alone , the average weight per earthwo rm was 0 . 21 g ,  whereas 

with soil and 50 g and 100 g of added organic mat ter the average weigh t  

p er earthworm was 0 . 2 7  g and 0 . 30 g ,  respect ively , after 7 0  days , 

representing lo sses in b iomass o f  9 to 36% . 

5 . 3 . 2 . 3  S o il ingestion trials with earthwo rms 

The gut capacity o f  the earthwo rms , estimated by s tripping , 

yiel ded 188  mg oven-dry soil per g o f  earthworm . Assuming that this 

amo unt is ingested once every 24 h ,  then the 30 earthwo rms in the 

incubating soil woul d  h ave ingested only 1 3 1  g or 3 . 3% of the 4000 g o f  

s o i l  in 7 0  days . 

Est imates derived by coll ection and weighing of  cas ts gave 2 7 4  mg 

oven-dry soil per g o f  earthwo rm. Assuming that this amount is ingested 

once every 24 h ,  then the 30 earthworms in the incubating s o il woul d have 

ingested 4 . 7% of the 4000 g of soil in 70 days . 

Us ing the f rame technique , the percentage of s o il affected by the 

two earthworm species on an area bas is , measured by both cas ts ( Fig . 5 . 8a)  

and burrows ( Fig . 5 . 8b ) , increased over 19  days . !. caliginosa casts 

accounted for approximately 44% o f  the soil area after 19  days , whereas 
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L .  rubel lus casts accounted for o ver 70% o f  the soil area ( Fig . 5 . 8a) 

over the same perio d . A combination o f  the two species increased this 

to  approximately 88% ( Fi g . 5 . 8a) . No distinct ion was made b etween 

discrete casts and soil partic l es partially or completely coated with 

cast material . Burrows accounted fo r 28  and 2 7 %  of  the soil area 

affected by �· caliginosa and �· rub el lus , respec tively , after 19 days 

( Fig . 5 . 8b ) . A comb ination of  the two species increased this 

proportion . Combining casts and burrows gives an indication of  the 

to tal area o f  the soil affected by the two earthworm species over the 

19  days ( Fig . 5 . 8c ) . 

5 . 4  General Discus s ion 

The effect of  earthworms on  the yield of ryegrass and P uptake by  

ryegrass in the present glasshouse experiment varied with the source ,  

rate , and method of  application o f  P ,  and with time . The increas e in 

the yiel d o f  ryegrass in the presence of  earthworms varied from 2 to 32% , 

wh ile the increase in P uptake by ryegrass ranged from 0 to 40% over 

seven h arves ts . A number o f  o ther wo rkers have reported that earthworms 

increase herbage yields , both in the glasshouse (Hopp and Slater , 1 94 9 ; 

Waters , 19 5 1 ; Nielsen , 1 95 3 ;  Edwards and Lo fty , 1978)  and in the field 

(Niel sen , 1 9 5 3 ;  S to ckdill , 1959 ; Edwards and Lo fty ,  1 980) . Nielsen 

( 1953)  found increases in pro duct ion ranging from 30 to 1 10% from a sward 

containing both gras ses and clover over 20 months in a pot experiment . 

Wat ers ( 19 5 1 )  also ob tained s imilar increases in the growth o f  ryegrass 

in the p resence o f  earthworms in the glasshouse . Edwards and Lof ty 

( 19 78)  and ( 19 80 )  found that the number o f  b arley seedl ings emerging , 

weight of  b arley roo ts , and height o f  barley plants were greater in 

direct-drilled soil in which earthworms were present . 
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In  addition to a marked dif ference in  the phys ical appearance o f  

the soil i n  wh ich earthworms were present , all earthworm treatments gave 

a significantly h igher concentration of N in the herbage at the first 

h arvest , which would account , in part , for the increased yield of 

ryegrass . The initial increase in N concentra tion of the ryegras s 

probably resul ts from an increase in the amoun t  of  plant-availab l e  s o il 

N .  A number  o f  workers have measured increases in the amounts o f  

plant-availab le soil N as a result o f  the activity of  earthworms in 

glasshous e s tudies ( Russell, 1 9 10 ; Hopp and S later , 1949 ; Barley and 

Jennings , 1 959) . S everal workers ( Satchel l , 1958 ; Edwards and Lofty , 

19 7 2 )  h ave sugges ted that earthworm mo rtality is the probable source o f  

the increase i n  the plant-available soil N pool . Although over 85% 

of  the earthworms were recovered from the pots at the end of the pres ent 

glasshouse experiment ,  a marked decrease in their total b iomass was (-To. b I<L S"" 5 )  
measuredk Calculat ions indicate that the contribution of  N from this 

source to the plant-availab l e  pool was relatively small ( 3 . 4%)  in relation 

to the total added inorganic N .  Differences in the concentration o f  N 

in the ryegrass did no t persist  after the first harves t .  

There were s imilar changes in both the fiel d and glasshouse 

populat ions of earthworms over the period of the experiment . This would 

sugges t  that measurements in the glasshouse are relevant to the field 

situa t ion , as  the loss  in population b iomass is no t s imply a resul t of  

the glasshous e technique . 

Probably the mos t  s ignificant feature of the resul ts obtained in 

the glasshouse experiment involving earthworms was the different effect  

earthworms had on the performance of  the two P sources . With super-

phosphate , the ini t ial increase in both ryegrass yields and P uptake by 

the ryegrass ranged f rom 20 to 40% at firs t harves t ,  to less than 10% 

by the seventh harves t .  The effect o f  earthworms on the concent ration 
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o f  N in the ryegrass and on consequent yield probably explains the 

initial difference in the performance of superphosphate . In marked 

contras t ,  earthworms increased the performance o f  pelletised CRP by 15 

to 30% throughout the whole trial period . In the abs ence o f  earthworms , 

however , peDetising reduced the effectiveness o f  CRP . In addition to 

any effect  o f  increased short-term,  plant-available soil-N l evels on 

plant growth , the increased effectiveness of CRP in the presence of 

earthwo rms appea rs to h ave resul ted , in part , f rom the incorporation 

into the s o il of the surface-applied CRP material by the feeding and 

burrowing a c t ivity of the earthworm . Increas es in the amounts of  wat er-

extractab l e  P ( Fig . 5 . 3) in the soil measured a t  the lower two depths 

indi cate movement o f  CRP particles from the s o il surfac e .  I t  i s  not 

clear , f rom these resul ts ,  however ,  whether the earthworms directly 

inco rporated CRP particles into the soil at  lower depths , through their 

feeding and burrowing activity , o r  whether the presence of  burrows open 

to the s urface s imply facilitated the downwar d  movement o f  the surface

applied PR particles during watering . 

Although the agronomic data from the t illage experiment were 

inconclus ive , increases in the amounts of water-extractab le P at the 

2 - A  cm soil depth after four harves ts , indicate movement of SPR 

part icles , derived from the pell etised PR applied on the soil surface , 

into the s o il under the til lage t reatment ( Fig . 5 . 5 ) . In fact the 

increases in water-extractab le P in the soil were very s imilar to tho s e  

found i n  the soil used i n  t h e  glasshous e s tudy with pelletised C RP  i n  the 

presence of earthworms (Fig . 5 . 3) ;  sugges t ing that earthworms play 

neither an active nor a direct role in the inco rporation of  a surface-

appl ied ,  pelletised PR . The presence of earthworm burrows open to  the 

surface s imply appears to facilitate the downward movement of PR particles 

from the site o f  appl icat ion on watering . Thes e increases in wat er-
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extractab l e  P in the s o il may have b een refl ected in increased plant 

growth , had the present glasshous e s t udy been extended beyond four harvests. 

The presence of  earthworms in the incubating soil was found to 

increas e the amounts o f  extractab le P in the s o il to which either SPR or 

superphosphate was added . Al though a number o f  wo rkers have noted 

increases in extractab le P in earthworm cas ts  compared to  underlying s o il 

( Sharpley and Syers , 1 9 76 , 19 7 7 ;  Mansell et  al . ,  1 9 8 1) , and in soil with 

earthworms relative to soils without earthworms ( Graff ,  19 70 ) , the effect 

o f  earthwo rms on extractable P in the soil to which P fertilizers are 

added has not b een reported . Addition of  earthworms to  the soil incubated 

with SPR resul t ed in a 32% increas e in Bray-extractable P in the soil 

after 70 days in the present s tudy ( Fig . 5 . 6 ) . Grigg ( 19 6 8 )  has previously 

shown the Bray extrac tant to correlate well with plant-available soil  P in 

New Zealand soils . The increase in extractab il ity in the presence o f  

earthworms appears to  resul t , in part , from an increase in the degree o f  

int imat e  contact o f  the SPR particles with s o il surfaces during passage o f  

the P R  part icles through the earthworms ' diges tive trac t . A comparison 

of SPR particles in earthworm cas ts ( Plate 5 . 2 ) and in the surrounding 

soil (Plate 5 . 1 ) cl early shows the difference in the degree of contact and 

also explains the increased dissolut ion , measured by 0 . 5M NaOH extraction 

of s oil P derived f rom SPR in the presence o f  earthworms ( Fi g .  5 . 7 ) .  

Al though SPR was used  in this s tudy , earthworms are l ikely to affect o ther 

PR materials in a s imilar manner . 

A closer examination o f  the surface morphology o f  SPR particles 

incub ated in the soil ( Plate 5 . 4 )  and after passage through the earthworms ' 

diges t ive tract (Plate 5 . 3) showed no vis ib le differences f rom these SPR 

part i cles , prior to  incub at ion (Plate 5 . 5 ) . Because o f  the porous nature 

of  many PR materials , a high proportion o f  to tal surface area is  comprised 

o f  internal surfaces (Hill et  al . ,  19 54 ) . Consequently , a small increas e 
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i n  external s urface area due t o  passage o f  a P R  particle through the 

earthworm woul d have only a minor e ffect on the rate of dissolution ; 

this woul d  b e  too small to explain the increas es measured in the present 

s tudy . Pos s ib l e  attack o f  PR particles by acids during passage thro ugh 

the earthworms digest ive t rac t ,  however , can no t be ruled out . 

As well as increas ing bicarbonate-extrac table soil P ,  the addit ion 

of inc reasing amounts o f  o rganic matter (as finely-ground herbage) to 

the soil , particularly in the p resence of  earthwo rms , also resul ted in 

increases in bicarbonat e-extrac tab le P in the s oil to which either SPR 

or s uperphosphate was added . In the presence o f  earthwo rms , bicarbonate-

extractable P increas ed by 30 , 39 , and 44% with soil alone , soil with 

50 g ,  and s o il with 100  g of added organic mat ter , respectively , in the 

so il to which SPR was added . With superphosphate , however ,  the inc reas es 

ranged from only 12 to 24% , r eflec t ing the differing solubil i t ies and 

b ehaviour of these two P sources in soil . Unl ike superphosphate , where 

dissolution occurs innnediately and is largely independent of dire c t  soil 

contact (Brown and Lehr , 1 9 5 9 ) , the dissolut ion of  PR occurs more 

graduall y  with time ( Fig . 5 . 7) , with the rat e  of  dissolution being 

directly dependent on the degree of contac t wi th soil surfaces ( Chien and 

Hammond , 19 78) . 

Loss  in biomass o f  earthworms , which is  no t uncommon under bo th 

glasshouse ( Tab le 5 . 5 ) and field ( Tab le 5 . 2 )  conditions , was far less 

(9%)  when 100 g o f  o rganic matter as finely-ground h erbage was adde d ,  

than i n  the soil with no added o rganic matt er ( 36%) . Reduct ion in 

earthworm activity , as a cons equence of this weight loss , may have 

resul t e d  in a decrease in the extent of intimate mixing o f  the SPR 

part icles with the soil by the earthworms , al though the relationship 

b etween earthwo rms b iomass and act ivity is no t well unders too d .  

Associated with the addition o f  1 0 0  g o f  o rganic mat ter t o  the 
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Tokomaru s il t  loam in the present s tudy , was a decreas e in s o il pH , 

particularly in the p re s ence o f  earthworms . The increased solub il i ty o f  

a P R ,  with a decreas e i n  soil pH , has b een demons t rated by s everal wo rkers 

( Joos and Black , 1 9 50 ; Peaslee et  al . ,  1 9 6 2 ) . However ,  as no decrease 

in s o il pH was measured when 50 g of  o rganic mat ter was added in either 

the pres ence or abs ence of earthworms , it  seems unlikely that soil pH can 

explain fully the increases measured in the extractabili ty of SPR in this 

study . In contras t to  the varying effect o f  soil pH , addit ion of  100  g 

o f  o rganic matter to the Tokomaru s il t  loam represents a possib le inc reas e 

- 1  
o f  over 200 � gCa g o f  soil to the exchangeab l e  pool . Al though few 

workers (Satchell , 1 9 5 5 )  have attempted to evaluate the relative importance 

of s o il pH , � �, and exchangeab le Ca in influencing earthworm activity , 

resul ts from the present study sugges t that ear thworms remain act ive at  

relatively low soil pH , provided adequate Ca is availab l e .  

Es t imates o f  s o il inge s t ion b y  � ·  rub ellus us ing the s tripping 

method yiel ded 1 88 mg oven-dry s o il per g o f  earthworm per day while 

the cas t-colle c t ion method gave 2 74 mg oven-dry soil per g o f  earthworm 

per day . With the s tripping method the fore-gut is no t emp tied , l eading 

to an under-es t ima t ion , whereas with the cast-collection method some 

soil contamination o ccurs . The values presented , howeve r ,  are s t ill  

with in the  range reported in  the literature by a number o f  workers . 

For examp l e ,  Barley ( 196 1 )  calculated a s o il ingestion rate of  290 mg 

dry weight  per g o f  earthworm p er day with !· caliginosa and Satchell 

( 19 6 7 )  a s imilar inges tion rate ( 200 to  300 mg dry weight per g o f  

earthworm per day) with �· terres tris . In cont ras t ,  Crossley e t  al . 

( 19 7 1 )  calculated an ingest ion rate of  only 100 to 120  mg dry weight  

per g of  earthworm p er day with Octalas ium spp . Taking the average o f  

the two inges t io n  rates ob tained in the p resent study , then after 70 

days the earthworms woul d have ingested only 4% of the total soil . 
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In marked contras t ,  measurement o f  the p roportion o f  s o il affected 

by  earthwo rms on an area basis us ing the frame technique ranged from 6 6 %  

with A .  caliginosa and 89% with �·  rubellus after 19 days , to 100% for 

the two species combined after 1 9  days . The apparent increases in the 

effe ct o f  earthworms on the soil  measured by this technique explains 

mo re fully the increases  not only in Bray- and bicarbonate-extractab l e  

s o i l  P ,  b u t  also in NaOH-extrac tab le P .  In addition to counting b o th 

burrows and casts , the frame technique counts s o il particles partially 

o r  completely coated with cas t material as earthworms do not always cas t 

dis cretel y  in soils . Because SPR particles were found in soil vo ids and 

on s o il surfaces (Plate 5 . 1) ,  depos ition of cas t material in these areas , 

would increase the degree o f  contact in a s imilar manner to that 

resul ting from inges t ion by earthworms . Calculation o f  inges tion rates , 

us ing s tripping o r  cas ting data , shows that earthworms woul d have inges ted 

only 4% of the s o il in the 70 days . It  is clear that soil particles 

coat ed partially o r  completely with cast material make up the bulk o f  

cas t mat erial , per s e ,  in the s o il and thus direct inges tion by earth

worms p robab ly plays only a minor part in increasing extractab le P f rom 

a PR . The abs ence o f  any differences in 0 . 5M NaOH-extractab le P when 

SPR was added to s o il containing earthworms and when earthworm cas ts 

col l ec ted from the s o il to which SPR was added were incubated s eparately 

( Fig . 5 . 7 ) ,  further indicates that measurement of the effect of earthworms 

in a s o il , determined by the frame technique , approximat� more clos ely 

the actual s ituation , than that indicated by the two inges tion methods . 

Th is s uggests  that t raditional inges t ion methods used for asses s ing 

earthworm effects on soil s  may require re-evaluation . 

The results from the s tudy investigating the mechanism o f  inco rporation 

o f  a s urface-appl ied PR into s o il by earthworms and the two s tudies 

inves tigat ing the effect of inges tion o f  PR particl es by earthworms , are 
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summarized i n  Fig . 5 . 9 .  Thes e sugges t that b o th burrowing and cas t ing 

indirectly increased the availab il i ty o f  P in the PR to ryegras s by 

improving the phys ical dis t ribution and intima t e  contact of  the PR with 

the s o il . 

The findings of the p resent study are important not only to the 

design and conduct of glasshouse t rials , which evaluate P fertil izers 

varying widely in solub il i ty ,  but also to the interpretat ion and 

ext rapolation of the res ults ob tained in the glasshouse to the field 

situa t ion . Whereas good agreement has generally b een found , on a 

relative b asis , between glasshouse and field t rial resul ts comparing 

water-soluble P fertilizers (Haus enbuiller and Weaver , 1960 ; Mackay e t  

al . ,  1 9 80 ) , the resul ts o f  Muller ( 1 9 70 )  and the resul ts of the preliminary 

glasshouse study ( Chapter 3) indicate that differences exist b e tween the 

glassho use and fiel d when evaluating pelletised PR materials . In the 

prel iminary glasshouse study ( Chapter 3) pelletised CRP was less effective 

than superphosphat e . No dif ference was found between powdered CRP and 

superphosphate when incorpo rated into the upper 2 cm o f  the soil in the 

glasshouse . Unlike the results f rom the glasshous e ,  no dif ference was 

found b etween either pelletised or powdered CRP and superpho sphate in the 

field ( Chapter 4 ) . In the present glasshous e s tudy , pel l etised CRP was 

found t o  be  as effect ive as superphosphate in the presence o f  earthworms . 

Thus , in the ab s ence o f  biological mixing ,  b o th the form and metho d o f  

appl icat ion of P R  materials b ecome an impo rtant consideration in their 

evaluat ion as a source of P to plants under glas shouse conditions . 

In addit ion,  when earthworms are excluded the form and method o f  

app l i ca t ion o f  a P R  b ecome important in the interpretat ion and extra

polation of glasshouse resul ts to the field situation . 
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6 . 1 Int roduction 

CHAPTER 6 

METHODS FOR ASSESSING AND PREDICTING 

THE AGRONOMIC EFFECTIVENESS  OF 

PHOSPHATE ROCK MATERIALS 

The suitab il ity of PR materials for direct applicat ion varies 
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consid e rably . In general , the agronomic effectiveness o f  a PR material 

increases as the extent of carb onate sub s titut ion in the latt ice 

increases (Lehr and McClellan , 1 9 72 ) . Of the methods available for 

asses s in g  and predic t ing the agronomic effectiveness o f  PR materials , 

the glasshous e has b een used the mos t  extens ively . The agronomic 

effec t iveness of  a l a rge numb er o f  PR materials has been evaluated in 

glasshouse studies ( Armiger and Frie d ,  1 95 7 ; Bengtson et al . 1 9 74 ; 

Engel s tad et al . ,  1 9 74 ;  Chien and Hammond , 1 9 7 8�) . 

Data for the a gronomic p er formance o f  CRP in the glasshouse appear 

to be restricted to studies by Roberts and White ( 19 74 ) , comparing CRP 

with a range o f  cal cined Chris tmas Island ' C '  products ; by Powell  

( 19 7 9 ) , comparing  CRP with f ive o ther PR materials in  an experiment 

evaluating the impo rtance o f  mycorrhizal fungi to ryegrass ;  and by 

Andrews � al .  ( 19 78) , Powell  et al . ( 19 80 ) , Raj an ( 19 8 1) , and the writer 

( Chapters 3 and 5 )  in comparisons with superphosphat e .  This permits only 

a provis ional ranking of the agronomic e f fectiveness of CRP in relation 

to the range of  PR materials available  throughout the worl d .  

I n  addition to  extending the agronomic evaluation o f  CRP over a 

wider range of  soils , the ini tial purpose o f  the work reported in this 
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Chapter was t o  comp are the agronomic effectiveness o f  CRP with a range 

of o th er PR materials .  These o ther materials include Sechura phos phate 

rock (SPR) , North Carolina phosphate rock (N�R) , and Tennessee phosphate 

I 
rock ( TPR) , of which the last two have been s tudied extens ively ( Engels tad 

et al . ,  1 9 74 ; Chien and Hammond ,  19 78a ; Khasawneh and Doll , 1 9 7 8 ) . 

Calcined Christmas Is land C grade PR ( Calciphos)  was also included in the 

p resent s tudy because of i ts contras t ing mineralogy . Al though o f  l i t t le 

agronomic value in the raw s ta t e , calcination at 500°C resul ts  in 

degradation of the mineral lattice , inc reas ing the solub ility and agronomic  

p erformance of  this material . Calciphos has been evaluated extens ively in 

b o th the glasshous e and the field in New Zealand and Austraiia ( Do ak et 

al . ,  1 965 ; Buchan et  al . ,  1 9 70 ;  Mull er , 1 9 70 ; S tephens and Lips et t ,  

1 9 75 ; Wright , 1 9 75 ; Gilkes and Palmer , 1 9 79 ) . The high energy inputs 

required for calcinatio n ,  now makes the manufacture of Cal ciphos une conomic 

under pres ent condi t ions . 

Al though b iological techniques provide the mo st reliable me tho d  fo r 

assessing the agronomic effectiveness o f  P R  ma terials , the resources 

and facilities require d ,  and the time delay in ob taining resul t s , p revent 

rapid assessments . Of  the indirect metho ds , chemical extraction 

procedures offer s impl e  and rap id alternatives . Although numerous 

s t udies have evaluated chemical extrac t ion  procedures (Bengtson e t  al . ,  

1 9 74 ; Engels tad e t  al . ,  19 74 ; Chien and Hammond , 1 9 7 8a) , the conclus ions 

reached as to their s ui tability fo r predicting the agronomic effectiveness 

of PR materials vary widely . Whereas s everal workers (Terman et al . ,  

1 9 70 ; Bengtson et  al . ,  1 9 74 ;  Engels tad e t  al . ,  1 9 74 ; Fens ter and Leon , 

1 9 7 8) h ave found neutral ammonium citrate (NAC) to be use ful , Caro and 

Hill ( 1956)  found that 2% citric acid was a bet ter indicator o f  agronomi c 

effectiveness . A s imilar conclus ion was reached by Jacob and Ros s  ( 19 32)  

and by Bartholomew and Jacob ( 1 9 33) , al though Armiger and Fried ( 19 5 7 )  

found b o th reagents to be  use ful . In contras t ,  Cooke ( 19 5 6 )  found that 
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found that NAC were poor  indicators of  the agronomic effect iveness o f  
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the PR materials which they evaluated . Amb erger ( 19 78) reported that 

2%  formic acid was a b et ter indicator than 2% citric acid , as did  Chien 

and Hammond ( 19 78 � who , in addit ion , found ammonium citrate ( pH = 3) to 

be  a us eful chemical extrac tion procedure . 

Apart from two studies (Ho ffman and Breen , 1964 ; Chien and 

Hammond , 1 9 7 8 � only s ingle chemical extractions have been us ed for 

p redi c t ing the l ikely agronomic effe c t iveness of PR materials .  

Hoffman and Breen ( 1 964)  s uggested that the sum o f  four s equential 

extractions with NAC or 2%  citric acid may be mo re useful as a method 

o f  assessing the agronomic effectiveness of  PR mat erials than a single 

extra c t ion . Chien and Hammond ( 1 9 7 8� found that the s econd extraction 

with NAC was more  effective than the first in assessing agronomic 

effect iveness . However ,  Chien and Hammond ( 19 7 �) did no t assess the 

potent ial of using the first and second extract ions combined . This 

woul d be necessary if P sources of varying solub il ities were to b e  

compared . In addition to enab l ing a comparison o f  PR mat erials 

containing varying amounts of  Caco3 , a sequential extract ion procedure may 

improve the predic tive ab ility o f  conventional chemical extractants in 

other than the short-term by removing a greater proportion o f  total P .  

Both o f  these are limitat ions presently shown by single-extraction 

procedures (Bengtson et a l . ,  1 9 74 ; Chien and Hammond , 19 78�) .  

On addit ion to soil , a PR mat erial gradually dissolves releas ing 

some P to the plant-available poo l . An approach which attempts to 

characterize  this pattern o f  P release may have advantages over 

convent ional extraction t echniques , which s imply remove a fraction o f  

total P from a PR .  A further purpose of  the work reported in  this 

Chapter is to evaluate two such approaches , namely reac t ion with hydrous 



ferric oxide gel ( Fe gel )  and electro-ul t rafiltra t ion ( EUF) . Fe gel 

has b een used widely for mod elling P b ehaviour in s o ils (Hope , 19 7 7 ;  

Mclaughl in e t  al . ,  19 7 7 ;  Ryden and Syers , 1 9 7 7 ) . To date , this 
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appro a ch has not b een used to  evaluate the P-release charac teris t ics of  

PR mat e rials . As Fe gel acts as a s ink for P ,  in a similar manner to 

the P-sorb ing components in a soil (Mclaughlin et  al . ,  19 7 7) , removal 

o f  P from solution by Fe gel may b e  used to study the rat e  and extent o f  

dissolut ion o f  a P R  and may provide an indirect method for assessing the 

agronomic effe c t iveness of PR materials . 

The EUF p ro cedure is a combination of electrodialys is and ul t ra

f il t ra t ion , and was developed for charac terizing the availability o f  

nutrients in s o il (Nemeth , 1 9 72) . Unlike Fe gel , which acts as a s ink 

fo r P ,  EUF continuously removes the reaction products from solution by 

ul trafiltra tion ,  during the electro dialysis pro c es s . This procedure 

also o ffers po t ential for assessing the dissolution of PR materials . 

6 . 2  Mat erials and Methods 

6 . 2 . 1  Phosphate sources used 

Values for to tal P ,  determined by perchloric acid diges t ion 

(O ' Conno r and Syers , 1 9 7 5 )  and the calcium carbonate content , determined 

by t i t ration after carbon dioxide evo l ution , of the eigh t  P sources used 

are p res ented in Table 6 . 1 .  

6 . 2 . 2  Conduct o f  glasshouse s tudy 

Values for soil pH ( in water ) , organic carbon content ( Chapter 4 .  2 . 1 ) ,  

P-sorption capacity ( Chapter 3 . 2 . 2) , and extract able P estimated by the 

b icarbonate- ( Chapter 3 . 2 . 2 ) and s ingle water- ( Chapter 4 . 2 . 1 ) extra c t ion 

me thods for the s ix soils are p res ented in Tab le 6 . 2 .  

Before pot ting , s o ils were air dried , sieved ( <6mm) , and then 



Table 6 . 1  To tal phosphorus and calc ium carbonate contents 

of the phosphate  sources 

16 1 

Abbreviated Tot al p Total Caco 3 
name 

Phosphate source ( %) ( % )  

Superphosphate 10 . 1  

North Carolina phosphate rock NCPR 1 3 . 2  1 1 . 7  

S echura phosphate rock SPR  1 3 . 7  8 . 9  

Chatham Rise phosphorite CRP 9 . 2 2 7 . 6  

Calc ined Christmas Island Calciphos 1 4 . 7  
C grade phosphate rock 

Tennessee phosphate rock TPR 1 2 . 9  1 . 7  

Nauru phosphate rock NPR 1 5 . 8  

Christmas Island CIAPR 1 4 . 6  
A grade phosphate rock 



Table 6 . 2  Some charac teris tics o f  the soils 

To tal 

New Zealand soil group S o il type carbon 

( %) 

Yel low-grey earth Tokomaru s il t  loam 2 . 00 

Yellow-grey earth/ 
yellow-brown earth intergrade Wainui s il t  loam 3 . 85 

Yel low-grey earth/ 
yellow-b rown earth intergrade Kumeroa s il t  loam 4 . 85 

Yellow-brown earth Maharahara sandy loam 5 . 20 

Yellow-brown earth/ 
yellow-brown loam intergrade Konini s il t  loam 5 . 85 

Yellow-brown loam Ramiha silt  loam 9 . 4 3  

P-so rption 

pHH20 capacity 

( % )  

5 . 5  22 

5 . 0  32 

6 . 2  35 

5 . 7  4 1  

5 . 5  54 

5 . 6  8 7  

Extractable soil P 

Bicarbonate Water 
- 1  

(flg g ) 

7 . 6  3 . 4  

15 . 6  6 . 3  

1 1 . 5  5 . 8  

7 . 9  2 . 9  

6 . 8  3 . 0  

5 . 2  1 . 4  

........ 
()'\ 
N 
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hand packed ( 550 to  7 6 0  g )  into po ts measuring 1 0  x 10  x 10  cm.  

In the first trial , the effectiveness of  NCPR, SPR , CRP , TPR,  and 

Calciphos was compared to single superphosphate at two rat es of application 

( 75 and 150 kgP ha
- 1

) on six soils using perennial ryegrass (Lolium 

perenne) as the indicator species . All the PR materials were ground to 

pass through a 180- � s ieve ( 85 B . S .  mesh ) , b efore use .  S uperphosphate 

was surface applied as granules (< 2 mm) . The PR materials were surface 

applied in a pelletised form . The mean pellet s ize used ( 0 . 5  to 1 . 0 mm) 

was small er than that used in the initial glas shous e evaluat ion of  CRP 

( Chapt er 3) and in the field ( Chap ter 4 ) . 

In the second t rial , pelletised SPR,  CRP , and TPR were compared 

- 1  
with superphosphate a t  two rates of  application ( 75 and 1 50 kgP h a  ) ,  

on three s o ils  (Wainui , Konini ,  and Ramiha) , using Huia white clover 

( Trifolium repens )  a s  the indicator species . All treatments were 

surface appl ied and replicated three times . A randomized block des ign 

was used in both t rials . 

Approximately 50 perennial ryegras s seeds were sown and then 

thinned to 30 seedlings per pot  at 20 days . In the cas e of  white clover , 

30 s eeds were sown and then thinned  to 1 5  seedlings at  20 days . 

Inoculum ( Rhizobium trifolii)  was applied in suspension 3 days af ter 

thinning . Differences in the sul fur ( S )  content of the various 

t reatments were adjusted by addition o f  gypsum.  Bo th the  nitrogen (N) 

and potassium (K) were applied in three split  dress ings during each 

growth perio d ,  along with the micronutrient solution of Mi ddleton and 

Toxopeus ( 1 9 73) . For white clover , only a s ingle dress ing o f  N was 

applied after germinat ion and immediat ely af ter each cut . With the 

excep t ion of S ,  all nutrients were applied in solution . Po ts were 

wat ered to fiel d capacity ( taken at  4 0-cm suction) daily . 
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I n  all , four harvest s  were taken a t  intervals of  7 ,  4 ,  5 ,  and 6 

weeks for p erennial ryegrass and 10 , 6 ,  7 ,  and 7 weeks for white clover . 

At each h arvest ,  herbage was cut 2 cm above the soil surface , remove d ,  

and oven dried a t  60°C f o r  2 4  h before weighin g . After grinding , to tal 

P and N were determined following Kj eldahl dige s t ion . 

6 . 2 . 3  Assessment o f  chemical extract ion procedures 

The solub ility o f  the P sources ( < 180 �m) was investigated using 

seven chemical extrac tion procedures : 

2%  Formic acid A 0 . 4- g  sample  o f  each P source was extracted with 

40 ml of  2%  formic acid a t  2 3°C for 1 h (Ho ffman and Mager , 1 9 5 3 ) . The 

sample was then centrifuged at 1 0 , 000 rpm for 5 min , filt ered ( 0 . 4 5  �m  

Millipore fil ter) , and then the residue was extracted again with 40  rn1 

of  fresh formic acid . Soluble P was determined in individual fil trates , 

following d ilution , by  the Watanabe and Olsen ( 1965)  mo dification o f  

the Murphy and Riley ( 1 96 2 )  method .  

2% Citric acid A 0 . 4-g sample  o f  each P source was extrac ted with 40 rn1 

of  2%  citric  acid a t  2 3° C for 1 h (AOAC , 1 9 6 0 )  or 0 . 5  h ( The Fertilis ers 

Regulations , 1 9 6 9 ) . The sample was centrifuged , fil tere d ,  and the 

residue extract ed again with 40 rnl of fresh c itric acid . 

repeated a third t ime . 

This was 

Neutral ammonium c i t rate  A 0 . 4-g sample o f  each P source was extracted 

with 40 rnl o f  NAC solution at  6 5° C for 1 h ( AOAC , 1970) . Three further 

extract ions were carried out on all samples . No interference f rom 

citrate in the determination o f  P was measured  at  the dilutions used in 

the present study . 

Alkaline ammonium c i t rate  A 0 . 2-g  sample of  each P source was extracted 
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with 40 ml o f  the alkal ine ammonium citrate ( AAC) solution of  Petermann 

at 65
°

C for 1 . 5  h (Boxma ,  1 9 7 7 ) . Two further extractions were carried 

out . 

5 and 15%  Citric acid A 0 . 4-g sampl e of each P source was extracted 

with 40 ml of either 5 or 15% citric acid at  2 3° C for 1 h .  

6 . 2 . 4  Outline o f  new approaches 

6 . 2 . 4 . 1  S tudies with hydrous fe rric oxide gel 

The Fe gel was prepared by adj us ting a solution o f  0 . 4M 

Fe (N0 3)
3 

to  pH 7 ,  initially with lM NaOH and sub sequently by addit ions of  

0 . 1M NaOH over a period of  1 h to maintain a pH of 7 during constant 

stirring . The neutralized solution was lef t overnight and the Fe gel 

recovered by centrifugat ion ( 2000 rpm, IEC UV Centrifuge) . The 

precipitated gel was washed with distilled water until the gel cease d  to 

floCi:aulatre during centrifugation . The volume of  gel was adj us ted to 

give a suitable working concentration (5 mg ml
- 1

) .  Informa t ion on s ome 

of the properties o f  the Fe gel p repared in this way has b een given by  

Ryden et al . ( 19 7 7 ) . 

In the first study , the dissolution o f  SPR, NCPR , CRP , Nauru 

phosphate rock (NPR) , Christmas Island A grade phosphate  rock ( CIAPR) , 

and superphosphate were evaluated by dialysing duplicate 0 . 2-g  samples 

( 125  · - 6 3-�m fraction) o f  each against the Fe gel . The P sources were 

sealed in dialysis tub ing (Union Carbide cellulose cas ing) and immersed 

in 400 ml o f  a suspension containing 2 . 0 g o f  Fe gel in 0 . 5M NaCl0
4 

3 
contained in 500 cm polypropylene containers .  The pH o f  the suspension 

was adj usted to 6 and 4 �mol of HgC1
2 

was added to inhib i t  microb ial 

activity . The containers were shaken on a flat-bed shaker a t  20°C .  

After 2 ,  4 ,  6 ,  8 ,  10 , 14 , and 1 7  days a suit able aliquo t o f  the Fe gel 
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s uspension was removed from the container and shaken with 35 cm
3 

o f  

0 . 25M NaOH . A separate s tudy showed that this treatment removed at  

leas t 95% of  the P sorbed by the Fe gel . Following centrifugat ion 

( 10 , 000 rpm for 10 min) and fil tration ( 0 . 45 �m Millipore filter) , the 

P concentration in the supernatant l iquid was determined af ter neutralization. 

In a separate  s tudy , the pH of the Fe gel was monitored over a s imilar 

period and at  the end o f  14 days , the pH and P and Ca concentration of the 

fil tered suspension from the dialysis tub ing was also determined . 

Results  from the firs t study indicated that there was a p roblem with 

pH control o f  the Fe gel . Therefore in sub sequent studies the effect o f  

varying the initial pH ( 3  t o  6 )  o f  the Fe gel o n  the dissolution o f  SPR 

and TPR was evaluated . In addit ion to pH , the effect o f  introducing 

the cat ion exchange res in ( CER) Chelex 100 ( s tyrene lat tice with 

iminodiacetic acid exchange groups ) ,  with a total capaci ty o f  0 . 6  mmole 

Cu( NH3)
4

+2 
ml

- 1  
resin b ed in a s odium form and an actual wet-mesh range 

o f  100 to 200 mesh , in a dialysis tub ing into the Fe gel sys tem was also 

evaluated . The CER was prepared by washing� firstly with 500 m1 of  5 %  

HCl over 0 . 5 h ,  then with 500 m1 o f  1 2 %  NaCl for a further 0 . 5  h ,  and 

finally with deionized water unt i l  the presence of: _ the chlo ride ion was 

no t detectabl:e1 with s ilver nit rate . 

6 . 2 . 4 . 2  Electro-ul trafiltration 

The operation of the EUF apparatus has been des cribed in 

some detail by Nemeth ( 19 76 ) . B r iefly , the PR and solution are plac ed in 

a central chamber containing a s tirrer and cool ing coil and this is 

placed b etween two platinum mesh elec trodes with semi-permeabl e  filters 

separat ing the solution from the elec trodes . An electric  potential is 

then applied b etween the electrodes and , in the el ectric f ield , the 

cations are attracted by the cathode and the anions by the anode and 
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washed away after movement through the filter by a continuous s tream o f  

water . The ions can therefore b e  released continuously from the PR 

into the solution . The rate at  which ions are extracted will depend 

on the rate of dissolution of the PR and the rate of transport of ions 

to the electro des . The former is  directly proportional to the vol tage 

appl ied and in theory should also be  directly related to the solub il i ty 

o f  the PR . The rate o f  transport of  ions is directly p ropor tional to 

the field intensi ty and invers ely proportional to the coefficient o f  

frict ion of  the ions . 

In init ial studies , the automatic control  mode with s even f ractions 

was used to  evaluat e  the effect of varying solution : solid ratio on the 

dissolut ion of  SPR.  In this p ro cedure the EUF apparatus was programmed 

to coll ect the fil t rates at 5-min intervals for 35 min , giving s even 

fract ions . The vol tage appl ied was SOV init ial ly ,  increased to 200V , 

after 5 min , and to 400V after 30 min . The volume of  each anion f il trate 

was de termined by weight  and then a suitab l e  aliquo t was taken . Initially 

samples were also fil tered through 0 . 45-�m Millipore fil ters to check on 

the efficiency of  f i l tration of  the EUF apparatus , but this was 

sub sequently found to be unnecessary . Dupl icate samples at  each ratio 

were run . Deion i z ed water was used in these initial s tudies b ecause o f  

poor replication o f  resul ts with dis tilled water . 

In subsequen t  s tudies , the EUF apparatus was set to operat e  a t  a 

constant vol tage ( 400V) and the filtrate was manually colQected a t  5-rnin 

intervals for up to 50 min . Again the filtrate volume was determined by 

weight  and a suitable aliquo t taken for P analys is by the Watanabe and 

Olsen ( 1 9 6 5 )  modification o f  the Murphy and Riley ( 19 6 2 )  me tho d .  In 

addition to running a range of PR materials with deionized water , the 

effect of varying the pH by HCl and NaOH addition , and the conduc t ivity 

by addition of NaCl and o ther salts , on the dissolut ion of the PR mat erials 



in the manual mod e  was also evaluated . 

6 . 3  Results and Discussion 

6 . 3 . 1 Agronomic evaluation of  phosphate rock 

materials in the glasshouse 

6 . 3 . 1 . 1  Response of  perennial ryegrass 

1 6 8  

The total yield o f  ryegrass for the four harvests comb ined 

showed a significant (P <0 . 0 1 )  response to applied P with all s ix soils 

( Table  6 .  3) . The s ize o f  the response , however , varied with the source 

and rate of application of P ,  and across the s ix s o ils . Of the five 

PR materials ,  NCPR was the mos t  effec tive when compared to superphosphat e . 

Apart from the ryegrass yields with the Ramiha soil and with the 

- 1  
Maharahara soil a t  150  kgP ha , NCPR was as effective as superphosphate 

( Tabl e  6 . 3) .  In  fact with the Wainui soil NCPR was more effective 

- 1  
( P  <0 . 0 1 ) than superphosphate a t  1 50 kgP ha With one excep tion 

( Ramiha soil) , SPR was as effec tive as superphosphate at the low rate o f  

- 1  - 1  
appli cation ( 75 kgP ha ) ,  al though at the high rate ( 150 kgP ha ) SPR 

was inferio r (P  <0 . 0 1 ) to superphosphate with four so ils ( Ramiha , Konini , 

Maharahara , and Kumeroa) and to NCPR with two (Ramiha and Maharahara) o f  

the six soils ( Table  6 . 3 ) .  

In contras t to both NCPR and SPR, CRP was inferio r ( P '<O . O l ) to 

superphosph ate at  bo th rates of  application on all soils except the 

Wainui . 
- 1  

In fact even when compared at  75 kgP ha , CRP was s till l ess 

effective (P  <0 . 0 1 )  than either NCPR or SPR with four ( Ramiha , Konini , 

Maharahara , and Kurneroa) o f  the s ix soils ( Tabl e  6 . 3) .  TPR was inferior 

( P  <0 . 0 1) to the other P sources , including Calciphos , which was less 

effective (P  <0 . 0 1 ) than s uperphosphate ,  NCPR,  SPR, and CRP in increasing 

ryegras s yields at both rates of appli cation with all six s o ils (Table 6 . 3) .  



Table  6 .  3 Total yield ( g) in four harves ts o f  perennial ryegrass on s ix so ils 

as influenced by phosphate source and rate of application 

Application So il type 

Treatment 
rate_ 1 

(kgP ha ) Rami ha Konini Maharahara Kumeroa Wainui Tokomaru 

* 
Control 0 2 . 24 L 4 . 86 J 4 . 0 3  K 5 . 86 I 7 . 50 H 4 . 74 H 

Superphosphate 75 7 . 15 E 8 . 66  DE 8 . 6 2  EF 8 . 82 D 9 . 6 8  D 7 . 64 CDE 

150 9 . 40 A 10 . 40 A 10 . 87 A 10 . 94 A 10 . 8 2  B 9 . 25 A 

NCPR 75 6 . 9 2  F 8 . 54 DE 8 . 68  E 8 . 70 D 9 .  7 7  CD 7 . 70 CDE 

150 8 . 9 5  B 10 . 2 8  AB 10 . 5 8  B 10 . 80 AB 1 1 . 20 A 9 . 19 A 

SPR 75 6 .  79 FG 8 . 4 8  E 8 . 37 F 8 . 64 D 9 . 6 1  D 7 . 54 DE 

150 8 .  72  c 10 . 17  B 10 . 24 c 10 . 6 7  B 1 1 . 0 1  AB 9 . 05 AB 

CRP 75 6 . 46  H 7 . 9 5  F 7 . 9 7  G 8 . 3 1 E 9 . 6 3  D 7 . 28 E 

150 8 . 13 D 9 . 7 3  c 9 . 78 D 10 . 2 3  c 10 . 9 5  AB 8 . 64 B 

Calciphos 75 4 . 9 6  I 7 . 1 7 G 6 .  72 H 7 . 16 F 9 . 00 E 6 . 64 F 

1 50 6 . 59  GH 8 . 75 D 8 . 45 EF 8 . 79 D 9 . 9 7  c 8 . 05 c 

TPR 75  3 . 04 K 5 . 29 I 4 . 56 J 6 . 20 H 7 . 85 G 5 . 82  G 

150  3 . 6 1  J 5 . 80 H 5 . 06  I 6 . 59 G 8 . 4 2  F 6 . 56 F 

* 
Capital letters denote Duncan ' s  symbols for asses s ing 

s ignificant (P <0 . 0 1 ) differences fo r treatments within each soil . 
...... 
0\ 
"' 
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To enab l e  an evaluation o f  the P sources on a relative b as is , 

response curves were drawn for all the P sources with each o f  the six 

soils , and the five PR materials were then compared at 90% o f  the yield  

maxima ob tained from sup erphosphate . The relative yield values for 

NCPR ( 9 6 - 10 1 ) , SPR ( 9 4 -99 ) , and CRP (90-99)  were s imilar ,  whereas tho s e  

for TPR ( 4 0 - 8 1 )  were inferior t o  a l l  o ther P sources , including Calciphos 

(69-9 3) . 

As with to tal yield o f  ryegrass ,  total P uptake by ryegrass for the 

four harvests combined varied with the source and rate of application of  

P ,  and also  varied between the soils ( Table 6 . 4) .  In contras t to the 

- 1  
yiel d data , NCPR was inferior ( P  < 0 . 0 1 )  to sup erphosphate at 150 kgP ha 

across  all s ix soils , as was SPR. Although no dif ferences in to tal P 

- 1  
uptake b y  ryegrass were found between CRP and SPR a t  7 5  kgP ha , CRP 

was s till inferior ( P  < 0 . 0 1 ) to NCPR with four ( Ramiha , Konini , Maharahara , 

and Tokomaru) o f  the six s o ils ( Table 6 . 4 ) . Again , TPR was markedly 

inferior (P < 0 . 0 1 )  to all o ther P sources ; no differences were found 

- 1  
between TPR at 75 kgP ha and the controls o n  any o f  the s ix soils . 

In contras t to the conclus ion drawn from yield data , Calc iphos was as 

effective as CPR with four (Konini , Maharahara , Wainui , and Tokomaru) 

of  the s ix soils using P uptake data as the criterion . With one exceptio� 

Calciphos was less effective (P < 0 . 0 1) than NCPR and SPR.  This finding is  

in agreement with the resul ts reported in p revious Chap ters ( Chapters 3 

and 5)  and with the l iterature (Hagin et al . ,  1 9 78 ;  1 9 7 8b )  where differences, 

particularly in the short term ,  between water-soluble and sparingly water-

soluble P sources , are more pronounced when P uptake by ryegrass is used 

to assess agronomic effectiveness rather than yield data . However , unl ess  

differences in  P uptake are expressed in increased yield ,  then conclus ions 

drawn concerning the l ikely agronomic effect iveness of a PR source could b e  

misl eading if  bas ed solely o n  P up take data . 



Table  6 . 4  Total P uptake (mg) in four harves ts by perennial ryegrass on s ix so ils 

as influenced by phosphate source and rate of application 

Appl ication S o il type 

Treatment 
rate_ 1 

(kgP ha ) Ramiha Konini Maharahara Kumeroa Wainui Tokomaru 

* 
Control 0 3 . 0 8  H 6 . 9 5 G 5 . 4 6  G 1 2 . 34 E 1 6 . 34 H 6 . 85 I 

Superphosphate 75 1 3 . 0 3 DE 1 7 . 9 6  c 1 8 . 85 DE 22 . 1 7 CD 30 . 30 CD 19 . 8 1 CD 

1 50 22 . 0 7 A 28 . 99 A 32 . 9 7  A - 3 7 . 2 2 A 4 5 . 5 7 A 34 . 42 A 

NCPR 75  1 3 . 54 D 18 . 04 c 19 . 9 3  CD 2 1 . 7 7 CD 28 . 50 D 1 7 . 9 8  DE 

150  19 . 5 7 B 24 . 88 B 2 7 . 3 1 B 3 1 . 04 B 35 . 5 1  B C  25 . 64 B 

SPR 75 1 1 . 58 DE 1 6 . 0 3 CD 1 6 . 65 DE 2 1 .  1 2  CD 2 5 . 99 DEF 1 5 . 1 1 F 

150 1 7 . 4 1  c 22 . 76 B 22 . 8 7 c 29 . 85 B 35 . 9 6 B 22 . 5 1  c 

CRP 75 1 1 . 1 7  E 14 . 6 2 DE 1 5 . 58 EF 1 8 . 79 D 25 . 94 DEF 1 3 . 10 FG 

1 50 1 3 . 32 D 1 7 . 5 7 c 1 8 . 46 DE 2 3 . 5 1 c 2 6 . 35 DEF 1 5 . 46 EF 

Calc iphos 75 8 . 38 F 1 3 . 1 6  E 1 2 . 64 F 1 5 . 44 E 22 . 09 EFG 1 1 . 08 GH 

1 50 1 1 . 2 2 E 1 7 . 29 c 1 5 . 4 1  EF 19 . 58 D 2 7 . 6 7  DE 14 . 2 1  F 

TPR 75  4 . 6 1 GH 8 . 5 1  FG 7 . 33 G 1 2 . 9 7  E 18 . 16 GH 9 .  39 HI 

1 50 5 . 80 G 9 . 8 3  F 8 . 1 7 G 1 3 . 6 3 E 2 1 . 20 FGH 10 . 29 H 

* 
Capital letters deno te Duncan ' s  symbols for assessing s ignificant (P / <0 . 0 1 )  

differences for treatments within each soil . 

,_.. 
-....J 
,_.. 
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The differenc es found b etween P sources in to tal yield of ryegrass 

and P uptake by ryegrass a fter four harves ts were found to exi s t  f rom 

the firs t  harves t .  An example  o f  these differences is shown by the 

relative cumulative yield differences from three of the s ix soils over 

the four harves ts , p resented graphically in Fig . 6 . 1 .  Each curve 

represents the average effect o f  the two rates within a fertilizer 

treatment . This method o f  comparison dif fers from the criterion us ed 

earli er to compare total yields . The increases in ryegrass yiel d f rom 

added P varied from l ess than 30% with the Wainui ( Fig . 6 . 1a)  to greater 

than 80% with the Ramiha ( Fig . 6 . lc) soil at the first harves t .  For 

all these soils  CRP ranked behind both NCPR and SPR, but again these 

differences were small .  These  three PR materials and Calciphos all 

increas ed in e ffectiveness  wi th success ive harves ts , when compared to 

superphosphate . 

The relative effectiveness of  the P R  materials did not appear to 

be affected by the P-sorption capacity o f  the six soils ( Table 6 . 2 ) , 

although the results for the high P-sorb ing Ramiha soil ( Table  6 . 3) 

sugges t that the rate o f  diss o lution may no t have been sufficient to 

maintain maximum growth , even with NCPR . Also , the P s tatus o f  the s ix 

soils only appea red to affect the size o f  the response to applied P .  

As in Chapters 3 and 4 ,  s o il pH in the range 5 . 0 to 6 . 2  had no obvious 

effec t on the performance of the PR materials ,  al though resul ts from the 

Wainui soil suggest that the effectiveness of the PR materials increased , 

when compared to superphosphate , at this relatively low pH . 

Al though the grass component usually makes up the bulk o f  pasture 

production , the legume component contro l s  the vigour of the sward 

(Chapter 4 . 4 ) . With differences exi s t ing between plant species in their 

ab ili ty to utilize P f rom a PR (Deis t e t  al . ,  19 7 1) it  may b e  dangerous 

to draw conclus ions on the effec tivenes s  o f  a PR based solely on one 
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Figure 6 . 1  contd .  
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plant species . 

6 . 3 . 1 . 2 Response o f  white clover 

The yield of white c lover for the four harvests  comb ined , 

showed a s i gnificant (P < 0 . 0 1) response to applied P with all three so ils 

(Table 6 . 5 ) . As with the ryegrass yields , the s ize of the response 

varied markedly with the source and rate of  application o f  P ,  and across 

the three s o ils . However , unl ike the f inding with total ryegrass yields , 

CRP was as effective as superphosphate with two o f  the three soils and 

as effect ive as SPR with all three soils (Tabl e  6 . 5) . In fact with the 

Ramiha soil , SPR gave greater (P < 0 .  0 1 )  white clover yields than 

superphosphate at both rates of appl ication . Again , TPR was markedly 

inferior (P < 0 . 0 1) to  both SPR and GRP , and also to superphosphate at  

both rates o f  application with all  three soils . 

On a relative b as is , SPR,  CRP , and TPR ,  when compared at  90% o f  

the yiel d maximum o £  superphosphate ( taken a s  100) , gave relative yield 

values o f  99 to 104 , 93 to 10 1 and 44 to 85 , respectively , acro s s  the 

three s o ils . A comparison o f  the three PR materials with superphosphate , 

based on relative cumulative yield differences over the four harvests 

with the three s oils , showed a s imilar ranking o f  the P sources ( Fig . 6 . 2 ) . 

In contrast to  the ryegrass data , no differences were found in total 

P uptake by white clover fo r the four harvests combine d ,  between super-

phosph ate and either SPR or CRP at each application rate (Table 6 . 6 ) . 

This was the case with all three soils . TPR was markedly inferior 

(P <·0 . 0 1 ) to the o ther three P sources and in fact no differences were 

- 1  
measured b etween TPR applied a t  75 kgP ha and the controls  with any of  

the three soils . The increased effectiveness of  SPR and CRP , when 

compared to superphosphate , illus trates the differences between white 

clover and ryegrass in their ab ility to u t ilize P from a PR,  part icularly 



Table  6 . 5  Total yield ( g) in four harvests o f  white clover on 

three soils as influenced by phosphate source and 

rate of appl ication 

Appl ication So il type 

1 7 7  

Treatment 
rate_ 1 

( kgP ha ) Rami ha Konini Wainui 

* 
Control 0 0 . 84 G 5 . 6 7 G 7 . 36 E 

Superphosphate 75 5 . 84 D 9 . 65 c 9 . 53 BC 

1 50 8 . 1 5 B 1 2 . 89 A 1 1 . 4 8  A 

SPR 75 6 . 23 c 9 . 56 c 8 . 50 B 

150 8 . 63 A 1 2 . 8 1  A 9 . 16 c 

CRP 75 5 . 94 CD 8 . 9 4 D 9 .  36 BC 

1 50 8 . 38 AB 1 2 . 26 B 1 1 .  1 5  A 

TPR 75  2 . 47 F 7 . 0 7  F 9 . 6 7  B 

1 50 3 . 79 E 7 .  9 7  E 1 1 . 4 8 A 

* 
Capi tal l etters denote Duncan ' s  symbols for assessing 

significant (P < 0 . 0 1 ) differences for treatments 

within each soil . 
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Table 6 . 6  

Treatment 

Control 

Superphosphate 

SPR 

CRP 

TPR 

* 

Total pho sphorus uptake (mg) in four harves ts by 

white clover on three soils as influenced by 

phosphate source and rate of applicat ion 

Applicat ion S o il type 
rate_ 1 ( kgP ha ) Rami ha Konini 

* 
0 1 .  29 D 10 . 42 D 

75 1 1 .  73  B 2 1 . 08 B 

1 50 1 7 . 6 3  A 3 1 . 37 A 

75  1 3 . 50 B 20 . 37 BC 

1 50 20 . 1 3 A 28 . 90 A 

75 1 2 . 34 B 2 1 . 27 B 

1 50 18 . 90 A 26 . 30 A 

75  3 . 5 1 CD 14 .45  D 

1 50 5 . 59 c 1 5 . 34 CD 

Capital letters denote Duncan ' s  symbols for assessing 

significant (P <0 . 0 1 ) differences for treatments 

with in each s o il . 

1 81 

Wainui 

1 7 . 10 E 

2 3 . 69 CD 

3 2 . 88 A 

2 7 . 7 7 BC 

36 . 34 A 

2 6 . 64 c 

32 . 4 2  AB 

2 1 . 29 DE 

2 3 . 0 3 CD 



1 8 2  

when the comparison between the two species i s  based o n  P uptake data . 

6 . 3 . 2  Comparison o f  chemical extrac tion procedures 

for p redicting  the agronomic effectiveness 

o f  phosphat e rock materials 

Data for the solubility of P sources in seven chemical extrac t ion 

procedures (Table 6 . 7) show that whereas only small differences were 

found in the amount of total P extrac ted f rom superphosphate ( 76 to  9 9 % ) , 

marked differences were found b etween the five PR materials ( 2  to 100% ) . 

The express ion o f  soluble  P as a percen tage o f  to tal P ,  rather than as a 

percentage of  the material , seems preferable  where the P sources vary 

widely in P content ( Tab le 6 . 1 ) .  In contras t to  the conventional 

chemical extraction pro cedure , a cumulative extraction procedure , 

particularly 2% formic acid ( sum o f  2 ) , b o th the 2% citric acid ( s um o f  

3 )  proc edures , and NAC ( s um o f  4 )  appear t o  rank the PR materials , wi th 

the exception o f  Calciphos , according to their agronomic effectiveness 

reported in the p revious sec t ion ( 6 . 3 . 1 ) . 

The pres enc e of  Caco3 ( 2 7 . 6%)  in CRP had a more pronounced effect 

on its solubil i ty than that  present in either NCPR ( 1 1 . 7% )  o r  SPR ( 8 . 9 % ) . 

In fac t the solub il ity o f  CRP was s imilar to TPR in the first ext raction 

with 2 %  citric aci d ,  al though these two PR  materials differ markedly 

in their  agronomic effec tiveness (Section 6 . 3 . 1 ) . An analysis o f  the 

CRP res idue after one extrac t ion with 2% citric acid showed that mos t  

of  the Caco
3 ( 80 % )  had b een removed b ecause of  i ts greater solub il i ty . 

Whereas , increas ing the extraction time with 2 %  c i tric acid from 0 . 5  

(The Fertilisers Regulat ions , 1 9 6 9 )  to  1 h (AOAC , 1960)  did not increase ,  

t o  any s ignificant degree , the amount o f  P extracted from the P sources , 

increasing the s trength o f  c itric acid , increased the amount of  P extracted 

par t icularly with NCPR,  SPR,  CRP , and TPR ( Tab le 6 . 7 ) .  The solub i lity 

data for the s in gle superphosphate inves tigated ( Table 6 . 7) ,  suggest  that 



Table 6 .  7 The solub ility of the phosphate sources ( %  of  total P)  

as measured by the various chemical extraction pro cedures 

Phosphate source 

* 
Chemical extraction procedure S uper NCPR SPR CRP Calciphos TPR 

2% formic acid 1 t 82 88  7 1  4 7  1 8  2 3  
2 9 6  100 100 9 3  30 44 

2%  citric acid ( 1  h )  1 80 4 3  4 2  2 1  22  2 1  
2 9 1  8 3  79 59 26 40 
3 9 6  99  9 6  9 0  30 58  

2% c itric acid (0 . 5  h)  1 79 4 2  39 19 1 5  1 9  
2 9 1  78 73 58 2 1  37  
3 9 9  100 9 8  89 24 54 

Neutral ammonium citrate 1 75 20 1 7  6 85  6 
2 8 1  40 35 2 7  9 1  14 
3 8 7  6 1  5 2  4 9  9 4  2 1  
4 90 78  6 7  6 7  9 5  28 

Alkaline ammonium citrate 1 7 8  1 3  8 2 9 1  4 
2 7 8  26  1 7  12  9 2  10 
3 78  37  24 2 1  9 2  1 1  

5% citric acid 1 76 70 64 44 2 1  33 

15% citric acid 1 85 85  86  59 22 49 

* 
Superphosphate 

tcumulat ive amount extracted in indicated extraction number . 

,_.. CXl w 
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there i s  more than one form o f  P present . The increasing solub ility 

o f  Calciphos with the increas ing alkal inity of  the citrat e solutions 

is cons is tent with the presence o f  Al-P in this material . 

To assess  the abil ity o f  the chemical extract ion procedures to 

p redict the l ikely agronomic effectiveness of the s ix P sources the 

extraction data were compared with the results from the previous study 

( 6 . 3 . 1 ) . To make this comparison , the "Relative Agronomic Effectiveness "  

(RAE) o f  the P sources was calculated (Engels tad e t  al . ,  1 9 74 ; Reinhorn 

et al . ,  1 9 78 ; Chien and Hammond ,  19 78� at each o f  the two rates o f  

applicat ion as follows : 

RAE 
Yield o r  P uptake of PR - control X 100 Yield or P uptake of  superphosphate - control 

The relationship b etween the RAE and solub il i ty of the P sources , 

expressed as a percentage o f  total P ,  was sub sequently es tab lished us ing 

l inear regression analys is . 

6 . 3 . 2 . 1  Relationsh ips for perennial ryegrass 

The RAE of  the PR materials ,  b ased on ryegrass yield , over 

the four individual and comb ined harvests wi th the s ix soil s , varied 

widely with the s ource and rate of application of P ,  harves t ,  and soil 

(Fig . 6 . 3a) . 

Of  the seven chemical extract ion procedures at the f irst extraction,  

the amounts o f  P extracted by 2%  formic acid  and 5% citric  acid  were the 

most closely correlated with the agronomic effectiveness of the P sources 

(Table  6 . 8) . The exclusion o f  Calc iphos  f rom the linear regres sion 

analys is improved the predictive ability of  bo th NAC and AAC at the firs t 

ext raction . Both ,  however , were less effec t ive than the o ther five 

chemical extract ion procedures (Tabl e  6 . 8) .  The lower solubility o f  

NCPR, SPR,  CRP and TPR in AAC , even after three extrac tions ( Tabl e  6 . 7) ,  
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- Table 6 . 8  Correlation coefficients b etween amounts o f  phosphorus extrac ted by the 

indicated extractant and yield o f  ryegrass at the firs t harvest on s ix soils 

Soil type 
Chemical 
extrac tion procedure Rami ha Konini Maharahara Kumeroa Wainui 

2% Formic acid 1 0 . 9 22** 0 . 89 1 * 0 . 9 4 1 ** 0 . 9 12 *  0 . 783  
2 0 . 9 24** 0 .  7 74 0 . 92 1 ** 0 . 954** 0 . 844* 

2% Citric ac id 1 0 . 74 5  0 . 89 2  0 . 76 3  0 . 6 5 2  0 . 544 
( 1  h ) 2 0 . 9 1 3* 0 .  886 *  0 . 9 34** 0 . 9 12* 0 . 75 1  

3 0 . 854*  0 .  7 2 1  0 . 86 1 *  0 . 90 7* 0 . 74 3  

2 %  Citric acid 1 0 . 76 2  0 . 89 3* 0 .  7 82 0 . 6 7 1  0 . 542  
( 0 . 5  h) 2 0 . 9 2 1 ** 0 . 88 2 *  0 . 9 37** 0 . 9 16 *  0 . 753  

3 0 .  864 * 0 . 733  0 . 8 74* 0 . 9 1 8* 0 .  74 3 

Neutral ammonium 1 0 . 09 2  ( 0 . 59 2 )t 0 . 332 ( 0 . 79 1 ) 0 . 0 72 ( 0 . 634) 0 . 083 ( 0 . 4 72 )  0 . 092  ( 0 . 404)  
citrate 2 0 . 20 3  ( 0 . 764)  0 . 424  ( 0 . 9 1 3*) 0 . 194  ( 0 . 795 )  0 . 0 72 ( 0 . 66 3) 0 . 244  (0 . 602)  

3 0 . 384 ( 0 . 9 2 1* )  0 . 546 (0 . 9 73**) 0 . 3 6 8 ( 0 . 9 34 * )  0 . 2 5 1 ( 0 . 84 4 )  0 . 44 6  (0 . 8 12 )  
4 0 . 546  ( 0 . 982**) 0 . 6 3 1  (0 . 96 2**) 0 . 526 ( 0 . 99 5**) 0 . 4 54 (0 . 95 6 )  0 . 64 3  (0 . 9 33**) 

Alkal ine ammonium 1 -0 . 0 2 1  ( 0 . 5 32)  0 . 2 7 3  ( 0 . 7 33) 0 . 082 ( 0 . 564)  0 . 1 3 8  ( 0 . 409 ) 0 . 04 1 ( 0 . 34 7 )  
c i t rate 2 -0 . 06 2  ( 0 . 608)  0 . 30 5  (0 . 782)  0 . 076 ( 0 . 6 36 )  0 . 102  ( 0 . 4 7 2 )  0 . 08 3  ( 0 . 4 12 )  

3 -0 . 6 83 ( 0 . 7 16 )  0 . 35 9  ( 0 . 769)  0 . 104 ( 0 . 747)  0 . 0 6 7  (0 . 586)  0 . 1 72 (0 . 54 3) 

5%  Citric acid 1 0 . 906* 0 .  894 * 0 . 9 2 3** 0 . 884* 0 .  724  

15%  Citric acid 1 0 . 832* 0 . 766 0 .  84 1*  0 . 855* 0 . 64 3  

* S ignificant at 5%  l evel . 

**  S ignificant at 1 %  l evel . 

t Calciphos is excluded from calculat io n .  

Tokomaru 

0 . 9 5 2** 
0 . 874*  

0 . 862* 
0 . 9 54 * *  
0 .  94 8* 

0 . 87 1 *  
0 . 9 4 8 *  
0 . 85 7* 

0 . 16 1  ( 0 . 74 1 ) 
0 . 255  ( 0 . 873)  
0 . 404 (0 . 95 1*)  
0 . 5 26 (0 . 9 76 **) 

0 . 109 (0 . 6 7 8) 
0 . 1 3 1  ( 0 . 735)  
0 . 198  ( 0 . 8 14 )  

0 . 9 52** 

0 . 8 74 *  

....... 
00 
0\ 
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l imits the usefulness o f  this extractant , a conclus ion also reached by 

Hoffman and B reen ( 19 6 4 )  in an earl ier s tudy . The high solub il ity o f  

Calciphos i n  the alkaline extractants does not equate with its only 

mo derate a gronomic effectiveness , illus trating one of the l imitations 

of chemical extraction procedures for assess ing the likely agronomic 

effec t iveness o f  P sources whi ch vary widely in mineralogy . 

Whereas a combination of  the first and s econd extract ions with 

2% formic acid gave no real added benefit to the correlation with 

ryegrass yield at the firs t harves t ,  the predic tive abi l i ty of  both o f  

the 2 %  c itric acid procedures improved markedly when an additional 

extrac tion was used . The predict ive ability o f  NAC also improved , 

particularly when Calc iphos was excluded , when additional extractions 

were used ( Table  6 . 8) . 

While the inclus ion o f  Calciphos had only a minor effect  on the 

predic t ive ability o f  2% formic acid and 2% c i t ric acid at the first 

harves t ,  in later harves ts the inclus ion o f  Calciphos markedly reduced 

the predic tive ab ility of  all extrac tants , particularly NAC and AAC . 

Correlation coefficients for the four individual harves ts with two 

( Ramiha and Maharahara) o f  the s o ils  (Table 6 . 9 ) , with Calciphos 

excluded ,  showed that although comb ining the firs t and second extractions 

with 2% formic acid had no added b enefit at the first harves t ,  in later 

harvests the comb ined extrac tions were a bet ter indicator of  l ikely 

agronomic effectiveness . The data presented in Table 6 . 9 are the 

average for the two rates . The predictive ability o f  b o th o f  the 2 %  

citri c  acid procedures also improved when a n  additional extrac t ion was 

used ( s um of 3) , particularly in later harvests . Essentially the s ame 

resul t was ob tained for NAC ( s um of  4 ) . S imilar  conclus ions were 

reached on the other four s o ils  and when individual harvests were 

combined .  



Table 6 . 9 Correlation coeffic ients b etween amounts o f  phosphorus extracted by the indicated extractant 

and yield of ryegrass at the firs t ,  second , third , and fourth harvests on the Ramiha silt  

loam and Maharahara sandy loam . Cal c iphos is excluded from calculations . 

Chemical 

ext ract ion procedure 

2% Formic acid 1 
2 

2% Citric acid 1 
( 1  h) 2 

3 

2% Citric acid 1 
( 0 . 5  h) 2 

3 

Neutral ammonium 1 
citrate 2 

3 
4 

5%  Citric acid 1 

* Significant a t  5%  l evel . 

** S i gnificant at  1%  l evel . 

1 

0 .  9 34 *  
0 . 9 6 5 ** 

0 .  706 
0 . 95 7* 
0 . 9 83** 

0 .  704 
0 . 95 1* 
0 . 992**  

0 . 59 2  
0 .  76 3 
0 . 9 24 *  
0 . 9 82** 

0 . 9 12 

Rami ha 

Harves t 

2 3 

0 . 89 3* 0 . 904 * 
0 .  9 84**  0 . 9 81**  

0 . 6 15 0 . 602  
0 . 9 12 *  0 . 9 1 3* 
0 . 9 9 1 ** 0 .  9 92** 

0 . 6 2 3  0 . 609 
0 . 9 1 2 *  0 . 90 2 *  
0 . 99 1 ** 0 . 99 1 ** 

0 . 502  0 . 49 8  
0 . 6 9 3  0 . 6 87 
0 . 8 74 0 .  86 3 
0 . 965*  0 . 964*  

0 . 856 0 . 84 2  

S o il type 

Maharahara 

Harvest 

4 1 2 3 

0 . 86 2  0 . 94 2* 0 .  89 1 *  0 .  872 
0 . 9 8 3** 0 . 944* 0 . 9 9 4 ** 0 . 9 9 3**  

0 . 564 0 . 733  0 . 6 12 0 . 5 32 
0 . 887* 0 . 962**  0 . 904*  0 . 8 7 3  
0 .  9 9 4 ** 0 . 96 1**  0 . 99 3** 0 .  9 9 2 ** 

0 . 562  0 .  723  0 . 6 14 0 . 5 2 3  
0 . 8 76 0 . 964**  0 . 9 14* 0 . 86 2  
0 .  9 9 2 ** 0 .  9 84** 0 . 9 9 3** 0 .  9 9 2 ** 

0 . 4 5 3  0 . 6 35 0 . 506 0 . 49 7  
0 . 644  0 . 794 0 . 695  0 . 60 3  
0 . 835 0 . 9 36 *  0 . 87 8  0 . 8 1 9  
0 . 94 6 *  0 . 99 1**  0 . 9 7 1 ** 0 . 9 38* 

0 . 8 14 0 . 92 4 *  0 . 858 0 . 8 16 

4 

0 . 86 3  
0 . 994** 

0 . 52 3  
0 . 8 78 
0 . 994** 

0 . 5 16 
0 . 86 3  
0 . 9 9 5 ** 

0 . 39 2  
0 . 594  
0 . 79 8  
0 . 9 3 3 *  

0 . 802  

...... 
00 
00 
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The 5 and 1 5 %  citric acid  procedures were included in the p resent 

study as possible substitutes or alternatives to  the sequential 

extrac tion procedure with 2 %  citric acid . Al though these s t ronger 

chemical extractants were initially more effective (Table 6 . 8 ) ,  the 

effect of Caco3 on 5% citric acid and the increased solubil i ty of TPR 

in 15% citric acid ( Tabl e  6 . 7) ,  l imit the value of these two chemical 

extraction p ro c edures ( Table 6 . 9 ) . B o th of  thes e extractants grossly 

underestimated the ef fectiveness of Calc iphos , as was the case with 

2% formic aci d  and 2 %  citric acid . 

Both 2% citric acid and NAC at  the second extraction gave a goo d  

co rrelat ion with the yield of  ryegras s  at  the first harves t .  Chi en 

and Hammond ( 19 78) found the s econd extraction with NAC to b e  a better 

indicato r than the firs t , with Huila phosphate ro ck from Columbia 

because the more soluble  Caco3 ( S ilverman et al . ,  1952) had been removed 

during the initial extract ion with NAC . In later harves ts in the present 

study , however , the second extrac t ion with either 2% c i tric acid or NAC 

was poorly correlated with agronomic performance of the P sources . The 

necessity to exclude superphosphate from all comparisons and Calciphos 

from those with NAC furthe r l imiffi the value of these extraction procedures . 

The variation in RAE values , when bas ed on P uptake by ryegrass 

( Fig . 6 . 3b ) , was app reciably greater than that reported earl ier us ing 

ryegrass yields ( Fi g .  6 . 3a) . In cont rast to  the conclus ions drawn for 

the predictive ability o f  both o f  the 2 %  citric acid procedures at the 

first extra c t ion,  us ing ryegrass yields as the criterion fo r assessin g  

agronomic effect iveness , both procedures were far more effe c t ive a t  the 

f i rs t  extrac t ion for p redicting P uptake by ryegrass . Al though they 

s till ranked behind 2% formic acid and 5% citric acid ( Tabl e  6 . 10 ) , the 

l ower RAE o f  the PR materials when b ased on P uptake by ryegrass ,  whi ch 

is cons istent  with the findings o f  the p revious study ( 6 . 3 . 1 ) , may 



Tab l e  6 . 10 Correlation coefficients b etween amounts of  phosphorus extrac ted by the indi cated 

extractant and phosphorus uptake by the ryegrass a t  the firs t harvest on six soils 

S o il type 
Chemical 
extract ion procedure Rami ha Konini M.a.harahara Kumeroa Wainui 

2% Formic acid 1 0 . 94 4 ** 0 .  7 7 3  0 . 9 49** 0 . 9 1 3* 0 . 6 26 
2 0 . 882 * 0 . 795  0 . 824*  0 . 834* 0 . 4 9 3  

2 %  Citric acid 1 0 . 824* o .  7 1 3  0 . 846* 0 . 84 5 *  0 . 706 
( 1  h) 2 0 . 9 32** 0 . 8 1 4 *  0 . 9 1 7 *  0 . 9 1 1 *  0 . 5 9 3  

3 0 . 826*  0 .  74 2 0 . 79 3  0 . 79 2  0 . 444 

2% Citric acid 1 0 .  834* 0 .  7 13 0 . 855* 0 . 86 2* 0 .  7 1 2  
( 0 . 5  h) 2 0 . 9 35** 0 . 8 14 *  0 . 9 1 2* 0 . 9 2 4 ** 0 . 6 23  

3 0 .  846 * 0 .  765 0 . 80 3  0 . 8 1 3 *  0 . 454 

Neutral ammonium 1 0 . 15 2  (0 . 682)t 0 . 242  ( 0 . 56 3 )  0 . 164 ( 0 . 722)  0 . 188 (0 . 755)  0 . 4 6 9  (0 . 7 3 1 )  
citrate  2 0 . 256  ( 0 . 832)  0 . 2 23  ( 0 . 706) 0 . 256  (0 . 8 38) 0 . 2 79  ( 0 . 8 7 9 )  0 . 5 38 ( 0 . 8 1 4)  

3 0 . 404 ( 0 . 959*)  0 . 339 ( 0 . 79 8) 0 .  39 8 (0 . 9 3 7 *) 0 . 4 12 ( 0 . 956*)  0 . 6 1 7 (0 . 864 ) 
4 0 . 54 2  (0 . 9 84**)  0 . 46 8  ( 0 . 8 2 9 )  0 . 5 15 ( 0 . 94 3* )  0 . 5 3 1  ( 0 . 9 6 4 **) 0 . 66 5  ( 0 . 8 32)  

Alkal ine ammonium 1 0 . 092  ( 0 . 6 2 2 )  0 . 24 3  ( 0 . 5 2 8 )  0 . 1 25 (0 . 669)  0 . 133 ( 0 . 7 12 )  0 . 43 1  ( 0 . 7 16 )  
c itrate  2 0 . 1 2 3  ( 0 . 69 4 )  0 . 24 6  (0 . 552)  0 . 14 7  ( 0 . 7 34 )  0 . 162  (0 . 7 78) 0 . 46 8  ( 0 . 769 )  

3 0 . 194  ( 0 . 796)  0 . 2 34  ( 0 . 6 2 3)  0 . 2 19 ( 0 . 826)  0 . 228 ( 0 . 859)  0 . 5 16 ( 0 . 824)  

5% Citric  acid 1 0 . 9 2 4 ** 0 . 78 3  0 . 9 2 6 ** 0 . 9 18* 0 . 602 

15%  Citric ac id 1 0 . 844 0 .  746 0 . 824* 0 . 80 3  0 . 4 36 

* Significant at  5%  l evel . 

** S ignificant at  1 %  l evel . 

t Calciphos is excluded from calculation . 

Tokomaru 

0 .  80 2'' ' 
0 . 60 3  

0 . 9 82 ** 
0 . 82 1 *  
0 . 6 13 

0 .  9 84 ** 
0 . 84 5 *  
0 . 6 2 6  

0 . 402  (0 . 9 54*)  
0 . 44 6  ( 0 . 9 82**)  
0 . 494  ( 0 . 94 3*) 
0 . 508  (0 . 833)  

0 . 37 3  ( 0 . 9 38*) 
0 . 382  (0 . 964**) 
0 . 404 (0 . 9 9 2 **) 

0 . 844* 

0 . 69 2  

..... \,0 0 



explain this difference in the resul ts . 

Exclus ion o f  Cal ciphos from the l inear regression analysis again 

improved the p redictive ab ility o f  NAC and AAC at  the first extrac tion 

wi th all soils . Nevertheless NAC was less effec tive than 2% formic 

acid and 2% cit ric  acid up to the third cumulative extraction ( Tab le  

6 . 10 ) . 

Again , in contras t to the conclusions drawn for the ab ility o f  the 

extractants to predict ryegrass yiel ds in later harvests , there was no 

advantage in us ing a s econd sequential extraction with 2% formic acid 

o r  a third sequential extract ion with 2 %  citric acid , to improve the 

ab il ity o f  thes e two chemical extraction p rocedures to predict  P uptake 

by ryegrass in l ater harves ts with the Ramiha and Maharahara soils 

(Table  6 . 1 1 ) . A similar c onclus ion was also reached wi th the o ther 

four soils and when individual harvests for each soil were combined . 

The inclus ion o f  Calciphos again decreased the p redictive ability of  all 

extrac tants in later harvests , confirming the suggestion made earlier 

that these chemical extractants are l imited to comparisons of P sources 

of s imilar mineralogy only . 

6 . 3 . 2 . 2  Relationships for  white clover 

19 1 

The RAE of the PR materials ,  b ased on white clover yiel d 

for the individual and comb ined harves ts at bo th rates o f  appl ication for 

the three soil s , varied with the source and rate of  addition o f  P ,  

harves t ,  and , in addition , with soil ( Fig . 6 . 4a) . Correlation coefficients 

for the relationship between the amounts of  P extracted from the P sources 

and white clover yiel d at first harves t for the soils ( Table 6 . 1 2 )  showed 

that the p redi ctive ability of the 2% formic acid procedure was superior 

to the o ther extractants , at  the firs t  extraction . S equential extractions 

again improved the predictive ability of 2% citric acid , NAC , and AAC a t  

first harvest (Table 6 . 1 2 ) . 



Table  6 . 1 1  Correlation coefficients between amounts o f  phosphorus extrac ted by the indicated extractant and 

phosphorus uptake by the ryegrass at the fir� t ,  second , third , and fourth harves ts on the Ramiha silt 

loam and Maharahara sandy loam .  Calcipho s is  excluded from calculation . 

S o il type 

Ramiha Maharahara 

Chemical Harvest Harves t 

extraction pro cedure 1 2 3 4 1 2 3 4 

2%  Formic acid 1 0 . 9 5 2* 0 . 9 2 1 *  0 .  9 32* 0 . 902*  0 . 942* 0 . 883* 0 .  9 54 *  0 . 9 3 1 *  
2 0 . 904* 0 . 8 15 0 . 9 4 3* 0 . 9 73** 0 . 8 14 *  0 . 862*  0 . 902*  0 . 9 64 *  

2% Ci tric acid 1 0 . 80 1  0 .  74 2 0 .  7 2 1  0 . 59 7  0 . 8 1 2  0 .  79 8 0 . 7 32* 0 . 63 3  
( 1  h )  2 0 . 9 72** 0 .  9 14 *  0 . 9 5 5 ** 0 . 90 2* 0 . 94 6 *  0 . 90 1* 0 . 954* 0 .  9 34* 

3 0 . 94 3* 0 . 855*  0 . 94 6 *  0 .  9 84 ** 0 . 855 0 . 84 7 0 . 9 29*  0 . 9 75**  

2% Ci tric acid 1 0 . 75 2  0 .  74 3 0 .  726  0 . 599  0 . 8 1 6  0 .  736  0 . 7 3 3  0 . 634  
( 0 . 5h)  2 0 . 9 7 3** 0 . 9 1 2* 0 . 9 6 7** 0 . 89 2 *  0 . 9 55* 0 .  9 30 *  0 . 940*  0 . 9 22* 

3 0 . 954*  0 . 865  0 . 9 78** 0 . 968** 0 . 87 2  0 . 864 0 . 942*  0 . 9 8 1** 

Neutral ammonium 1 0 . 6 8 3  0 . 64 8  0 . 6 23  0 . 4 5 3  0 .  7 2 3  0 . 7 5 1  0 . 60 3  0 . 50 1  
citrate 2 0 .  8 34 0 . 786  0 . 782  0 . 64 5  0 . 844 0 . 8 7 2  0 .  754 0 . 682  

3 0 . 9 55* 0 .  8 9 2 *  0 . 92 1* 0 . 8 1 6  0 .  9 30* 0 . 9 35*  0 . 882* 0 . 84 3  
4 0 . 9 87** 0 . 9 14* 0 . 9 84** 0 . 9 2 7* 0 . 94 1* 0 . 9 74** 0 . 9 2 1* 0 . 94 5* 

5% Citric acid 1 0 .  9 4 8* 0 . 90 1* 0 . 9 1 2* 0 . 86 2  0 .  96  7 ** 0 . 88 1 *  0 . 94 1* 0 . 89 4 *  

* S ignificant at  5%  l evel . 

** Significant at 1 %  level . 
...... 
\0 
N 
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Table  6 . 12 Correlation coefficients between amounts o f  phosphorus extracted by the indicated extractant 

and yield o f  white clover and phosphorus uptake by white clover at the firs t harvest 

on three s oils . 

Yield o f  white clover P uptake by white clover 

Chemical extrac t ion p ro cedure Rami ha Konini Wainui Rami ha Konini Wainui 

2% Formic acid 1 0 . 89 3  0 . 9 5 2 *  0 . 9 72 *  0 . 9 12 0 . 90 1  0 .  76 7 
2 0 . 9 82 *  0 . 9 33 0 . 9 34 0 . 954 * 0 . 8 74 0 . 894 

2%  Citric acid ( 1  h) 1 0 . 5 8 1  0 . 80 1 0 .  7 7 1  0 . 6 6 1  0 .  74 1 0 . 36 9  
2 0 . 875  0 . 945  0 . 9 76*  0 . 95 3* 0 . 892  0 . 7 38 
3 0 . 9 94** 0 . 954 * 0 . 9 73*  0 . 96 2 *  0 . 9 0 3  0 . 886 

2% Citric acid ( 0 . 5  h) 1 0 . 5 72 0 . 752 0 .  7 7 3  0 . 6 14 0 .  74 4 0 .  35 3 
2 0 . 883 0 . 954 * 0 . 9 74 *  0 . 900 0 . 9 18 0 . 685 
3 0 . 994**  0 . 960*  0 .  9 74  * 0 .  9 75*  0 . 9 0 7  0 . 878 

Neutral ammonium citrate 1 0 . 5 2 5  0 . 69 3  0 . 706 0 . 596  0 . 706 0 . 324 
2 0 . 6 76 0 . 824 0 . 82 7  0 . 7 4 7  0 . 825  0 . 386 
3 0 . 84 7 0 . 9 32 0 . 92 8  0 . 889 0 . 924 0 . 58 7  
4 0 . 95 8* 0 . 9 8 7 *  0 . 9 7 1 *  0 . 9 5 8* 0 . 9 52* 0 . 69 9  

Alkaline ammonium ci trate 1 0 . 45 9  0 . 646 0 . 649  0 . 544 0 . 6 6 3  0 . 32 3  
2 0 . 5 12 0 . 6 85 0 . 68 3  0 . 5 86 0 . 69 6  0 . 3 1 1  
3 0 . 594 0 . 754 0 .  752 0 . 6 73 0 . 764 o .  300 

5% Citric acid  1 0 .  8 16 0 . 90 1 0 . 9 34 0 . 852  0 . 85 1  0 . 6 74 

15%  Citric acid 1 0 . 8 1 3  0 . 86 2  0 . 9 16 0 . 82 1  0 . 782 0 . 7 80 

* Significant at 5% level . 

** Significant at 1 %  level . 

..... '-0 � 



A comparison o f  the chemical extraction p rocedures in l ater 

harves ts showed that 2 %  formic acid ( sum of 2 ) , 2%  citr i c  acid ( s um 

of  3) , and NAC (sum o f  4 )  gave the best correlations with white clover 

yiel d .  Al though the reliability o f  this finding coul d b e  ques tioned , 

becaus e o f  the l imited number o f  data points ob tained with clover and 

us ed for the l inear regression analysis , it agrees with the conclus ion 

reached earlier us ing ryegrass yiel d data . 

As was the case for RAE values o f  the PR materials based on P 

up take by ryegrass (Fig . 6 . 3b) , the RAE o f  the PR materials based on P 

uptake by white clover ( Fig . 6 . 4b )  varied widely with the source and 

rate of appl ication o f  P ,  harve s t , and also across the three s o ils . 

1 95 

The predic t ive abil ity of  the extractants at  the first harvest (Table  

6 . 1 2 )  and in  l ater harvests followed very s imilar trends to  those  already 

reported for ryegrass and white clover yield data , al though the actual 

correlation coefficients were generally lower . This was particularly 

the case in later harves ts , where the variability in RAE increased with 

all three soils . The good agreement between yield of white c lover and 

P uptake by white clover contrasts  with the resul ts reported earl ier 

with ryegrass ( s ee S e c t ion 6 . 3 . 2 . 1) . 

6 . 3 . 3  Two new approaches for assessing the agronomic 

effect iveness of  phosphate rock materials 

6 . 3 . 3 . 1 Hydrous ferric oxide gel 

An initial s tudy evaluating the potential use o f  hydrous 

ferric oxide gel ( Fe gel) for characterizing the release o f  P from PR 

materials used the method developed by McLaughlin and Syers ( 19 78) to 

investiga t e  the s tability of ferric phosphates . The resul ts ob tained 

with s ix PR materials show that the extent of their dissolut ion over 

1 7  days was low compared to that o f  superphosphate (Fig . 6 . 5 ) ,  with the 
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1 9 7  

solub i l i ty o f  thes e P R  materials deviating from the expected pattern . 

In fact the dissolution o f  CRP was less than that of bo th NPR and TPR 

after only three days . The lower solubility o f  NCPR and in particular 

that o f  CRP , when compared to SPR,  appears to result from an increas e in 

the pH o f  the Fe gel s uspens ion due to the dissolution of Caco
3 

present  

in the firs t two PR materials ( Table  6 . 1 3 ) . Al though NCPR contains a 

similar amount o f  Caco
3 

to SPR ( Tabl e  6 . 1 ) ,  a difference was found b e tween 

thes e two PR materials in the pH and the Ca concentration o f  the solution 

in the dialys is tubing after 14 days , suggesting that the solub il i ty o f  

the Caco
3 

i n  SPR and N CPR differs . The marked increas e in both the pH 

and Ca concentration ob tained with CRP , probably reflects the difference 

in the amount  o f  Caco
3 

present , compared to that in SPR and to a lesser 

extent NCPR .  The lower dissolution of  CRP demons trates the importance 

of these two factors in controll ing the dissolution of a PR ( Tabl e  6 . 1 3 ) . 

This is  dis cussed in greater detail in a later Chapter ( 7 . 3 . 4 ) . 

In an attempt to overcome the effect o f  Caco3 on P rel ease a 

series o f  s tudies was undertaken to evaluate the effect on the dissolution 

o f  a PR of varying the initial pH o f  the Fe gel suspension and of  

intro ducing a cation exchange res in ( CER) . By decreas ing the ini tial pH 

of  the Fe gel suspension the dissolution o f  SPR and TPR increased f rom 7 

to 35% and from 2 . 4 to 1 3% ,  respectively , at 1 7  days (Fig . 6 . 6 ) . 

Introduction o f  the CER in a separate dialys is tube into the Fe gel 

suspens ion to maintain a concentration gradient  for Ca , further increased 

the dissolution of SPR ( Fig . 6 . 7) .  In contras t ,  although no t shown , the 

CER had no additional e f fect on the dissolut ion rate of the TPR at  pH 4 . 0 .  

Interest ingly , the amount o f  Fe gel in suspension over the range 2 . 5 to  

- 1  1 0  mg ml had no effect  on the rate o f  dissolution o f  the P sources , 

although the results fo r the dialysis o f  SPR agains t deionized water 

( Fig . 6 . 7 ) demons trate the importance of  having a s ink for P .  



Table  6 . 1 3 

Phosphate source 

NPR 

CIAPR 

TPR 

CRP 

SPR 

NCPR 

Superphosphat e 

Effect o f  phosphate  source on the pH of  the hydrous 

ferric oxide gel suspension over 14 days o f  dialys is 

pH of Fe gel 

0 . 8  2 . 8  4 . 8  5 . 8  6 . 8  1 1 . 8  14 . 0  

( Time i n  days ) 

5 . 85 5 . 9 0  6 . 05 6 . 00 6 . 00 6 . 00 6 . 00 

5 . 80 5 . 85  5 . 9 0  5 . 90  6 . 00 6 . 00 5 . 90 

5 . 95 5 . 9 5  6 . 05 6 . 00 6 . 00 6 . 00 6 . 00  

6 . 00 6 . 15 6 . 30 6 .  30 6 . 35 6 . 40  6 . 45 

5 . 85 5 . 95  6 . 00 6 . 00 6 . 00 6 . 00  6 . 00  

5 . 85 5 . 90 6 . 05  6 . 05 6 . 05 6 . 20  6 .  35 

6 .  30 6 . 4 0  6 . 45 6 .  35 6 .  35 6 .  35 6 . 35 

* pH o f  solut ion in dialys is tube after fil tration ( <0 . 4 5  �m) . 

t Concentrat ion of  Ca ( �g g 
- 1  o f  PR) in filtrate from dialysis tubing . 

14 . 0* 

( 6 .  1 5 )  

( 6 .  10)  

( 7 . 70 )  

( 5 . 90 )  

( 6 . 5  ) 

(6 . 5  ) 

14 . 0t 

( 1 , 250)  

( 500)  

(5 ' 750)  

( 1 '  750)  

( 3 '  750)  

( 1 3 '  000)  

t-' 
\0 
00 
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Provided the pH and Ca concentration o f  the system are control led 

then the Fe gel app roach shows promise as a method for cha racterizing 

the initial rel ease of P from a wide range o f  P sources , varying no t 

only in solubil ity but also in mineralogy (Fig . 6 . 8) . The ab ras ive 

20 1 

nature of the internal surfaces o f  the polypropylene containers us ed in 

the present series o f  studies , which led to tearing and rup turing of the 

dialysis tubing during shaking , prevented the measurement o f  dissolution 

beyond 1 7  days . An extens ion o f  the dialys is period b eyond 1 7  days 

would probably have improved predictive ability , by removing a greater 

p ropo rtion o f  total P and possibly increas ing the relative differences 

between the P s ources , particularly Calciphos and TPR from NCPR,  SPR, 

and CRP . 

In addition to providing information on the dissolution rate o f  P 

sources o f  varying composition , the Fe gel approach also furnishes 

informat ion on the l ikely behaviour o f  these P sources in s o il . This 

is because Fe gel can b e  used as a model for s o il sys tems , with respect 

to P sorpt ion (Ryden et al . ,  1 9 7 7 ) . The approach to an equilib rium 

solution P conc entration is continuously disturbed by the Fe gel , which 

acts as a P s ink in a similar manner to the c omponents involved in P 

sorption in s o il . The good agreement between the resul ts o f  the 

p resent study for the dissolution rates of CRP , and in part icular SPR 

and TPR, wi th those presented in a l ater Chapter ( 7 . 3 . 3 . 1 ) acro s s  a 

range of  soils confirms that this approach provides a useful approximation 

o f  the soil system .  

6 . 3 . 3 . 2  Electro-ul trafil tration 

Both the solution ( deionized water ) : solid ratio and vol tage 

had a marked effect on the dissolut ion of the PR materials in bo th the 

automatic (Fig . 6 . 9 )  and manual modes o f  the EUF apparatus . S imilarly , 
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the conduct ivity of the solution in b o th the automatic and manual modes 

( Fig . 6 . 1 0 )  affected P rel ease . Increasing the conduct ivity o f  the 

s o lut ion from 1 . 25  to 72 11 S (0 . 0 36 mg NaCl ml
- 1

) resul ted in an increas e 

in the dissolution of SPR from less than 6 to over 50% o f  to tal P after 

ten ,  5-min extractions at  400V , presumably by increasing the current 

carried in solution (Fi g .  6 . 10 ) . The poorer duplicat ion obtained when 

dis tilled rather than deionized water was used in EUF s tudies is  p robably 

explained by the greater variability in the conductivity of dis tilled 

water ( 15 . 5  ± 5 . 0 11 S )  

I n  prel iminary s tudies using deionized water only a small 

percentage of the total P of  the PR material was extracted by EUF 

( Fi g . 6 . 9 ) . This would increase the l ikely effect of  such factors as 

surface-hel d P ,  broken surfaces , fine particl es p resent on surfaces , and 

accessory mineral s  on P releas e .  Increas ing the percentage o f  total P 

extracted during EUF (Fig . 6 . 10 )  by increas ing the conductivity of the 

solution shoul d  minimize such effects . 

In addition to the e ffects o f  solution : so l i d  rat io , vol tage , and 

conductivity on the dissolution rate of the PR materials ,  the solub il i ty 

o f  the PR also had a marked effect on the release of P during EUF at  

400 V ,  us ing b o th deionized water (Fig . 6 . 1 la) and a weak NaCl ( 0 . 0 30 mg 

NaCl ml
- 1

) solution (Fi g .  6 . 10b) . The EUF procedure does no t allow the 

dire c t  evalua t ion of either water-solub le (superphosphate) or sparingly 

wat er-solub le ( dicalcium phosphate) P sources . When deionized water was 

us ed , the EUF p rocedure , s eparated out SPR, NCPR,  and CRP f rom TPR, 

al though the dissolution of SPR was far greater than that o f  CRP , and in 

particular NCPR (Fig . 6 . 1 1 a) . This apparent difference in dissolution 

between SPR and either NCPR or CRP may be due to differences in the 

physical charac teris tics o f  these PR materials .  Unl ike particles of  

NCPR and CRP which are irregular in shape , particles of  SPR have an 
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orbicular shap e ,  due to the mode o f  depos i t ion ( Cheney et al . ,  1 9 7 9 )  and 

therefore b ehave in a s imilar manner to fine sand in shaking systems . 

Whereas SPR remained in solution during EUF , NCPR and CRP readily fo rmed 

coatings over the semi-permeable membranes a t  the two electrodes . The 

small differences reported in the Fe gel s tudies (6 . 3 . 3 . 1 ) between the 

dissolution of SPR and NCPR,  may also b e  explained by differences in 

physical properties important in shaker sys tems , in addition to any 

effect o f  Caco3 on dissolution . 

- 1  
Al though addition o f  dilute NaCl solution ( 0 . 0 30 mg ml ) increased 

the dissolution of the f ive PR materials (Fig . 6 . 1 1b )  evaluated in the 

p revious s tudies ( see 6 . 3 . 1 ) ,  the EUF method failed to rank the PR 

materials in the order of agronomic effect iveness es tablished by the 

glasshouse s tudy (see 6 . 3 . 1 ) . I t  was found in subsequen t  s tudies that 

the use of  o ther sal t s , and both weak acids and alkalis , also gave 

confli c t ing res ults . Thus i t  appears that the p roblems associated with 

both physica l  differences between P sources unique to shaking sys tems 

and the varying effec t  o f  the conductivity of the solution during EUF 

l imits this technique as an al t ernative approa ch for evaluating P release 

f rom low water solub i l i ty P sources . 

6 . 4 General Discus s ion 

The resul ts ob tained in the p resent glas shouse s tudy with s ix 

so ils not only extend the preliminary agronomic evaluat ion o f  CRP 

( Chapter 3)  and permit CRP to be ranked as a reac tive PR along wi th NCPR 

and SPR, but also provides · _the firs t comprehens ive comparison o f  CRP with 

a range of P sources of  varying agronomic effectiveness .  The s ix P 

sources eval uated can be ranked in the following decreasing order o f  

agronomic effectivene s s , s uperphos phate � NCPR � SPR > CRP > >  Cal ciphos 

> >  TPR .  The difference found be tween NCPR and s uperphosphate is  cons is tent 
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with that reported in the l iterature for these  two P sources (Bengtson 

et  al . ,  1 9 74 ; Engles tad et al . ,  1 9 74 ; Chien and Hammond , 1978) ; as is 

the dif ference between SPR and superphosphate (Eassbende :r , . · �9(?5 ; 

Hammond , 1 9 78) , CRP and superphos phate ( Chap ters 3 and 5 ;  Powell ,  1 9 79 ;  

Powel l  et  al . ,  1 9 80 ; Raj an , 19 8 la)_ , Calciphos and superphosphate 

(Buchan et  al . ,  1 9 70 ; S tephens and Lipset t ,  1 9 75 ; Gilkes and Palmer , 

1 9 79 ) , and TPR and superphosphate (Armiger and Fried , 195 7 ;  Hammond and 

Leon , 1 9 7 7 ) . 

The differences found in the ability o f  the two indicato r plant 

species to  utilize P f rom a PR have also b een reported by a number o f  

workers with o ther plant species (Fried , 1 9 5 3 ; Mclean and Hoelscher , 

1 954 ; Marais et al . ,  1 9 70 ) . The reasons for  this difference ,  which 

is generally greater in dico tyl edons than monoco tyledons (Deis t et  al . ,  

19 7 1 ) , and which was reflected more in P uptake than in yield data in 

the p resent s tudy , are not well unders tood . The mo s t  likely mechanism 

operat ing is  an increase in the rate at which Ca is removed from solution,  

either by s imply an increased requirement for Ca by dico tyledons ( Deis t 

et  al . , 1 9 7 } ) , or a greater cat ion-exchange capacity of the roo t  s ur faces 

of dico tyledons (Drake et al . ,  1 9 5 1 ) , or a combination o f  both . Thi s  

woul d l ead t o  an increase in the rate o f  dissolut ion o f  the P R  i n  the 

soil and cons equently its plant availability . 

An evaluat ion o f  chemical extraction p ro cedures for predicting the 

agronomic effectiveness of PR materials , and superphosphate at the first 

harves t  showed that , except for 2 %  formic acid  and 5%  citric acid , the 

extrac tant s  were of only l imited value if a s ingle extrac t ion was us ed . 

This is in l ine with the f indings o f  Ho ffman and Breen ( 19 6 4 ) , Cooke 

( 1 9 :56) , Amb erger ( 19 78) , and Chien and Hammond ( 19 788)., but conf l i c ts 

with the resul ts of  Armiger and Fried ( 19 5 7) , Enge1s tad et al . ( 19 74 )  and 

Bengtson et al . ( 19 74 ) , highlighting the variabili ty in the literature o f  



informa t ion , on the p redictive abili ty of these chemical extractants . 

Th is variability may b e  due to  s ome extent to  the effect o f  Caco
3 , 

which is associated with many P R  materials ( Lehr et al . ,  196 7) . 

Whereas the initial s o lubility o f  NCPR and SPR appeared to be  affected 

to only a minor degree by the p resence of  Caco3 in the p resen t  study , 

the solub ility o f  CRP was markedly reduced a t  the firs t extrac t ion , 

particularly in 2% c itric acid and NAC . Interes tingly , in the s tudies 
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of Armiger and Fried ( 19 5 7) , Engels tad et  al ( 19 74) , and Bengtson et al . 

( 19 74 ) , in which 2% c i tric acid and NAC , res pect ively , were found to be  

goo d  indi cators of  agronomic effectiveness  at  the first harvest , none 

of the PR materials evaluated contained appreciable amo unts o f  Caco
3 . 

In lat er harves t s  the predictive ability of all the chemical 

extract ion pro cedures us ing a s ingle extrac t ion declined further , a 

find ing supported by th e work o f  Bengtson e t  al . ( 19 74 )  and Engels tad 

et al . ( 1 9 74 ) , who found that the relationship between the relative 

agronomic e ffectivenes s  o f  PR mat erials and their solub i l i ty in NAC 

decreased at the s econd harve s t . An increas e in the e ffec t iveness of  

less-rea c t ive PR materials (Engels tad e t  al . , 1 9 74 ; Chien and Hammond , 

1 9 78a) , and also the increasing influence of  the soil on the applied PR 

(Bengtson et  al . ,  19 74 ; Hagin e t  al . ,  19 78� are the mos t  l ikely reasons 

for the decreasing predictive ability of the extrac tants  after the 

initial h arve s t . The importance o f  these two factors is likely to 

increase as the rate o f  applicat ion o f  P decreas es . Whereas , in the 

pres ent s tudy no marked differences were found in the correlation 

coefficients at  the two applica t ion rates used , several workers have 

noted a marked interact ion at lower application rates ( Chien , 1 97 7 ; 

Hammond and Lean , 1 9 7 7 ) . 

Of the s equential extract ion procedures investigated in this s tudy , 

2%  formi c  acid (sum o f  2 ) , bo th o f  the 2%  citric acid ( s um o f  3 )  p rocedures 
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which b ehaved very s imilarly , and NAC ( sum o f  4 )  were b e s t  correlated 

with agronomic performance .  This supports and extends the findings o f  

Hoffman and Breen ( 1964) . In addi tion to improving the p redic tive 

ability of both o f  the 2% citric  acid and , in particular NAC , the sequential 

approach also improved the predictive ability of  these extractants in later 

harves t s , with the application rates used in the presen t  s tudy . This 

requires clarification at lower application rates . A p rocedure employing 

two , three , or even four s equential ext ractions , however ,  is t ime 

consuming and therefore less  suitable for routine analys is . Of the 

single chemical extraction p rocedures evaluated , 2% fo rmic acid appears to 

o ffer the mos t  promise for assess ing the l ikely agronomic effectivenes s of 

PR material s . 

I f  a PR has appreciable amounts o f  Caco3 , such as CRP , however ,  

then a s ingle extract ion appears to b e  o f  l imited value . Increas ing the 

strength of the citric ac id to s ay 15% , in an attempt to decrease the 

effect o f  Caco3 and thus eliminate the neces s ity for a s equential extraction, 

resul ts in an increas e  in the s olubility of the less rea c tive PR . Use of 

a wider solut ion : sol id ratio ( 35 0 : 1 ) with either 2% formic acid or  2%  

citric acid (Anko rian , 19 78)  or pH 3 ammonium citrate ( Chien and Hammond , 

1978�) appears to only overcome the problems associated with the p resence 

in a PR of a small amount of  free Caco3 • A s equential extraction 

procedure therefore appears to o f fer the only technique for assess ing the 

likely agronomic effectivenes s o f  PR materials containing appreciable 

amounts o f  Caco
3 . 

All o f  the extract ion p ro cedures tested failed to adequately 

assess the agronomic effect iveness  o f  Calciphos . Hoffman and Breen 

( 1964)  r eached a s imilar conclus ion , f inding that the s o lubility o f  two 

PR materials ( Connetable Islands and Senegal ) , containing mainly aluminium 

phosphates which increased with the increasing alkalinity o f  the citrate 



solut ions , depended more on the extrac ting solution than on the l ikely 

agronomic effectiveness of the PR material s . A number of workers 

(Doak et  al . ,  196 5 ;  Rober ts and Whi te , 1 9 74 )  have found  NAC to b e  a 

useful indicator o f  the l ikely agronomic e f fectiveness o f  Cal cipho s . 
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In general , however ,  i t  has b een found to grossly overest imate the 

relative agronomic effect iveness  of Cal ciphos compared to superphosphate 

(Buchan et al . ,  1 9 70 ; Palmer et al . ,  19 7 9 ) . Palmer 0 19 80 )  did 

find that NAC was a useful extractant when comparisons were res tricted 

within the group o f  calcined p roducts , and this fact p robably explains 

some of the confl icting repor t s  as to the value of NAC in the litera ture . 

The s equential extract ion procedure also failed to improve the predictive 

ability o f  the conventional extractions when Calciphos was included in 

the comparison . 

Only 79 % o f  the to tal P in the superphosphate used in the present 

s tudy was soluble in 2% citric acid ( The Fert il isers Regulations , 1 9 6 9 ) . 

Because o f  the increasing propo rtion o f  Chris tmas Island A grade PR in 

blends wi th Nauru P R  in the manufacture o f  s uperphosphate in New Zealand 

( Quin , 1 9 8 1) , citri c- soluble P l evels are lower than are desired , due 

to the p recipitation of Fe-P and Al-P . Higher amounts  o f  unreacted , 

rather inert PR are also likely to b e  p resen t  in the s uperphosphate due 

to unde r-acidulat ion and preferen tial dissolution of the Fe and Al 

minerals by s ulfuric acid during manufacture ( Gilkes and Lin Nunez ,  1980 ) . 

This l eads to a further decline in c i tric-soluble P values . The presence 

of these insoluble phosphate , although in fairly small quantities in the 

sup erphosphate us ed in the presen t  s t udy , is reflected in their varying 

solubilities in the extractants after the firs t extract ion . Gilkes and 

Lin Nunez ( 19 80 )  found that these poorly-soluble Fe-P and Al-P compounds , 

and unreacted PR mat erials (Nauru and Chris tmas Island A grade) o f ten 

found in superphosphate are less effective than monocalc ium-phosphate 
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monohydrate (MCPM) a s  a source of  P fo r wheat . In a recent glasshouse 

s t udy conducted at Massey Univers ity ( Curri e ,  pers . comm . )  the plant 

availab ility o f  the citric acid-insoluble P component of  a range of 

comme rcially-available superphosphates was found to vary widely , when 

compared to MCPM, but in some cases was no greater than that o f  the 

unreact ed rock f rom which the superphosphate was made . 

P resent fertilizer regulat ions (The Fertil isers Regulations , 1 9 6 9 )  

require information o n  the amount o f  to tal and 2% citric acid-soluble P 

in superphosphate for regi s t ra t ion . B o th the 2%  ci tric acid methods 

evaluated in the p resent study we.re found to be poor indicators of l ikely 

agronomic effe c t iveness . Unt il recently , however , the choice o f  extractant 

to evaluate the chemical qual i ty of superphosphate has b een of l it tle 

importance as the proport ion o f  citric acid-soluble P in superphosphate 

has generally exceeded 90% of to tal P ,  o f  which over 85% is  soluble in 

wat er ( During , 1 9 7 2 ) . Clearl y ,  with a decline in the citric-soluble and ,  

in particular , the water-soluble  P fraction in the superphosphate pro ducts 

availabl e in New Zealand , the official method employed for assessing the 

chemical quality , and indirectly agronomic effectiveness , becomes of 

increased importance . Based on the resul ts o f  the present s tudy , a 

re-evaluat ion o f  this ques t ion is warranted . 

Whereas the Fe gel approach showed p romise as a technique for 

asses s ing the agronomic effect ivne s s  of PR materials ,  the EUF showed 

several l imi tations . Nemeth ( 19 80)  has sugges t ed that the EUF technique 

coul d b e  used for nutrient fract ionation o f  both plant materials and 

fertilizers , in addition to s oils . To date the use o f  the EUF 

technique for inves t igating the b ehaviour of PR materials has b een 

restricted to a s tudy by Obi gb esan and Mengel ( 19 8 1 )  with incubated s o il s . 

The problems associated with physical differences between the PR materials 

and the varying effect of solution conduct ivity on the rate of dis solution 
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o f  a PR appear to prevent a direct assessment o f  PR mat erials by EUF . 

The ability o f  the Fe gel approach to index Cal ciphos in l ine 

with its  moderate agronomic effectivenes s , was a feature of this s tudy 

and underlines the potential o f  approaches which attempt to charac terize 

the pattern of  P rel ease . McLaughlin and Syers ( 19 78)  also found that 

the Fe gel approach differentiated more effectively the differences in 

the s tability of ferric phosphates , one o f  the maj or reac t ion products 

b el ieved to form following the dissolution of superphosphate on contact 

with moi s t  acid soil , (Lindsay et  al . ,  1959 ) than did a s ingle wat er 

extrac tion . An extens ion o f  the dialysis period beyond 1 7  days may have 

improved the predic tive ab ili ty o f  this approach . 
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CHAPTER 7 

REACTIONS OF PHOSPHATE ROCK MATERIALS IN SOILS 

7 . 1 Introduct ion 
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In contrast t o  the init ial decline in water-extractable  P in so il 

to which a PR is added ( Chien , 1 9 79 ; Mokwunye and Chien , 1 9 80a ; Chien 

et al . , 1980a , b ) , both Bray- and b icarbonate-extractabl e  P have b een 

shown to initially increase ( Ch ien , 1 9 78 ; Shinde et al . ,  1 9 78) . The 

signif icance of these changes t o  short-t erm plant-available P in soil 

has not been es tablished . S everal workers ( Chien , 1 9 7 9 ; Hammond , 

1 9 7 8 ;  Chien e t  al . ,  1 9 80a) , have used water-extraction t o  evaluate 

the changes in P in the so il to which a PR was added . Resul ts from 

the f ield trials ( Chapter 4 ) , s uggest  that ·the madi fied s ingle-

water ext raction pro cedure o f  Ryden and Syers ( 19 77) , which has been 

shown to co rrelate well with plant up take of P after the addition of 

superphospate (Gillingham, 19 7 8 ; Rennes ,  19 78 ;  Lus comb e  et al . ,  1 9 7 9 ) , 

was a poor indicator of  the plant-available P in the s o il to which CRP 

was adde d ,  at leas t in the short term .  Because o f  the marked effect 

of solution : soil ratio (Hope , 1 9 7 7 )  and shaking time ( Ch ien , 1 9 7 9 )  

on the amounts of  P extracted from s o i l s  b y  dilute sal t solutions and 

water , these resul t s  may no t b e  direct ly comparable .  

As with water extract ion , the bicarbonate method o f  Olsen et  al . 

( 19 54 )  also appears to underes t imate the short-term , plant-available P 

in the soil derived from a P R  ( Chapter 4 ) . In contras t ,  the Bray 

extract ion appears to provide a goo d e s t imate of  plant-available P in 



the so il to which a PR has been added ( Chapter 4 ) . However , the 

variab i l ity in the f ield resul ts due to factors other than appl ied P 

and the use of  an indirect measure o f  plant-available  P in the soil , 

makes these conclus ions rather tentat ive . Therefore , before the 
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agronomic s ignificance of the react ions o f  a PR in soil s  can be asses sed 

with any confidence , the relationship existing between the amounts o f  

extractable P and plant-available P in so il containing a P R  requires 

clarif ication . 

Methods used for measuring the dissolut ion of a PR in soil , as 

dis t inct from the methods used to estimate the sub sequent plant-available 

P frac tion , have invariably b een based on the fract ionat ion p ro cedure of 

Chang and Jackson ( 19 5 7 )  or  one of its various modificat ions (Robertson 

et al . ,  1966 ; Amberger et al . ,  19 7 1 ;  Cescas and Tyner , 1 9 7 6 ) . 

Incr eases in the Fe-P and Al-P fractions are cons idered to give an 

est imate of the total P in the PR which has dissolved , whereas the 

increase in the Ca-P fract ion is cons idered to indicate the amount of 

unreacted PR.  Apart from the study of Chu et al . ( 19 6Q) , where the 

Fe-P and Al-P fract ions were comb ined , giving a d irect estimate of the 

amount of PR dissolved , no other workers appear to have attempted to use 

their resul t s  in this manner . The extent to which the Chang and Jackson 

( 1 95 7 )  fract ionat ion procedure differentiates between the Fe-P and Al-P 

fract ions in soils is debatab l e ,  as Bromfield ( 19 6 .1 )  and Will iams et al . ,  

( 1 9 7 1 )  have found that NH
4

F is not specif ic for Al-P , but it can also 

remove cons iderable Fe-P during the extract ion . A s ingle  NaOH extract ion , 

which has been shown ( Syers et al . , 1 9 7 2 )  to remove both these fract ions , 

may therefore provide a useful metho d for measuring the dissolut ion o f  a 

PR in a soil . Because apat ite does not dissolve to any s ignificant extent 

in dilute NaOH ( Chang and Jackson , 1 9 5 7 ) , the use of  this reagent is 

preferable to methods which attempt to measure the unreacted PR fract ion 
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remaining in the soil , which would require a fract ionation pro cedure . 

In addition to PR-related factors such as solub ility and particle 

s iz e ,  the rate of  dissolut ion of a PR in soil will be dependent on a 

source o f  hydrogen ions and on the concentrat ion o f  the reaction products  

2+ -( Ca and H2Po4 ) in the solution immediately s urrounding the PR . 

As a resul t soil pH , which to some degree provides a rough estimate  of  

exchangeable Ca , and the P-sorpt ion capacity o f  the so il , which controls 

to  a large ext ent the P concentra t ion in solut ion , are l ikely to be the 

overriding soil factors controlling the rate of dis solut ion of a PR . 

Of  these two , soil pH has been s tudied the mos t  extens ively ( Joos and 

Black , 1 9 50 ; van der Paauw ,  1 9 65 ; Ensminger et al . ,  1 9 6 7 ) , as has the 

effect of l iming (Jones , _ 194 8 ;  Ell is et al . ,  1 9 5 5 ) . Most of the 

data have been obtained from agronomic rather than incubation studies . 

Both soil pH , � se , and exchangeab le Ca have b een shown to be important 

(Graham , 1955 ; Peaslee et al . ,  1 9 6 2 )  in influencing the dissolution o f  

a PR.  However ,  except for the s tudy of Kha:sawn.eh and Ib11,: (1978)  their relative 

importance has received l it t le attention . In addition to f inding that 

the disso lution of a PR increased as the P-sorpt ion capac ity of the so il 

increased , both Chu et al . ( 1 962)  and Chien et al . ( 1 980b ) also found 

that the effect of soil pH on the d issolution of a PR could be modified 

by the P-sorption capac ity of the soil . In fact Chu et al . ( 19 6 2) 

showed tha t  the importance of soil pH in the dissolut ion of a PR decreased 

as the P-sorption capac ity of a so il increased . The relat ionship which 

exists between P-sorp t ion capacity and soil pH � s e ,  and exchangeab le 

Ca as it affects both the dis solut ion o f  a PR and the sub sequent plant-

available P fraction requires further investigat ion . 

It  has recently been sugges ted by Khasawneh and Doll  ( 1 9 78)  that 

increas ing the P concentrat ion sustained in the soil solution should lead 

to a decrease in the dissolut ion of a PR , in a similar manner to the 
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decrease in dissolution measured b y  Khasawneh and run (19'78) Witrh increap ing Ca 

concentrations in the s o il . To date no published data are available on 

this so il factor,  although results  obtained with the Tokomaru s ilt loam 

us ed in both the glasshouse ( Chapter 3) and field ( Chapter 4 ) sugges t 

that soil P s tatus is o f  little importance in this regard . 

In th is Chapter , the reactions of PR materials in soil are 

invest igated , particularly in relation to the soil factors which influence 

dissolut ion . In addit ion , an initial attemp t is made to develop a 

simple model to describ e  and predict the initial dissolution of PR 

materials in soils . 

7 . 2  Materials and Methods 

7 . 2 . 1  Phosphate sources and soils 

Three PR materials ( SPR, CRP , and TPR) and s uperphosphate were us ed 

in this s eries of  stud ies . Results  for particle size , total P ,  Caco
3

, 

and solub ility in water ( The Fertil isers Regulat ions , 1969 ) and in 2% 

Citric acid ( The Fertil isers Regulat ions , 1969 ) are given in Table 7 . 1 .  

In each cas e ,  < 180-�m PR material was used in the studies reported in this 

Chapter . 

A to tal of  six soils , five s urface and one subsurface soil , with 

contras t ing pH values , P-sorption capacities , P s tatus , organic matter 

contents , and Ca s tatus were chosen for this s eries of  studies . Results  

for s o il pH  in water , organic carbon ( Chapter 4 . 2 . 1 ) , exchangeable Ca  

(Chapter 5 . 2 . 1 ) , P sorption capacity ( Chapter 3 . 2 . 2 ) , and P removed by  

s ingle-water (Chapter 4 . 2 . 1 ) , by b icarbonate ( Chapter 3 . 2 . 2 ) , by Bray 

(Chapter 4 . 2 . 6 . 1 ) and by 0 . 5M NaOH ( Chapter 4 . 2 . 6 . 1 ) extract ion for the 

six soils are pres ented in Tab l e  7 . 2 .  



Tab l e  7 . 1  Some phys ical and chemical characteristi cs o f  s uperphosphate , Tennessee phos phate 

ro ck ( TPR) , S echura phosphate rock ( SPR) , and Chatham Ris e  phos phorite ( CRP ) 

P extracted by 

Particle size  
Phos phate source fraction To tal P Total Caco

3 Water 2% Citric acid 
( f.lm) ( % ) ( %) ( %  o f  total P) 

S uperphos phate < 250 10 . 0  0 45 . 00 79 . 5  

TPR < 1 80 1 5 . 7  1 . 7  < 0 . 0 1  2 1 . 3  

SPR < 180 1 3 . 7  8 . 9  < 0 . 0 1  4 2 . 4  

CRP < 1 80 9 . 2  25 . 2  < 0 . 0 1  20 . 7  

N 
1-' 
00 



Table 7 .  2 Some chemical characteris tics o f  the s ix soils 

New Zealand Organic Exchangeab le 
Soil Group S o il type carbon pH

H20 
Ca 

( % )  (meq % )  

Yellow-grey earth Tokomaru 
s i l t  loam 2 . 39 5 . 6 6 . 6  

Yellow-grey/ Wainui 
yellow-b rown s il t  loam 4 .  7 1  5 . 0  4 . 4  
earth intergrade 

Yellow-b rown earth/ Konini 
yellow-b rown loam sil t loam 6 . 04 5 . 7  6 . 5  
intergrade 

Yellow-b rown pumice Taupo sandy 
s il t  loam 8 . 4 8 5 . 3  8 . 2  

Yellow-b rown loam Rami ha 
s il t  loam 9 .  70 5 . 3  2 . 9  

Contro l  Egmont 
Yel lo-b rown loam b rown loam 

(subso il)  2 . 69  6 . 5  6 . 6  

P-
so rption 
capacity 

( % ) 

22  

35 

50 

73  

86 

9 1 

Extractable P in soil 

Water Bicarbonate Bray 
- 1  

(�g g ) 

2 . 8  6 . 2  5 . 5  

2 . 2  6 . 3  6 . 8 

1 . 8 5 . 8  4 . 1 

3 . 2  28 . 8  15 . 8  

0 . 9  4 . 5 2 . 8  

0 . 6  5 . 6 3 .  1 

NaOH 

72  

74  

82 

339 

2 1 8 

795  

N 
f-' 
\.0 



7 . 2 . 2  Preliminary incubation s tudies on the effect 

of  phosphate rock materials on extractable 

phosphorus in s o il 

2 20 

Changes with t ime in water-extractab le P in soil to which a PR was 

added was evaluated using the Wainui , Konini , and Ramiha so ils ( Table 7 . 2 ) .  

The TPR and SPR materials were thoroughly and separately mixed 

with s ieved ( < 2 mm) , air-dried soil and placed into plas tic po ts , 10 cm 

in diameter and 6 cm deep . Each po t hel d 150g of  soil . The P sources 

- 1  
were added to give 500 �gP g o f  soil , wh ich is equivalent to the 

add i t ion of 0 . 4 78 and 0 . 549 g o f  TPR and SPR, respectively to 1 50 g  of 

soil . The treatments were duplicated and each po t was mo istened to 

- 1  
f iel d capacity ( 0 . 4 2 ,  0 . 46 ,  and 0 . 58 g of  water g of  soil for the 

Wainui , Konini , and Ramiha s o ils , respect ively ) and incubated at 1 5°C .  

Dupl icate  samples were incubated for up to 9 0  days after addition of 

P and analysed for changes in water-extractable  P in the so il . 

The effect of  varying the rate o f  P additions to the soil on the 

changes in water- and b icarbonate-extractable P in the soil with t ime 

following addition o f  SPR, CRP and superphosphate was evaluated with the 

Wainui and Ramiha soils . These were added to give 250 , 500 , and 1000 

- 1  � gP g o f  soil , which is equivalent t o  the addition o f  0 . 2 75 ,  0 . 549 , and 

1 . 09 8  g of  SPR, respectively , 0 . 409 , 0 . 8 1 9 , and 1 . 637 g of CRP , 

respectively , and 0 . 3 75 , 0 . 750 , and 1 . 50 0  g o f  superphosphate ,  respec tively, 

to  1 5 0  g of soil . The fer t il izers were added to the soil as described 

previously . Duplicate soil samples were taken 1 ,  3 ,  9 ,  1 6 , 3 7 ,  78 , 1 1 2 ,  

1 74 ,  2 0 3 ,  and 2 9 8  days after addit ion of P and analysed for changes in 

water- and bicarbonate-extrac table P .  

7 . 2 . 3  An evaluation o f  laboratory estimates of  

plant-availab le phosphorus in soil 

A further experiment was conduc ted to evaluate the effect ivenes s  of 
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the water- , b icarbonate- and Bray-extraction methods in providing 

estimates o f  plant-available P in the soil following the add i t ion o f  

SPR, CRP , and s uperphosphate t o  the Wainui , Konini , and Ramiha so ils . 

The SPR, CRP , and s uperphosphate were added as des cribed previously at  

- 1  
a rate to give 500 �gP g o f  soil . Dupl icate samples were taken 1 ,  9 ,  

1 6 ,  3 7 ,  7 8 ,  1 1 2 ,  20 3 ,  and 298 days af ter P addit ion and analysed for 

changes in water- , b icarbonate- , and Bray-extractable P in the s o il . 

To meas ure the actual changes in plant-available P in these three 

soils with t ime fol lowing fertilizer P addition , the technique o f  

Stanford and D e  Ment ( 19 5 7)  was used  on tripl icate soil samples taken on 

the above s ampl ing dates from all treatments .  This t echnique facil itates 

very rap id uptake of P by  plants estab l ished at  varying time intervals 

following the addit ion of P to so il s . Small plas tic pot s  ( 10 cm in 

diameter and 6 cm deep with their bases removed)  were placed within 

similar intact po ts and the result ing pair filled with 250 g of washed 

river sand . Fifteen s e eds of  perennial ryegrass (Lol ium perenne) were 

placed in each pot which was watered regularly with a complet e ,  but minus 

P nut rient solut ion (Middl eton and Toxopeus , 1 9 73 ) . Fo llowing a 60-day 

growth period , 1 0  g (air-dried equivalent) o f  incubated po t soil was 

spread evenly on the b o t tom of a s econd po t .  The inner po t o f  sand and 

grass was l ifted from i t s  enclos ing po t and the exposed roo t  mat placed 

in contact with the soil layer in the new po t .  Watering with a minus P 

nutrient solution was cont inued and a herbage cut was taken after 25 days . 

Soils and P sources were  pre-incub ated so that the range o f  s ampl ing 

dates required fell on the same day . This was done to el iminate 

variat ions in growth o f  ryegrass with season . Herbage was oven dried 

0 
(60 C for 24 h) , weighed , ground , and analysed for P following Kj eldhal 

diges tion . The relationship between plant-available P ( plant up take) 

and extractable-so il P (water- , b icarbonate- and Bray-extractable P) were 



subsequently estab l ished us ing l inear regression analys is . 

7 . 2 . 4  Effect of  soils o f  contras t ing phosphorus 

characteristics on the reactions of phosphate 

rock and superphos phate in soils 

222 

To evaluate the effect o f  P-sorp t ion capac ity on the reactions of  

a PR and s uperphosphate in soil a further incubation s tudy was conduc ted 

us ing a wider range of soils , including the Tokomaru, Wainui , Konini , 

Taupo , Ramiha , and Egmont soils ( Table  7 . 2) . As the maj or  changes in 

extractable P in the soil to wh ich either a PR or superphosphate was 

added , occurred within the firs t 9 0  days (Fig . 7 . 2 , 7 . 3 , 7 . 4 )  this and 

subsequent s tudies were l imited to this t ime period . The SPR,  CRP , 

- 1  
TPR and superphosphate were added to give 500 � gP g o f  soil . The 

fertilizers were added to the s o i l  which was mo is tened to field capacity 

- 1  
(0 . 4 0 ,  0 . 4 2 ,  0 . 46 , 0 . 55 ,  0 . 5 8 ,  and 0 . 5 7  g o f  water g o f  s o il for the 

Tokomaru , Wainui , Konini , Taupo , Ramiha , and Egmont so ils , respec t ively) , 

and incub ated at  1 5°C .  Dupl icate samples were taken a t  increas ing t ime 

intervals fo r up to 90 days and analys ed for changes in water- , 

bicarbonate- and Bray-extractable P in the soil . 

To compare the frac t ion o f  P extracted by the three extraction 

h d f 1 f . . . . 
32

p . met o s ram soi  s o contras t �ng P-sorpt�on capac�t�es a �sotope 

study was included with the incub at ion s tudy . Carrier-free 
32

P 

(5  � Ci)  was added to the air-dried Wainui , Konini , Ramiha , and Egmont 

soils in s ufficient water to a ttain field capacity , thoroughly mixed , 

and incub ated a t  1 5
° C for 1 4  days . Gillingham ( 19 78) has shown that 

h . l . b . b 
32

p d 
3 1

P b h d . 24 h . . 1  f t e equ� � r�um etween an can e reac e �n �n so� s o 

relatively low P s tatus , while on soil o f  relatively high P s ta tus this 

can take up to 12 days . Af ter 14 days o f  incub ation the four soils 

were extracted us ing the three ext rac tion methods . 
32 

To compare the P 

activity in the extracts a 1-ml al iquo t was added to 1 0  ml of  triton-
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tol uene scintillation co ctail (Patterson and Green , 1965)  in a counting 

vial . Isotopic aci tivi ty was determined us ing a Beckman <5-350 liqui d  

s cintillation counter ( discriminato r channel opening a t  range 30- 1 000  

and Gain set t ing on  490 ) . The concent ration o f  
3 1

P in the same 

extracts was determined by the usual metho d .  

In addi tion to following the changes in the po tential ly plant-

availab l e  P frac tion , an attemp t was made to measure the fraction o f  

total P added as a P R  which had dissolve d .  Be caus e apat ite i s  essentially 

insolub le in NaOH ( Chang and Jackson , 1 95 7)  and because this reagent is 

an effective extractant o f  sorb ed ino rganic P from a soil (Williams et al . ,  

196  7 )  increas es in NaOH-extrac table  P in a s o il to which a PR is added 

shoul d p rovi de a goo d  es timate of  the amount of P dissolved and retained 

by the soil . Implicit in this , howeve r ,  is the es sentially zero 

solubility of PR in NaOH . To check on this , air-dried soil to which 

- 1  
500 �gP a s  SPR g o f  s o il had b een added and thoroughly mixed , was 

immediately extracted with 0 . 5M NaOH . Increases in 0 . 5M NaOH-extractab le 

P ranged from 2 to 5% of to tal P added as SPR in three (Wainui , Konini , 

and Ramiha) contras ting soils . Extraction o f  SPR, CRP , o r  TPR with 

NaOH removed only small amounts of  P ( 3  to 8%) . Because up to 3% o f  the 

to tal P in a PR can be present as "surface P " , which is isotopically 

exchangeabl e  ( Cano Ruiz  and Talibudeen , 1 9 5 7 ) , these results confirm that 

a PR is ess entially insolub le in NaOH . 

Before extract ing a soil with NaOH , a p reliminary extraction with 

0 . 1M NaCl was given to remove any free or exchangeable Ca which coul d 

precipit ate as Ca ( OH ) 2 in the NaOH ext rac t and sorb inorganic P .  

Therefo re in this and s ubsequent s tudies the extent o f  dissolution o f  a 

PR in a s o il was evaluated by extrac t ion with 0 . 5M NaOH , at a solutio n :  

s o il rat io o f  100 : 1  for 16  h ,  following a pre-wash with NaCl . 
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A separate incubation s tudy was conducted on one soil to evaluate 

the effect of P s tatus on the reactions of a PR and superphosphate . 

The Wainui soil was pre-incub a ted at  fiel d capacity (0 . 4 2g o f  wat er 

- 1  0 
g o f  soil)  at 1 5  C with increasing amo unts o f  P added as KH

2
Po

4 

42  days . Again SPR,  TPR,  and superphos phate were added ( 500 �gP 

for 

- 1  
g 

of  s o il ) , as previously described , the soil  mois tened to field capacity , 

- 1  0 
(0 . 42 g of  water g o f  so il )  and incub a ted at  15  C for 9 0  days . 

Duplicate samples were taken at  increasing time interval s  up to 9 0  days 

and analysed for water- , b icarbona te- , B ray,, and NaOH-extrac table  P .  

7 . 2 . 5 Evaluation of the effec t o f  soil pH and exchangeab l e  

calcium o n  the reactions o f  a phosphate rock 

and superphosphate in soils  

Liming o f  a soil no t only increases pH , but also the Ca concentra tion . 

The purpose of  this incub ation s t udy was to investigate the rela tive 

influence of these two factors on the reactions of  a PR in a s o i l . As 

in the previous s tudy , this inves tiga t ion was rest ricted to one soil , 

rather than us ing a range o f  soils o f  varying pH , to eliminate  the effect 

o f  o ther soil p ropert ies . To ob tain a range o f  soil pH value s , the 

Wainui s il t  loam was pre-incubated with finely-ground Ca (OH) 2 fo r s ix 

weeks . The actual amounts o f  Ca (OH ) 2 required to give a pH range from 

5 . 0  to 6 . 8  were inves tigated in a preliminary study . To ob tain a range 

of Ca concentrations , without increasing soil pH , Ca as CaC1 2 was added 

at equivalent concentrations of  Ca as those added in the Ca ( OH )
2 

treatment .  

These samples were also pre-incubated with soil for s ix weeks . As in 

the previous s tudy , SPR, TPR,  and superphosphate were added to give 

-1  
500 �gP g of  s o il . In addit ion to measuring changes in b i carbona te- , 

Bray- , and NaOH-extractab l e  P over 9 0  days , s o il pH changes were also 

monitored . 



7 . 3  Result s  and Discus sion 

7 . 3 . 1 Changes in extractable  phospho rus in soil to which 

a phos phate  ro ck and s uperphosphate were added 

7 . 3 . 1 . 1  Effect of phosphate rock solubility on 

water-extrac table phospho rus in s oil 

The differences in water-extractab le P in s o il following 

the addi tion of TPR and SPR to three contras ting soils (Fig . 7 . 1 ) are 

cons is t ent with the differences found in the s ol ub ility o f  these two 

2 2 5  

PR materials ( Chapter 6 ) . 
- 1  

For TPR ,  increas es ( > 0 . 5  � gP g o f  soil)  in 

water-extractable P in the soil were only ob tained during the firs t 10 

days of  the incub ation period wi th each o f  the three soils . Rennes 

( 1 9 7 8 )  also only found small inc reases in water-extractable  P in the so il 

when Christmas Is land A grade PR ( unreactive) was added to s o il . In 

cont ras t to the small differences ob tained with TPR,  b o th the initial 

values and those at 90  days were appreciab ly higher when SPR was added 

to the three soils ( Fig . 7 . 1) .  Except fo r an initial increase with the 

Wa inui s o il , a s imilar pattern of decline was measured with all three 

s o ils , al though the initial values for the s lope of the decline curve and 

the values at 90  days differed between the s oils . A comparison o f  the 

water-extractab le P in the soil a t  90  days on the Wainui (Fig . 7 . 1a)  and 

Ramiha ( Fig . 7 . 1 c) s o il s  h ighlights  this dif ference . 

Rennes ( 1 9 78) att rib uted th e small initial increases in water-

ext ractable  P in the soil  from the addition o f  Chris tmas Island A grade 

PR to the presence of " surface" P ,  which is iso topically exchangeable  and 

therefore partially wat er-extractable ( Ryden and Syers , 1 9 7 7) . S everal 

workers (Olsen ,  1952 ; Cano Ruiz  and Talibudeen , 195 7)  have found that 

rapidly-exchangeable " surface" P ,  expressed as a percentage o f  total P ,  varies 

widely b etween PR materials . Cano Ruiz and Talibudeen 095 7) found that up 
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t o  3%  o f  to tal P was exchangeable  over 1 0  days from a wide range of PR 

materials . In addi t ion to the presence of "surface" P ,  the dissol ution 

of f ine part icles present on the surface could also lead to an initial 

increase in water-extra ctable P in the soil ( Rennes , 19 78) , al though 

the work of Caro and Hill ( 1 956)  suggests that a decrease in parti cle  

size  b elow 1 50 �m has no  effect on the solub i l i ty of a PR . The fact 

- 1  
that no real dif ference ( < 0 .  5 � gP g o f  soil )  was found b etween TPR 

and control soils after 10  days , whereas the addition o f  SPR markedly 

increased water-extractab le P in the soil , also sugges ts that the 

initial inc reas es from TPR probably res ul ted more from the extraction o f  

'surface' P ,  than from the dissolution o f  P from the PR. 

Although the resul ts from the field ( Ch ap ter 4) s ugges t that the 

s ingle-water extraction underes timates , at lea s t  in the short term,  

the amo unt o f  plant-availab l e  P derived from a PR  in s o il , this procedure 

appears to be useful in pointing up dif ferences in the s tab ility of P R  

materials i n  so ils and thus may be us eful in evaluating differences in 

the behaviour of a PR and superphosphate in s o il . 

7 . 3 . 1 . 2  Effect of  rate of  appl i cation of superpho sphate 

and a phos phate rock on water- and b icarbonate

extractab le phosphorus in soil 

Values for both water- and b i carbonate-extractable  P in soil 

to wh ich s uperphosphate was added showed a s imilar pattern o f  dec line at 

all three rates o f  addition of P for both th e Wainui ( Fig . 7 . 2a) and 

Ramiha (Fig . 7 . 2b )  . soils . The three values ob tained for either wat er-

or bicarbonate-extrac table P in the soil at each sampling date were 

proportional to the three initial rates of addition of P as superphos phate . 

Rennes ( 1 9 78) also found that for any soil , the value o f  water-extrac tabl e  

P in the s o il was directly propo rtional to the rate of  addition o f  P as 

s uperphosphate . However , there were differences between the two soils 



• 0 
320 160 

l .  

229  

a 

Bicarbonate 
o-o - o 

160 80 40 ° 0 i ---- 8 ---- ------ 8 --- � ---------- 8 

120 60 

0 0 

Figure 7 . 2 

0 
60 

• 

E\a-8 ----
water 

�----- g ---------- 8 ----� ----------------

b 

• s - � ----
0 

60 

o 2 5 0  u g P  si, 

0 

o 500 ug P g-1 
• 1000 ug P g1 

0 
· ---- • 
0 0 

120 

Bicar bonate 
0 0 
• ---- . 
0 0 

Water 
-- i 
180 240 

Time (days) 

Change (�) in wa ter- and bicarbonate-extractab le 

phosphorus in s o il over  300 days following s uper

phosphate addi tion at three rates to two s o ils . 

a • Wainui and b = Ramiha . 

• 
0 
0 



2 30 

in both the init ial rates of decline in P and in the final amount s  o f  P 

at 2 9 8  days . Water- and bicarbonate-extractable P in the soil in the 

first 9 days were far higher for the Wainui (Fig . 7 . 2a) than for the 

Ramiha (Fig . 7 . 2b )  soil , as were the values at 60 days . Again this is  

in l ine with the findings of  Rennes ( 1 9 78) , but  differs from the result 

obtained by Ryden et al . ,  ( 1 9 76 )  who sugges t ed that the relative wat er 

extractab ility of P in soil following P add i t ion was essentially common 

to d ifferent soils . 

Addit ion of both CRP and SPR significantly increased water

ext ractable P in the soil with both the Wainui (Fig . 7 . 3a)  and Ramiha 

( 7 . 3 . b )  soils at all three rates of P addit ion . Except for an ini t ial 

increase in water-extractable P over the first  3 days with the Wainui 

soil (Fig . 7 . 3a) , water-extractable P declined in both soils at all  rates 

of addition of P as either CRP or SPR for the remainde� of the incubat ion 

period . Init ially , the decline in water-ext ractable P in the soil to  

which these two PR materials were added was far more pronounced with 

SPR than with CRP . 

The differences in free calcite (Tab l e  7 . 1 )  b etween these two 

materials may explain , in part , these init ial differences . After 200 

days , however,  differences between the two PR materials were small 

(Fig.  7 . 3 ) .  In contrast to superphosphate , wat er-extractable P in the 

soil from either SPR or  CRP was not propor t ional to the three init ial 

rates of  addit ion of P ,  but the relat ive amounts decreased as the rat e 

of  addit ion increa sed . 

The relative water-extractability o f  P in the soil to which either 

SPR or CRP was added decreased with increasing rates of  P addit ion to 

both $o ils at 298 days , when compared to equivalent addit ions o f  

superpho sphate .  For instance , on a percentage basis , the relat ive water-

extractab ility of SPR and CRP decreased to 298 days when compared to 
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superphosphate added t o  t h e  Wainui s o i l  (Fig . 7 . 3a ) , from 52 to 20% , a s  

the rate of  appl icat ion o f  superpho sphate increased from 2 5 0  to 1000 �gP 

g- 1  
o f  soil . Differences were also found between soil s .  With the 

Ramiha (Fig . 7 . 3b )  the relat ive water-extractability of P from either 

SPR or CRP was higher , although s t ill  decreasing from 59 to 43%  as the 

- 1  
rate o f  application o f  superphosphate increased from 250 to 1 000  �gP g 

o f  so il . This suggest s  that the water-extractab ility of  P from a PR 

added to soil , when compared to superphosphate , increases with increasing 

P-sorpt ion capacity of the soil . 

In marked contrast to the decline in water-extractable P in the 

s o il following the addition of either superpho sphate (Fig . 7 . 2) or the 

t hree PR mat er ials (Fig . 7 . 1 ,  7 . 3) ,  and to the decline in bicarbonate-

extractable P following the addit ion of superphosphate (Fig . 7 . 2 ) ,  

b icarbonate-ext ractable P in the so il to which CRP and SPR were added 

increased init ially with the three rates of appl ication of P and with both 

so il s ,  before reaching an es sent ially constant value (Fig .  7 . 4 ) . The 

excep t ion was an init ial increase in water-extractable P following the 

addit ion o f  TPR ,  SPR, and CRP to the Wainui s o il (Fig . 7 . 1a ,  7 . 3a) . 

Again , marked differences were found between the Wainui (Fig . 7 . 4a )  and 

Ramiha (Fig . 7 . 4b )  soil s  in both the init ial increases in bicarbonate-

extractable P in the s o il and the values at 298 days . The differences 

in the init ial solubility of CRP and SPR ,  probab ly result ing from the 

dif ference in the calcite content of the two mat erial s (Table  7 . 1 ), were 

more pronounced with b icarbonate- (Fig . 7 . 4 ) than with wat er- (Fig . 7 . 3 ) 

extractable P in the so il , particularly at the highes t  rate of  addition 

of  P .  Increases in b icarbonate-extractable P in the soil to  which the 

PR materials were added were not proport ional to the rate  of addit ion 

of P with either of the s o ils . The relative extractab il ities of  both 

PR materials ,  when compared to superphospha t e ,  decreased markedly with 



60 a 
·----- ·------------------- · 

50 

-------- -------------------•----- •--------�c���·�·o�t------

oL---��--�----�----�----_.----�----�----�----�--� 

40 b 
� 
J /. ·---· ·-· • 

Figure 7 . 4 

0. 30 • 

I I /;�· �� - - - - - - - - - ·::...:..=--= ii - - ·11 - .... 0/_-'  0 0 
� 20 l"/8- - - - - g :...:..::=..=..g - - - - - - - - - -0� - - - - - - - - - - - - - - '6 li .---Ar .o - - - - - - -0 - - - - -o - - - - - - - - - -o - . _ _ _  0 _ _ _ _ _ _ _ _  - - - - - - - o  

: ffo ... .... ... 
o' .. 

Control ----- · -· -------- ·1 --.., -------------------

110 120 ( ) 1110 
Time days 

240 300 

Change in b icarbonate-ext rac tab l e  phosphorus in soil 

over 300 days fo llowing S echura pho sphate ro ck (SPR) 
and Chatham Rise phospho rite (CRP )  addi tion at three 

rates to two soils . a = Wainui and b = Ramiha . 

2 3 3  



2 �  

increasing rat e  o f  applicat ion t o  both s o ils . 

In the f ield trial results  repor t ed for 

- 1  
rate o f  applicat ion o f  P was 70 kgP ha ( 764 

CRP ( Chap ter 4) the highest 

- 1  
kgCRP ha ) ,  which is 

- 1  
equival ent t o  an addit ion o f  350 � gP g of  soil , assuming interaction 

with the upper 2 cm of soil . The increases measured in water- and 

bicarbonate-extractable P in the soil at both the Ballantrae (Wainui s ilt  

loam) and Pahiatua (Ramiha s ilt  loam) s ites  in the first year were 

- 1  
between the values obtained for thes e two soils a t  the 250  and 500 � gP g 

of s o il addit ion rates in the present incubat ion s tudy . In the presence 

of growing plants in the fiel d ,  both the water- and bicarbonat e-extractab l e  

P curves f o r  CRP approached the superphosphate curves a f t er approximat ely 

one year . In contras t ,  in the incub at ion s t udy a marked difference was 

found in the apparent equilibrium value ( at 298 days ) , part icularly at  

-1  
the highest rat e  of  addition of P ( 1 000 �g g o f  soil ) . Therefore ,  

although incubat ion s tudies provide a useful indication o f  the initial 

plant-availab ility of a P source in soils , and the differences ob tained 

between SPR and CRP illustrate this po int , no prediction can be made 

regarding the longer-term plant-availab ility of P sauces . 

The resul ts from the field ( Chapt er 4) indicate that the effect iveness 

of the three extrac t ions (water , bicarbona t e ,  and Bray) evaluat ed as 

estimates o f  plant-availab l e  P in soil , was dependent on the P source ,  

part icularly in the firs t year . Whereas the decrease in wat er-extractab l e  

P in the soil to  which superphosphate was added i s  consistent with the 

decrease in plant-availab l e  P in the s o il with this P source from the 

time of application ( Chapt er 4 ) , this is  not the case for a PR b ecause the 

decreases in wat e r-extractable P in the soil do not appear to be cons ist ent 

with the initial changes in plant-avail able P when a PR is added to soil . 

In contras t ,  the Bray and to a lesser ext ent the b icarbonate reagents 

appeared to provide better est imates of the init ial changes in plant-



available  P in the soil to which a PR was added and then relate these 

to the three est imates of  plant-available P in the soil . 

7 . 3 . 2  Relat ionship between extractab l e  phosphorus 

in soil and uptake o f  phosphorus by plants 

2 3 5  

The decline i n  water- and bicarbonate-extractable P in so il following 

the addit ion o f  superphosphate  was s imilar to the decrease in the recovery 

of P by ryegrass plants from each of  the three soils (Fig . 7 . 5 ) . Al though 

the amounts of water-extractab le P in the soil were less than those 

recovered by the plant from all  three soils , the water-extractable  P 

curve approximated more closely the decrease in plant-availab le P in the 

so il than did the curve for bicarbonate-extractable  P .  Bray-extractable  

P gros sly overest imated plant-available P when superphosphate  was the P 

source , particularly wi th the Wainui (Fig . 7 . 5a) and Konini (Fig . 7 . 5b)  

soils . There was a closer correlat ion b etween water-extractable  P in 

the soil and plant uptake of  P ( Fig . 7 . 6a)  than between b icarbonate-

extrac tab le P and plant uptake o f  P ( Fig . 7 . 6b )  for the three individual 

so ils and when the data were comb ined . Al though the regression l ine 

obtained for b icarbonate-extractable P (Fig . 7 . 6b )  passed closer to the 

origin than the regression l ine obtained for wa ter-extractab le P ( Fig . 

7 . 6a) the slope o f  the regress ion l ine ob tained , increasingly overest imated 

plant-available P with increasing bicarbonate values when superphosphate  

was added . Lower correlation coefficients were ob tained for Bray-

extractab le P with each of the three soils (Fig . 7 . 6c) . 

The total amount of  P added to  each o f  the soils as s uperphosphate  

- 1  
was 500 �gP g o f  soil . From Fig . 7 . 5  i t  is clear that the total amount 

o f  P recovered by the plant , even immediately after the addition o f  

- 1  
superphosphat e ,  was no greater than105 , 75 , and 3 3  �gP g of  soil  from 

the Wainui , Konini and Ramiha soils , respec t ively . These amounts  represent 

approximately 1 8 ,  1 5 ,  and 7%  o f  the total P added as superphosphat e  to  the 
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Wainui , Konini , and Ramiha soils , respectively . These low recoveries 

probab ly reflect , in part , the short ( 20 days ) soil-plant contact time 

in the p resent study , although Rennes ( 19 78) also recovered less than 

20% of total P added as superphosphate even after a soil-plant contact 

time of  up to 50 days . Similar P recovery values are , however , not 

uncommon in conventional glasshouse ( Chap ter 6 )  and field ( Chap ter 4 )  

240  

trials in  the short t erm . In the study by Rennes ( 1 9 7 8 ) , which compared 

the availab ility of  P in the water-so luble  and water-inso l ub le P 

fractions o f  superpho sphat e ,  the water-insoluble  P frac t ion did not s tart  

to become water-extractab le unt il 100 days after addition . This sugges ts 

that the water-insoluble frac tion in superphosphate is unavailab le  to 

the plant in the short-term . Even with the low P-sorb ing Wainui soil , 

the recovery of P by ryegrass was less than 40%  of  the water-soluble  P 

fract ion o f  the superphosphate used . Neither the Bray nor the b icarbonate 

extractants recovered more than 75% o f  this water-soluble  P frac t ion , 

demonstrating the rapid decline in the init ial plant-availab le P in 

superphosphate on contact with so il . 

In marked contras t to the initial decrease in the plant-availab le 

P in superphosphate f rom the t ime of application , the recovery of P by 

ryegrass following the addition of  either SPR ( Fig . 7 . 7 ) or CRP ( Fig . 7 . 8) 

increas ed initially w ith all three soils . Maximum recovery o f  P following 

the addition of either SPR or CRP was less than 9 ,  6 ,  and 5% o f  the total 

P added to the Wainui , Konini , and Ramiha soils , respect ively . The 

recovery for the Wainui and Konini soils was approximately half that 

ob tained with superphosphate fo r thes e two so ils , although on the third 

soil , : the Ramiha ,  the recovery was s imilar ( 5 %  for the PR materials and 

7% for superphosphate) . The init ial recoveries were also very low at 

the four f ield trial sites ( Chapter 4 ) . The increases in b o th bicarb onate-

and Bray-extractable P in the s o il following addit ion o f  the two PR 
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materials followed a similar pat tern (Fig . 7 . 7 , 7 . 8) .  Water-

extractabl e  P in the soil , however , declined (Fig . 7 . 7 ,  7 . 8) .  

Surprisingl� only small differences were found in the initial plant-

availab le P in the s o il b etween SPR and CRP and , as a result , the data 

for both PR materials were comb ined fo r the l inear regress ion analysis . 

In the glas shouse ( Chap ter 6) , initial di fferences were found in the 

agronomic effect iveness of the two PR materials . 

The fact th at the regress ion l ine ob tained with b o th bicarbonate-

(Fig . 7 . 9 b )  and Bray- ( Fig . 7 . 9c) ext ractable P in the s o il passed 

close to the origin and had slopes approaching one , indicates that b o th 

of these  extractants may provide useful estimates o f  plant-availab le P 

in soil t o  which a PR was added . More o f  the variation was accounted  

* *  
for by the Bray extractant ( Fig . 7 . 9C,  r 0 . 86 5  ) than by b icarbonate 

** 
(Fig . 7 . 9b ,  r = 0 . 6 7 7  ) with b o th PR materials and with all three 

soils , al though the p redict ive ability of  b o th ext ractants with the 

Ramiha s o i l  was limi�ed . Again these resul ts are in goo d  agreement with 

tho se from the field (Chapter 4 ) , where wa ter extraction was also found 

to give a poor es t imate o f  plant-available P in the soil to which a PR 

* 
was added ( Fig . 7 . 9 �, r = 0 . 2 79 ) .  

For the remaining studies in this Chapt er ,  the water- and 

bicarbona t e-extract ion methods are used for estimating the changes in 

plant-avai lable P in the soil to which superphosphate has b een added 

and the b icarbonate and Bray extractants are us ed for est imat ing the 

changes in plant-availab le P in the soil to which a PR has been added . 

7 . 3 . 3  Reactions o f  superphosphate and a phosphate rock 

in soils of contras t ing phosphorus characterist ics 
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7 . 3 . 3 . 1  Effec t of  phosphate sorptio n  capacity on the 

reactions of s uperphosphate  and a phosphate 

rock in soils 

Fol lowing the addition of superphosph at e ,  the init ial rate 

o f  decl ine of water-extractable P increased and the final amounts 

pers isting at 90 days decreased as the P-sorption capacity of  the s ix 

soils s t udied increas ed ( Fig . 7 . 10a) . The increase (�) in water-

- 1  extractab le P in the low P-sorbing Tokomaru soil , t o  which 5 0 0  �gP g 

248 

- 1  of  soil as superphosphate was added ,  was 2 6  �gP g o f  s o il a t  9 0  days , 

whereas on the h igh P-sorb ing Egmont soil the increase was less than 

- 1  
2 �gP g of  s o il . The P s tatus and pH o f  the s ix so ils ( Tabl e  7 . 2 )  

appear t o  have had little effec t  o n  the pattern o f  decl ine o f  water-

extractab le P in the soils . Dif ferences were also ob tained between 

the six soils in the init ial rate o f  decline and in the f inal amounts of  

b icarbonate-extractable P at 9 0  days ( Fig . 7 . 1 0b ) . The amounts  of  

b icarbonate-extractable P in  the soil  at  9 0  days were three to five t imes 

greater than those of water-extractable P .  These P data are further 

evidence to support the view that al though the pattern of decl ine is 

s imilar for each soil ( Chapter 7 . 3 . 1 . 2  and 7 . 3 . 2 ) , the relative 

ext ractab il ity of P ,  following P addit ion , decreases as the P-sorp tion 

capacity of the soil incr eases ( Rennes , 19 78) . 

Marked differences were found in b icarbonat e-extractable  P in the 

soil following the addition of SPR to the s ix contrast ing soils in terms 

o f  the initial increases obtained and the values pers ist ing at 90 days 

( F ig .  7 . 1 1a ) . With the exception of  the changes in b icarbonate-extractable 

P for the Tokomaru soil following addition o f  SPR , the initial increases in 

b icarb onate extractable P for the remaining f ive soils decreased as the 

P-sorp t ion capacity of the so ils increased , as did the final values 

per s is t ing at 90  days . The difference found in b icarbonate-extractable  P 
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b etween the Tokomaru and Konini so ils (Fig . 7 . l la) sugges ts that the 

importance of s o il pH in influencing the increas e in extractable P in 

so il , to which a PR was added ,  decreases as the P-sorption capacity o f  

2 5 2  

t h e  s o il increases . The marked decrease from the Ramiha to the Egmont 

so il in both the initial increases in b icarbonate-ext ractable P and in 

the values at 90 days (Fig . 7 . l la) , may resul t from a difference in the 

pH of  the two s o ils , in addition to a difference in P-sorption capac ity . 

In addit ion to reduc ing the dissolution of  SPR, the high pH o f  the Egmont 

s o il may have reduced the effect iveness of the b icarbonate extractant , 

wh ich has been shown to decrease with increasing soil pH (Chapter 4 . 3 . 3 . 4 ;  

see 7 . 3 . 4 ;  Lambert and Grant , 1 9 80 ) . 

The relative bicarbonate extractab il i ty o f  P in the soil to which SPR 

was added ,  when compared to sup erpho sphate at 90  days , did no t increase 

with an increase in P-sorption capacity . This contras ts  with earlier 

findings for water extractab le P in the soil to which a PR was added , 

which increased , as the P-sorption capacity o f  the soil increas ed (Chapter 

7 . 3 . 1 . 2 ) . On a percentage bas is , b icarbonate-ext ractable P in the s oil 

to which SPR was added was 36 , 40 , 5 1 , 4 3 ,  55 , and 42%  for the Tokomaru , 

Wain�i , Konini , Taupo , Ramiha , and Egmont soils , respec t ively , of  that 

ob tained with superphosphate on these six soils . This is in agreement 

with the f indings in the glas shouse ( Chapter 6 ) , where SPR performed as 

effect ively as superphosphate acro s s  a s imilar range o f  soils . 

With the except ion o f  the changes for the Tokomaru soil following 

t he addition o f  SPR , bo th the init ial increases and values for B ray

ext ractab le P in the soil at 90 days also decreased as the P-so rption 

capacity of the soils increased (Fig . 7 . l lb ) . With the except ion o f  the 

Ramiha and Egmont so ils , the init ial increases in Bray-extractab le P and 

final values at  90  days ( Fig . 7 . l lb ) were greater than those for 

b icarbonate-extractable P (Fig . 7 . l la ) . The increases ranged from 44  
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to 69%  a t  90  days . Isotopic exchange s t udies indicated that , on soils 

of  low to medium P-sorption capacity , the bicarbonate and Bray extrac tants 

removed a s imilar frac tion of  P from the soil . In fact the to tal counts 

and specific activity o f  
3 2

P in both the bicarbonate and Bray extracts 

were found to be s imilar for  bo th the Wainui and Konini soils ( Tab le 7 . 3) .  

·Wh e re a s , the b icarbonate  extractant is alkal ine (pH 8 . 5 ) and removes 

P by desorption , the Bray reagent is a c id (pH 2 . 0 ) and releases P to 

solut ion by dissolut ion o f  sorb ing components and deso rption . The 

increas es in Bray-extractable P (Fig . 7 . l lb ) , compared with b icarbonate-

ext ractable P ( Fig . 7 . l la ) , for the Tokomaru , Wainui , Konini , and Taupo 

soils following addit ion o f  SPR may therefore resul t  from the dissolut ion 

of some unreacted PR . 

F b h h E d R " h  " 1  32
P " l " b . d .  or o t  t e gmont an aml a s o l  s ,  -equl l rlum s tu les 

indicated that the to tal counts and specific activity o f  
32

P in the 

b icarbonate ext racts were approximately 9 and 3 times greater , respectively , 

than those in the Bray extracts ( Tabl e 7 . 3) .  This suggests  that the net 

removal of  sorb ed P by the Bray reagent , when compared to the b i carbonate 

reagent , is reduced on soils of  high P-sorption capacity . In addition , 

32 
the lower specific activity of P also sugges ts that the P removed by the 

Bray reagent was no t all sorb ed ,  but occurred in a non-exchangeab l e  form .  

This resul t suggests that the increases i n  Bray-extractable P following 

the addition of a PR to so ils of h igh P-sorp t ion capacity are due to the 

dissolut ion of unreacted PR rather than to P hel d on sorption sites which 

is the fract ion largely removed by the bicarbonate extractant . Comparison 

of these two extrac tants in Chap ter 7 . 3 . 2  suggested that neither was a 

satis factory indicator o f  plant-available P on the high P-sorb ing Ramiha 
. 

so il . This s uggests  that an accurate  measurement of plant-available  P 

when a PR is added to soil should incl ude bo th the P derived from the PR 

and pres ent on sorp t ion s i tes which can be deso rb ed fairly readily and 



Table 7 . 3  

Soil type 

Wainui 

Konini 

Rami ha 

Egmont 

To tal counts and specific activity of 
32

p in 

bicarbonate and B ray extracts o f  four soils o f  

cont ras ting phosphate-sorption capac i ty 

To tal counts in Specific activity 

Bicarbonate Bray Bicarbona te 
extrac t extract extrac t 

254 

o f  
32

P in 

B ray 
extract 

( cpm) 
- 1  ( Cf><�}"-g P )  

2 1 2 '  840 2 5 3 , 050 1 5 , 400 1 6 ' 740 

1 7 3 , 740 14 1 , 730 2 3 , 800 2 2 , 200 

1 2 3 , 900 1 1 , 7 1 0  18 , 440 6 , 9 70 

9 1  ' 620 12 , 800 22 , 9 10 8 , 05 0  
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the P remaining a s  unreac t ed PR which i s  l ikely to dis solve within a 

reasonable period o f  t ime . The good correlations for the Wainui and 

Kon ini soils b etween Bray-extractable  P and plant uptake of P ( Chapter 

7 . 3 . 2 ) may re flect this . 

Data for changes in 0 . 5M NaOH-extractable  P in the six soils to 

wh ich SPR was added (Fig . 7 . 1 2 )  showed an increase in the dissolution 

of SPR with b o th time and with increases in soil P-sorption capacity . 

This resul t contrasts sharply with the changes in bicarbona te- and Bray-

ext ractab le P in the soil ( Fig . 7 . 1 1 ) and highl ights the importance o f  

drawing a dist inction between the dissolut ion o f  a PR and its  s ub sequent 

plant availabil ity . The amounts o f  0 . 5M NaOH-extractable P in these 

- 1  six soils , presented in Tab le 7 . 2 ,  varied from 7 2  to 79 5 � gP g o f  so il . 

During the incubation s tudy only smal l  changes were found in the amount 

of o rganic P in the NaOH extrac ts of soil , suggesting that microb ial 

immob ilizat ion of added P was no t s igni ficant . The s l ight ly lower pH 

of  the Wainui soil appears to have caused an increase in the extent o f  

PR dissolut ion , g iving a s imilar resul t to that ob tained for the Konini 

soil (Fig . 7 . 1 2 ) , which has a h igher P-sorption capacity ( Tab l e  7 . 2 ) . 

The difference in the dissolution o f  SPR with the Tokomaru and Konini 

soils , again suggests  that the effect o f  soil pH can be modified by a 

soil P-sorption capacity . 

* *  
A c lo se correlation was ob tained ( Fig . 7 . 1 3 ,  r = 0 . 9 35 ) b etween 

the dissolution o f  SPR,  measured by NaOH extract ion , and the P -sorption 

capacity of the s ix soils used in the incubation s tudy . In contras t 

the s ame correlation for superphosphat e  was poor ( r = 0 . 359) , as  might 

be expected .  Only the 2 %  c itric aci d-soluble P fraction ( 79 . 5% o f  to tal 

P) o f  the P a dded as superphosphate was extracted from soil by 0 . 5M NaOH , 

ranging from 6 2  to 78% o f  total P on the s ix soils ( Table 7 . 4) . The 

dissolut ion o f  SPR showed l i t tle relationship to its  citric-solub l e  P 
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Table  7 . 4 

S o il type 

Tokomaru 

Wainui 

Konini 

Taupo 

Rami ha 

Egmont 

Dissolution o f  Tennessee phosphate ro ck ( TPR) , Sechura phosphate ro ck (SPR) , and 

superphosphate , measured by NaOH extraction at 90 days , expressed as increases (�) 
in O . SM NaOH-extractable phospho rus in soil and as a percentage of the to tal 

- 1  
phosphorus added (500 � gP g o f  soil)  

TPR 

32 

37  

20  

37  

4 2  

4 9  

Increases (�) in NaOH-
extractable P in soil from 

--

SPR _ 1 
Superphospha te 

( � g  g ) 

l l O  3 1 2  

1 72 39 2 

1 6 8  3 1 2  

198  323  

2 1 0  370 

242 379  

Fraction of  P source 
dissolved from 

TPR SPR S uperphosphate 
(% o f  to tal P added) 

7 . 4  22 . 0  6 2 . 4  

7 . 4  34 . 4  78 . 4  

4 . 0  33 . 6  6 2 . 4  

7 . 4  39 . 6  64 . 6  

8 . 4  4 2 . 0  74 . 0  

9 . 8  48 . 4  75 . 8  

N 
Vl 
CX> 
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fract ion ( 4 2 %  of total P )  ranging f rom 22% on the low P-sorb ing Wainui 

soil , to 4 8% of to tal P on the h igh P-sorbing Egmont soil ( Table  7 . 4 ) . 

The lower solub ility o f  the TPR is  again evident (Fig . 7 . 1 3) ,  al though 

on the high P-sorb ing Egmont soil approximately 10% of to tal P had 

dissolved at 90 days ( Table 7 . 4 ) . 

The dif ferences obtained between SPR and CRP , in terms of  bo th water-

and bicarb onate-extractab le P in the soil ( Chapter 7 . 3 . 1 . 2) ,  were far 

smaller than those fo r 0 . 5M NaOH-extractab l e  P at  90 days (Fig . 7 . 14 ) . 

On all three soils (Fig . 7 . 14 )  b o th the init ia l  dissolution and val ues  

at 90 days were greater with SPR . These dif ferences may help to explain 

the di fference found in the agronomic effect iveness o f  the two PR sources 

in the f ield ( Chapter 4 ;  Gregg et  al . ,  198 1 ) . The greater agronomic 

effec t iveness  of  SPR,  when compared to  CRP in the field in the f irs t year 

( Gregg et  al . ,  19 8 1 )  is cons is tent with the greater dissolution ob tained 

in incub ation studies . The greater residual effect shown by CRP in the 

field ( Chapter 4 )  and in the s tudy of Gregg et al ( 19 8 1 ) , is probably 

explained by  the slower rate of  dissolut ion o f  CRP , resul ting from the 

presence of  Caco3 in intimate contac t with the phosphorit e .  

S o il P extracted b y  the b icarbonate and B ray reagents grossly 

underest imates the dissolut ion of a PR in soil . For example , values for 

bicarbonate-extractab l e  P for the Wainui and E gmont soils , following the 

addit ion of  SPR (Fig . 7 . 1 1a ) , were only 22% and 4 % ,  respectively , o f  

0 . 5M NaOH-extractable P ( Fig . 7 . 1 2 ) . I t  is also apparent that with 

increasing P sorption this dif ference increases . 

An increase in the amount o f  o rganic mat t er ( Table 7 . 2) was ass o c iated 

with the increase in the P-sorp t ion capacity of the six s o ils , with the 

except ion of the Egmont soil wh ich is a sub-s urface sample . In fac t , a 

** 
close correlat ion was ob tained (Fig . 7 . 1 5 ,  r = 0 . 9 94 ) between the organic 

carbon content and P sorption capacity of five· soils..� Data for the 
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Egmont soil was excluded f rom this l inear regress ion analysis . 

Evalua t ion of  this for the far wider range of soils used in the s tudy of  

Mart in ( 1 964) , also produces a s imilar relationship (y = 0 . 0 9 8x + 2 . 260 ; 

r = 0 . 849 **) . Any effec t  o f  organic matter on the dissolut ion of  SPR, 

through the chelation of  Ca or through the supply o f  hydrogen ions 

(Khasawneh and Doll , 1 9 7 8 )  was apparently overridden by the increasing 

P-so rpt ion capacity of the so ils , based on the results from the Ramiha 

and Egmont soils (Tab le 7 . 2 ;  Fig . 7 . 1 2 ) .  

The effect of  soil pH on the dissolut ion and subsequent plant 

availability o f  P in a PR will be cons idered in more detail in Chapter 

7 . 3 . 4 .  It  appears from the resul ts o f  this study that the effect of  

soil pH  is  more pronounced on soils o f  low P-sorpt ion capacity , namely 

the Tokomaru and Wainui . The l imited range in neutral , M ammonium 

acetate-extractable Ca in these s ix so ils prevents an evaluat ion o f  the 
� 

effect of  exchangeable1in the soil on the reac t ions of PR materials in 

soils . This soil property will also be dealt with in more detail in 

Chapter 7 . 3 . 4 ,  because of the close asso ciation with soil pH . 

In addition to the effect of  P-sorpt ion capacity , pH , and exchangeable 

cal cium ,  the P status of  a soil has also recently been impl icated 

(Khasawneh and Doll , 1 9 7 8 )  as a factor which influences the dissolut ion 

and sub sequent plant availab il ity of P from a PR in soil . With the 

exception of the Taupo soil , the differences in P status , measured for 

instance by the b icarbonate  extractant , of  the remaining five so ils 

were small . Comparison of  O . SM NaOH-extractab l e  P and b icarbonate-

extractable P in the Tokomaru and Egmont soils indicates that addition 

of  P is l ikely to have a more pronounced effect on the P s tatus , measured 

by the b icarbonate extractant , of  the Tokomaru than the Egmont so il . As 

a result , the effect of soil P s tatus on the reactions of a PR are more 

l ikely to be relevant to a soil of low sorp t ion capacity . 



7 . 3 . 3 . 2  Influence of  soil phosphate status on the 

reactio ns of superphosphate and a 

phosphate rock in a soil 

264 

B icarbonate-extractable P levels in the Wainui soil following 

- 1  
the a ddition o f  0 ,  40 , 9 0 , and 1 80 �gP g o f  so il a s  KH2Po

4 
ranged from 

- 1  
6 to 5 8  �gP g o f  soil after 4 2  days o f  incubat ion at field capacity 

at 1 5°C .  The rate of initial decline in water-extractab le P and the 

values at 94 days in the s o il to which superphosphate was added were 

indep endent o f  the init ial P status of the Wainui soil ( Fig . 7 . 1 6) .  

This confirms and extends the findings o f  Ryden e t  al . ,  ( 1 9 76 ) . 

The init ial increases and values at  94  days for both b icarbonate-

( Fig . 7 . 1 7 )  and Bray- ( Fig . 7 . 1 8a) extractable P in the soil to which 

SPR was added were also largely independent of  the P s tatus o f  the 

Wainui soil . The increases (�) in bicarbonate-extrac tab le P in the 

Wainui soil o f  increas ing P s tatus to which SPR was added , were 3 7 ,  34 , 

- 1  35 , and 2 8  �gP g of  soil , at 90  days ( Fig . 7 . 1 7 ) . The values o f  

- 1  
Bray-extractab l e  P were far greater , b e ing 5 8 ,  6 6 ,  62 , and 5 3  �gP g 

of  s o il at PO , P l ,  P2 , and P 3 ,  respectively ( Fig . 7 . 18a) . Only at the 

highest addition of P was there a meaningful decrease in the increase in 

both b icarbonat e- and Bray-extractab le P .  The increases in Bray-

ext ractable P in the soil t o  which TPR was added , al though only 1 6 %  o f  

tho se increases obtained for SPR, were also largely unaffected b y  P 

status of  the Wainui soil (Fig . 7 . 18b ) . 

- 1  
The addit ion o f  45 , 9 0 , and 180 � gP ( as KH2Po

4
) g o f  soil increased 

the amount of 0 . 5M NaOH-ext ractable P in the Wainui soil by 39 , 85 , and 

16 5 �gP g
- l  

of soil , respectively ( Tab le 7 . 5 ) . As was the case with 

bo th  b icarbonate- and Bray-extractable  P in the soil to which SPR was 

added , values for NaOH-ext ractable P were also largely unaffected by 

ini tial P status of the Wainui soil ( Fig . 7 . 1 9 ) . Expressed as a percentage 
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Table 7 . 5  

P added 
- 1  (�g g ) 

PO 0 

P 1  4 5  

P 2  9 0  

P 3  1 80 

Effect o f  adding increasing amounts  o f  KH2Po4 on the 

phosphate status of Wainui s ilt  loam at 42 days 

Extractable P in so il 
P-sorption 

pH
H20 

capacity Water Bicarbonate Bray 
-1  ( %) (�g g ) 

4 . 9  34 2 . 2  6 . 0  3 . 8  

4 . 9  29 4.  1 19 . 2  24 . 0  

4 . 8  30 6 . 4  33 . 6  37 . 2  

4 . 9  30 1 2 . 1  5 7 . 6 6 7 . 5  

NaOH 

9 3  

1 32 

1 78 
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o f  to tal P added as SPR,  dis solut ion varied from 22  to 28% . 

Thes e resul ts  provide further evidence which sugges ts  that the use 

of react ive PR materials does no t have to be res tricted to so ils o f  

relat ively low P status ,  as previously sugges ted (Khasawneh and Doll , 

19  78) . They may be us ed acros s a wide range of  so il P s tatus , provided 

o ther soil factors which also af fect the dissolut ion and sub s equent plant 

availab ility of a PR , namely P-sorption capacity and soil pH , are 

favourable . 

7 . 3 . 4  Effect o f  soil pH and exchangeab le calcium on the 

reactions of superphosphate and a phosphate rock in soil 

Res ul t s  from the previous s t udy ( see 7 . 3 . 3 . 1 ) suggest that the effect 

of s o il pH on the dissolution and sub sequent plant availab ility of P from 

a PR in soil is more important with soils of low P-sorp t ion capacity . 

Cons equently , to evaluate the relat ive significance of pH and exchangeab le 

Ca on the react ions of a PR in s o ils , the low P-sorbing Wainui s ilt  loam 

was again used . Th is is a yellow-grey earth/yel low-brown earth intergrade 

soil which cons titutes one of the maj o r  soils groups in the hill country 

of the North Island of New Zealand and gives responses to l ime (Lambert 

and Grant , 1980 ) . 

Addit ion o f  Ca ( OH) 2 to the Wainui soil and incubation ( 1 5°C)  at 

field capacity fo r 42 days gave a range of s o il pH values varying from 

5 . 2  to 6 . 9 ( Tab le 7 . 6 ) .  This is  not an uncommon pH range for agricultural 

soils wi thin New Zealand (During , 1 9 7 2 ) , al though the highes t  value woul d 

fal l o uts ide the normal range encountered . Although the water 

extractab il ity o f  Ca following the addition of  Ca (OH) 2 was lower than with 

equivalent additions of Ca as CaC12 reflec t ing the increasing 

negative charge of the soil with increasing pH , the neutral , M ammonium 

acetate reagent removed equivalent amounts o f  Ca ( Tab l e  7 . 6 ) . 



Table 7 .  6 Effect o f  adding increas ing amounts of  Ca (OH) 2 or CaC1
2 

on pH 

and exchangeabl e  Ca o f  Wainui s il t  loam at 4 2  days 

Calcium addition Ext rac table P in soil 
Exchangeable P-sorpt ion 

System Form Amount Ca P�2o capacity Water B icarbonate Bray 
- 1  - 1  (mg g ) (meq % )  ( %) ( )J g  g ) 

0 0 0 4 . 4 4 5 . 20 34 1 . 5  6 . 4  8 .  1 

ea 1 CaC1
2 

1 .  35 6 . 9 3 5 . 20 36 1 . 5  6 . 4  8 . 1 

ea 2 CaC1
2 2 . 03  1 0 . 9 5 5 . 10 35 1 . 5  6 . 3  8 . 0  

ea 3 CaC1
2 

2 . 70 1 5 . 30 5 . 1 0  35  1 . 5  6 . 1 8 . 0  

pH 1 Ca (OH)
2 

1 .  35 8 . 7 6 5 . 80 33 1 . 5  5 . 3  7 . 5  

pH 2 Ca (OH) 2 2 . 03 1 1 . 26 6 . 40 32 1 . 4  5 . 0  7 . 5  

pH 3 Ca (OH) 2 2 . 70 1 3 . 6 3 6 . 90 30 1 . 4  4 . 9  7 . 0  

NaOH 

7 2  

7 1  

7 0  

7 0  

70 

70 

69 

N 
-...) 
...... 



In contras t to  the minor effect which increas ing Ca addit ions (as 

CaC1 2) had on bicarbonate-extra c tab le P in the Wainui s o il to which 

superpho sphate was a dded ,  increasing soil pH in conj unc tion with 

increasing Ca {as CaC1 2) resul ted in a marked decrease ,  up to 40% at 

2 7 2  

the highest soil pH ( Fig . 7 . 20 ) . This decrease ,  as discus s ed previously 

( Chapt er 4 . 3) is an artifact o f  the b icarbonate-extrac tion procedure , 

rather than representing a decrease in actual plant-available  P in the 

soil . Recently , Syers et al . ( 19 8 1 )  have suggested that this decrease 

in b icarbonate-ext ractab le P with increas ing soil pH may result from the 

eo-precipitation o f  P with Ca during extrac tion with b icarb onate . The 

decrease at 90 days in NaOH-extractab le P from superpho sphate as the 

pH o f  the Wainui soil increased ( Table  7 . 7 ) ,  sugges ts that sorpt ion 

reactions become less important with a soil of low P-sorption capacity 

as s o il pH increases . This would also lead to a decrease in bicarbonate-

extractable P in the soil , as this extractant largely removes P by 

desorption . 

In addition to any effect o f  soil pH on the effec t iveness o f  the 

bicarb onate extractant as an estimate o f  plant-availab le P ,  the decrease 

in b icarbona te-extractable P with increasing pH of the Wainui s o il to 

which SPR was added (Fig . 7 . 2 la) , probab ly represents an actual decrease 

in p lant-available P .  Bicarb onate-extractable P from SPR at 9 0  days 

decreased by 20 , 30 , and 34 �gP g
-1  

of soil as soil pH increased from 

5 . 1 5  to 5 . 80 ,  6 . 40 ,  and 6 . 85 ,  respectively ( Fig . 7 . 21a) . The decrease 

in b icarbonate-ext ractable P in the soil to which SPR was added following 

the addition of increasing amounts of Ca , without an increase in pH , 

expressed as a percentage o f  the decrease resulting from increasing b o th 

so il pH and exchangeable Ca , ranged from 7 7  to 88% (Fig . 7 . 2 1a) . 

Changes in Bray-extractable P for the Wainui soil to which SPR was added 

showed a s imilar pattern ( Fig . 7 . 2 1b ) . Again , the effect o f  CaC1 2 , which 
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Figure 7 . 20 Change in bicarbonat e-extractab le phosphorus in soil over 
-1  

90  days following s uperphosphate addition at 500 �gP g 

o f  soil to  the Wainui soil without  (o )  and with increasing 

pH and exchangeable Ca (pH 1 ,  pH 2, and pH 3)  or increasing 

exchangeabl e  Ca ( Ca 1 ,  Ca 2 ,  and Ca 3) . 
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Table 7 . 7 

System 

* 
0 

ea 1 

ea 2 

ea 3 

pH 1 

pH 2 

pH 3 

* 

Dissolut ion o f  Tennessee phosphate  rock ( TPR) , Sechura phosphate rock ( SPR) , and 

superphosphate ,  measured by NaOH ext raction at 90 days , as influenced by pH and 

exchangeable ea o f  Wainui s ilt  loam ,  and expressed as increases ( 6 )  in 0 . 5M 

NaOH-extractab le phosphorus in s o il and as a percentage o f  the total phosphorus 
- 1  

added ( 500 � gP g of  soil)  

Increases (6 ) in NaOH-extractable  
P in  s o il from 

TPR 

3 7  

30 

20 

1 5  

2 1  

1 6  

8 

SPR _ 1 
Superphosphate 

(].lg g ) 

1 6 8  39 2 

9 2  385 

5 7  36 3 

4 3  352  

7 1  375  

20 36 3 

10  328 

TPR 

7 . 4  

6 . 0  

4 . 0 

3 . 0  

4 . 2  

3 . 2 

1 . 6  

Fract ion o f  P source 
dissolved from 

SPR Superphosphate 
( %  of  total P added) 

33 . 6  78 . 4  

1 8 . 4  7 7 . 0  

1 1 . 2  72 . 6  

8 . 6  70 . 0  

1 4 . 2  75 . 0  

4 . 0  72 . 6  

2 . 0  65 . 6  

See Table 7 .  6 .  

N 
-....1 
.p.. 
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Figure 7 . 2 1  Change in (a)  b icarbonate- and (b) Bray-ext ractab le 

phosphorus in soil over 90  days following Sechura 
- 1  

phosphate rock addition a t  500 � g  P g o f  soil to 

the Wainui soil witho ut (o) and with increasing pH 

and exchangeable Ca ( pH 1 ,  pH 2 ,  and pH 3) o r  

increas ing exchangeable - ea (Ca 1 ,  Ca 2 ,  and C a  3) . 

Control is fo r no S echur� phosphate ro ck addi t ion . 
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had no marked effect  on s o il pH ( Tab le  7 . 6 ) , accounted for 80 to 89% 

of the effect that Ca (OH ) 2 had on Bray-extractab le P in the soil to 

2 76 

wh ich SPR was added . As with the b icarbonate reagent , the effectiveness  

o f  the Bray reagent in  extract ing P was probab ly reduced at  the higher 

s o il pH values due to b o th the neutralizing effect of  any free Ca and 

the complexing o f F by Caco3 ( Smillie  and Syers , 19 72) . Thus it  may b e  

dangerous to  draw conclusions as t o  the rela tive effect o f  increasing pH 

and exchangeable Ca , us ing these two reagents . 

However , the decreases in the disso lution of  SPR,  measured by 

NaOH extract ion following the addition of  increasing amounts  o f  Ca (OH)
2 

or CaC1
2 ( Table 7 . 7 ) ,  s howed the same trend ( Fig . 7 . 22) , confirming the 

sugges t ion that exchangeable Ca has a more pronounced effect on the 

dissolut ion and sub sequent plant availab ility o f  a PR than soil  pH , 

� s e ,  par ti cularly over the pH range commonly encountered . The 

resul ts from the Egmont soil ( Chap ter 7 . 3 . 3 . 1 ) also support this conclus ion . 

Care must b e  taken , however , in interpreting the effect o f  soil  pH 

and exchangeable Ca on the disso lution and sub sequent plant availab ility 

o f  a PR based on the results of this study . This aris es b ecaus e of  the 

interact ion between these two s o il properties and P-sorp t ion capacity , 

particularly for soils of  lower ( < 30 %) P-sorp tion capaci ty . 

7 . 3 . 5  Initial development o f  a s imple  model to describ e 

the dissol ution of  phosphate rock materials in soils  

An initial attempt at modelling the dissolution o f  a PR material in 

so ils used the data ob tained for the dissolution o f  SPR , measured by 

NaOH extraction , in s o ils of cont rasting P-sorption capacity ( see 7 . 3 . 3 . 1 ) , 

P s ta tus ( s ee 7 . 3 . 3 . 2 ) , and pH and exchangeab le Ca s tatus ( see 7 . 3 . 4 ) . 

The dissolut ion o f  SPR in the s o il s  increased with time , reaching an 

equil ibrium at 90  days , and this coul d b e  des cribed by a modified 

Mit s cherlich equation of  the form : 
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Figure 7 . 22 Change in NaOH-extrac tab l e  phospho rus in s o il over 90  

days following Sechura phosphate rock addition at  
-1  

500 �gP g o f  s o il to the Wainui s oil without  ( o )  

and with inc reas ing p H  and exchangeable C a  (pH 1 ,  

pH 2 ,  and pH 3 )  o r  inc reas ing exchangeab le Ca ( Ca 1 ,  

Ca 2 ,  and Ca 3) . 

rock addi t ion . 

Control  is  for no Sechura phos phate 
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in which Y i s  the amount o f  SPR dissolved , as measured b y  NaOH ext raction 

at  t ime (x) ; A is the asympto te ; and c is the curvature coefficient . 

In th is fo rm ,  the exponential equatio n  is cons trained to pass through 

the origin . 

Fit ted curves for the dissolution of  SPR, measured by NaOH extract ion , 

in four o f  the soils used in this s tudy are presented in Fig . 7 . 23 and 

the calculated A and c val ues ob tained from the exponential equa t ion 

des crib ing the dissolution of SPR in all thirteen soils are l is ted in 

Tab le 7 . 8 . Except for the Wainui soil at  the two CaC1,
2 

addi t ions , this 

s impl e  exponential equation appears to describ e  very well the dissolution 

of  SPR,  as j udged from r
2 

values of greater than 0 . 9 1 7  (Tab l e  7 . 8 ) . 

Dissolut ion o f  SPR in the Wainui soil  at  the highest CaC1 2 and Ca(OH )
2 

addit ions ( Chap ter 7 . 3 . 4 )  could no t b e  des crib ed by this mo del . A 

s t raigh t  l ine b et t er des crib ed the experimental data for these two 

sys tems . B ecause o f  this and becaus e o f  the fact that the pH and 

exchangeable  Ca concentrations in these two systems are extreme , they 

were no t included in the ini tial a t tempt at modelling the dissolution o f  

SPR i n  soil . 

Whereas A was found to vary markedly across the thirteen soils 

(Tab le 7 . 8) , with values ranging f rom 240 in the Egmont to less than 30 

on the Wainui soil at pH 2,  c was found to b e  largely independent o f  soil 

type (Tab l e  7 . 8) . In fac t c showed only small changes , with mos t  values 

falling b etween 0 . 0 89 and 0 . 190  ( Table  7 . 8) . By setting the c value 

constant and by taking the average c value for the thirteen soils ( 0 . 1 37) , 

the shape ( Fig . 7 . 24 )  and fit ( Tab le 7 . 9 ) o f  the modif ied Mitscherlich 

curve des crib ing the dissolut ion o f  SPR in soil  and calculated A values 

(Tab le 7 . 9 )  were only affe cted to a mino r degree . Al though only half 

of the data po ints are on the rapidly-changing portion of the curve , 
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Tab l e  7 . 8  

So il type 

Egmont 

Ramiha 

Taupo 

Konini 

Wainui 

Tokomaru 

* 
Wainui pH 1 

* 
pH 2 

* 
Ca 1 

* 
Ca 2 

p 1t 

p 2t 

p 3t 

* 

Values for asymptote (A) and curvature co eff icient 

( c )  calculated from the mo dified Mitscherl ich 

equat ion describ ing the dissolution of Sechura 

phosphat e  ro ck in soils and an est imat e  ( r
2

) 

o f  the fit of  the exponent ial curve to the 

experimental data 

A c 

240 0 . 1 44 

1 9 5  0 . 1 9 0  

1 9 0  0 . 1 35 

1 6 1  0 . 1 34 

169  0 . 106  

102 0 . 1 82 

9 3  0 . 05 8  

2 3  0 . 0 89 

84 0 . 1 5 7  

5 3  0 . 2 7 8  

1 4 0  0 . 1 10 

12 1 0 . 1 1 3 

1 1 3 0 . 0 80 

2 
r 

0 . 99 3  

0 . 94 8  

0 . 9 76 

0 . 960 

0 . 9 6 9  

0 . 9 1 7  

0 . 9 72 

0 . 94 1  

0 . 885 

0 . 82 1  

0 . 966 

0 . 9 70 

0 . 994  

S ee Tab le 7 . 6 .  

tsee  Tab l e  7 . 5 .  
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Table  7 .  9 

Soil type 

Egmont 

Rami ha 

Taupo 

Konini 

Wainui 

Tokomaru 

* 
Wainui pH 1 

* 
pH 2 

* 
Ca 1 

* 
ea 2 

p 1t 

p 2t 

p 3t 

* 

Values for asymptote (A) calculat ed from the 

modified Mitscherlich equation with a cons tant 

curvature coefficient ( c  = 0 . 1 3 7 )  describ ing 

the dissolution of  Sechura phosphate rock in 

soils and an estimate  ( r
2

) o f  the fit of the 

exponential curve to the experimental data 

A 2 
r 

242  0 . 99 5  

20 3 0 . 9 74 

190  0 . 9 75 

1 60 0 . 9 5 8  

1 6 1  0 . 940 

1 06 0 . 94 5  

59 0 . 880 

2 1  0 . 90 1  

86 0 . 909  

58 0 . 9 34 

1 3 8  0 . 946  

1 1 8  0 . 959  

104  0 . 9 7 7  

S e e  Table 7 .  6 .  

t See Tab le 7 . 5 .  
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increasing the number o f  points on this part of the curve would probably 

no t h ave changed the shape of the curve to any marked degree , b ecause 

of  the cons traint to pass through the origin and b ecause o f  the well-

defined asymptote  ( Fig . 7 . 23) . In fact the fit  o f  the exponential 

equat ion was relat ively insensitive to a range of c values ( 0 . 09 to 

0 . 200) , the range within wh ich mos t  of the c val ues fell ( Tab l e  7 . 8 ) . 

Because c appears to be  essentially cons tan t  for SPR in s o il s , it  

should be poss ib l e ,  by es tab lishing the relationship between A and soil 

pro pert ies over a range o f  s o ils , to predict the initial dis s o l ut ion 

of a PR in o th er so ils . The value o f  c will need to b e  calculated for 

individual PR ma terials , however ,  becaus e of  differences in the rate 

and extent of dissolution of PR mat erials in soils ( see 7 . 3 . 3 . 1 ;  Shinde 

et al . ,  19 78) . 

As a first s t ep to es tablishing the relat ionship b etween A and s o il 

properties in the thirteen soils use d  in this initial s tudy , correlation 

co efficients b etween A and s o il properties were determined to identify 

the soil pro p erties mos t  closely related to the dissolut ion of SPR in 

s o il .  From the l inear regres sion analys is , two soil properties , 

namely , P-sorption capacity and exchangeab le Ca , were found to be  the 

mos t  closely associated wi th A ( Tab le 7 . 10) . This agrees with the 

res ul ts ob tained with the s ix so ils presented earl ier ( s ee 7 . 3 . 3 . 1 ) and 

with the resul ts in 7 . 3 . 4  where increases in exchangeabl e  Ca explained 

mos t  of  the decrease in the dis so lution of SPR in the Wainui s o il as 

the pH increased from 5 . 0  to 6 . 4 .  Becaus e the dissolut ion o f  SPR appears 

to be dependent on more than one soil  proper ty , the ini tial evaluation 

was extended to a mul tiple regress ion analysis . S tepwise mul tiple 

regression showed that P-sorption capacity accounted for 5 9 %  of the 

variance in the dis s olution of SPR between the thirteen so ils , with the 

addition of exchangeab l e  Ca improving this to 80% .  Inclus ion o f  values 



Tab le 7 . 10 Correlat ion coefficients ( r
2

) b etween the 

asympto te (A) and several properties of 

the thirteen soils 

Soil property 

P-so rption capaci ty 

Exchangeable Ca 

Organic carbon 

S o il pH 

Bicarbonate-extractable  P 

Bray-extrac table P 

Water-extractab le P 

2 
r 

0 . 790  

0 . 570  

0 .  314  

0 . 00 1  

0 . 00 1  

0 . 1 37 

0 . 1 1 3  
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for organic C content , pH , and B ray-extractable P only increased the 

variance accounted to 80 . 2% .  The mul tiple regression for SPR : 

A 1 1 1 . 4 2  + 1 . 9 8  P-sorption capacity - 1 1 . 0 8  exchangeable  Ca 
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indicates that dissolut ion increases with an increase in the P-s o rption 

capacity and a decrease in exchangeable  Ca in a soil . Cons equently , 

from a knowledge of  a P-sorp tion capacity and exchangeab le Ca i t  should 

be pos sib l e  to predi c t  the dis s olution o f  SPR in soil . 

Although all the available data fo r the dissolution of  SPR in soils  

were used  in  the development o f  the initial model , by re-running the 

stepwis e  mul tiple-regress ion analysis , omi t t ing one of the thirteen so ils 

on each run ,  an initial evaluat ion o f  this s imple model can be attempted . 

The thirteen recal culated mul tiple regress ions were then used to predict , 

separately , the dissolution o f  SPR in the soil omitted from the 

recalculat ed mul t iple regress ion , from a knowledge of the P-so rption 

capacity and exchangeable  Ca o f  that soil . By repeating this for all 

thirteen soils i t  was possible to under take an init ial evaluat ion o f  this 

model . A comparison o f  A values ob tained from the thirteen recalculated 

mult iple regressions (p redict  A) and the A cal culated f rom the modified 

Mitscherlich equation with a constant c (actual A ,  Tab le  7 . 9 ) shows , that 

with the except ion o f  the Ramiha soil , this s imple model gave a reasonab le 

predict ion of the dissolution o f  SPR in the incubated s oils ( Fig . 7 . 25 ) . 

A more detailed breakdown of the P-sorp tion capacity o f  a soil , as in the 

study by Chien et al . ( 1 980b ) into active Al , reactive Al , and free 

Fe2o3 components , and the inclus ion of more soils , particularly o f  

moderate  and h igh P-so rption capacity , i n  the initial cons truction o f  

the mo del would probably improve this model further . 
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Figure 7 . 25 Relationship between asymp to te (A) values ob tained from a 

recalculated mul tiple r egress ion equation (Predic ted A) 

and A values calculated f rom the modified Mi tscherli ch 

equa t ion us ing a cons ta nt curvature coefficient (Actual 

A) for the dissolution of Sechura phosphate rock in the 

thirteen soils . 
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7 . 4 General Discuss ion 

Al though the decline measured in water-extrac table P in the s oil 

to which a PR was added , is  consis tent  with the findings of  s everal 

workers (Hammond ,  1 9 7 8 ; Chien , 1 9 79 ;  Chien et al . ,  19 80a ; Mokowuny e 

and Ch ien , 1 9 80 ) , the water-extraction pro cedure greatly underestimated 

the amount of short-term ,  plant-availab le P in the soil to which SPR 

or CRP was adde d ,  determined us ing ryegrass in the glasshouse . This 

conf irms an earlier suggestion ( Chapter 4 . 3 . 3 . 4 ) . In contras t ,  the 

wa ter-ex t ract ion procedure was a good predicter of  plant-availab le P in 

the soil to  which superphosphate was added,  a conclus ion also reached 

by o ther workers ( Luscomb e ,  1976 ; Rennes , 1 9 78) . This di fference can 

be explained by the initial reactions o f  these two P sources on contact 

with soil . With s uperphosphate ,  the usual ly high water solub ility may 

lead to a lo calised saturation o f  sorption s ites , where part o f  the P 

is hel d by  a more-physical type o f  sorp tion mechanism and ,  thus has a 

high water extractab i l i ty (Ryden and Syers , 1 9 77 ) . The decline in water-

extractab le P ,  wh ich is rapid ini t ially and then mo re gradual , probably 

results f rom the movement or redis trib ution o f  P to sites where P is 

chemisorb ed ( Ryden et al . ,  1 9 7 7 ) . Further evidence fo r this sugges t ion 

comes from the small inc reases no ted in O . SM NaOH-extractab l e  P in the 

soil following the addition o f  s uperphosphate after the initial 3 days 

of the incub at ion perio d .  

I n  contras t ,  the disso lution o f  P from a P R  in soil i s  largely a 

func tion o f  its  solub ility and b ecause this is initially s low , i t  is  

highly unl ikely that there is any localized satura tion of  s o rp tion sites . 

Ins tead , there is probably a continuous movement of  P f rom the s ites 

where P is  hel d by a more-physi cal sorp tion mechanism to the s ites where 

the P is chemisorb e d .  The gradual increase i n  O . SM NaOH-extrac table P 

in the soil , with b o th inc reasing P-so rption capacity o f  the soils and 
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t ime following the addition of  a PR,  s upports this viewpoint . Cons equently , 

al though water extra c tion and poss ib ly dilute sal t solut ion may b e  useful 

fo r measuring relative differences between PR materials ( Chien et al . ,  

1980a) , they are of  l i t tle  value in predi c t ing the amount of  short-term ,  

plant-available P in soil to which a P R  i s  added . 

B o th the Bray procedure of  B ray and Kurt z  ( 1 945)  and the b i carb onate 

procedure of  Olsen et al . ( 1 954)  were useful indicators of plant

availab l e  P when SPR and CRP were added to three contras ting s o ils . 

Of the two , the Bray pro cedure accounted for mo re o f  the variab i l i t y ,  

wh ich agrees with t h e  concl us ions from th e fiel d ( Chapter 4 )  and with 

those  o f  a number o f  wo rkers (Barnes and Kamprath , 1 9 75 ; Shinde e t  al . ,  

19 78) . Several workers have found bo th p ro cedures to b e  us eful 

( Salmon and Smith , 1 9 56 ; Grigg and Crouchley ,  1 9 80 ) , whereas o thers 

have found bicarbonate to be a good indicato r (Mattingly , 1 9 6 8 ;  S arangamath 

et · al . ,  19 7� ) . Th e good agreement found b etween field and greenhouse 

data indica tes that the S tanford and De Ment ( 19 5 7 )  metho d us ed in the 

present s t udy , al though of short  duration , followed closely the initial 

changes in plant-available P in the soil . Becaus e of the exhaus t ive 

nature o f  this technique , the dependence placed on added P in the s o il , 

makes this a us eful and rapid metho d o f  evaluat ing no t only the influence 

of soil properties on the short-term effectiveness of a P source ,  b ut 

also th e effec t iveness o f  extrac tion metho ds in measuring changes in 

plant-available P in the soil . 

Iso topic exchange s t udies indicated that on low to mo derate P 

so rb ing soils , the Bray and b icarbona te extrac tants removed s imila r  poo ls 

of  P ,  al though the mechanisms by which the P is removed probably differ 

markedly . In contras t ,  on the h igh P-sorb ing Ramiha s o il , these 

extrac tants appear to remove different pools of  P .  The ac tual amounts 

o f  p removed by the two extractants decreas ed markedly with increasing 



P-sorp t ion capacity o f  the soil . Whereas the bicarbonate reagent 

removes P by deso rpt ion , the Bray reagent removes P by disso lution o f  

sorption components , in addition t o  extracting some sorbed P by 

deso rp t ion . In a ddition , the Bray procedure removes some P from any 

unreac ted PR in the soil . Unt il the recent wo rk o f  Chien ( 1 9 78) , 
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however , mos t  resear che�� considered that the increases in Bray-extractable  

P in the soil , to which a PR was adde d ,  were attributed to  PR which had 

dissolved in the s o il rather than to unreacted PR ( Smith and Grava , 1 9 5 8 ;  

Barnes and Kampra th , 1 9 75 ; Hammond et  al . ,  1 9 7 6 ) . The differences 

ob t ained fo r B ray- and b icarbonate-extractable P with the four low to 

mo derate P-sorbing s oils ( Fig .  7 . 1 1 )  probably resul t from unreac ted PR.  

As a res ul t ,  th e b e t ter predictive ability of  the Bray extractant on 

these s o ils may result from the fact that it  measures some unreac ted PR 

which is  l ikely to dissolve , in addition to sorbed P .  Bo th of  thes e 

fo rms o f  P are po t entially plant-available , confirming and extending the 

conclusion reached  by  Chien ( 1 9 78) . 

The Bray extractant overes timated the amount of  plant-available P 

in the soil to which superphosphate was a dde d ,  a conclus ion also reached 

by Barnes and Kamprath ( 1 9 7 5 )  and Re±nhorn and Hagin ( 1 9 7 8) . These 

workers in fac t  ob tained two dis t inct curves when they plotted Bray

extractab le P in the soil derived from superphosphate and from a PR 

agains t yield data . Rearranging the P uptake data obtained in the 

present study also pro duces two distinct  curves with the uptake o f  P 

ob tained for a given amount o f  Bray-ext rac tab le P in the soil to which 

a PR was added b e ing greater than the up take of P obtained for  an 

equivalent amount of Bray-extractable P in soil to which superphosphate 

was added . Thes e two dis t inc t curves again reflect no t only the 

differing behavio ur of the two P sources on contac t with soil , but also 

the mechanisms by which the B ray extractant removes P .  The part ial 
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dissolution o f  sorb ing components b y  the Bray reagent , i n  so il t o  which 

superphosphate was adde d ,  woul d release P no t only from s i tes where the 

P is more-physically sorbed and po tentially plant-availab le ( Ryden and 

Syers , 1 9 7 7) , but also from thos e  s i tes where the P is chemisorbed and 

o f  varying and sometimes low plant availab ility . 

Interpretation o f  the l ikely agronomic effec tiveness of  a PR,  

compared to that of superphosph ate , if  based solely on chemical 

extract ion data with soils , can be misleading . For ins tance , the s ingle 

water-extraction dat a  obtained in the present s tudy sugge s t  that the 

effectiveness o f  both SPR and CRP increases , relative to superphosphate , 

as the P-so rp tion capacity of the soil increas ed . Chien et al . ( 19 80b ) 

also suggested that the agronomic effectiveness o f  NCPR increased as the 

P-sorption capacity of a soil inc reased , b ased on water-extractable P 

data ; a viewpoint supported by the data o f  Wong Yun Cheong ( 19 6 6 )  and 

Mclean and Logan ( 1 9 7 0 ) , but conflicting with the resul ts  o f  van der 

Paauw ( 1 96 5 )  and Juo and Kang ( 1 9 7 8 ) . Changes in bicarb onate-extractab l e  

P ,  which was found t o  give a b et t er es timate o f  plant-available P in the 

soil than water-extractab le P for b o th P sources , also conflict  with 

th is sugges t ion . The res ul ts f rom the glasffiouse ( Chap ter 3 and 6 )  and 

from the f ield ( Chap ter 4 )  also s ugges t that there is l i t tle or no 

difference in the relative agronomic effectiveaess of  a PR appl ied to 

so ils of varying P-sorption capacity , even though dissolution is greater 

in soils of  h igh P-so rpt ion capacity . In fact there was a sugges t ion 

from the glasshouse s t udies ( Chap ter 3 and 6)  that the reactive PR 

materials were less effective on the high P-so rb ing Ramiha s o il , al though 

there was an interaction with rate o f  P addition . This may b e  one o f  

the reasons for the conflicting data reported in the l i terature . 

S ome o f  the mos t  interes t ing resul ts  in the present study were 

obta ined wi th the O . SM NaOH extractant . As an alkaline extractant , 
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i t  do es not dissolve o r  ext ract  a s ignificant amount o f  P from unreacted 

PR and thus when us ed with soils , it  p ro vi des a direct measure of the 

exten t  of dissolut ion of a PR in a soil . Unlike the bicarbonate  and 

Bray reagents , i t  is largely unaffected by pH . In marked contras t to 

the decrease measured in water- , b i carbonate- , and Bray-extrac table  P 

in the s o il to wh ich SPR was adde d ,  the amount of  0 . 5M NaOH-extrac tab l e  

P increas ed with increasing P-sorption capacity o f  the s oil . For 

instance ,  on the h igh P-sorbing Egmont soil , 48% of  the P added as SPR 

was recovered by NaOH extract ion at 90  days , whereas the Bray extrac tant 

recovered only 3% of  added P .  Because an increase in dissolution do es 

no t necessarily resul t in an increase in the amount of plant-availab le 

P in the soil , a dis t inction shoul d b e  made no t only between the 

dissolut ion of a PR and the sub s equent plant-available fract ion , but 

also b etween those factors which promo te  the dissolution of  a PR and 

those  factors whi ch control the plant-available P pool in the s o il . 

2 H 
A h igh correlation ( r  = 0 . 9 35 ) ,  was obtained for the relationsh ip 

b etween the dissolut ion of  SPR, measured by NaOH extract ion , and the 

P-so rp tion capacity o f  the s ix soils used . Chu et  al . ( 19 6 2 )  also showed 

a goo d  correl a t ion b etween the dissolution of a PR (unspecified) , measured 

by the increas e in the combined Al-P and Fe-P frac tions in s o il ob tained 

by the Chang and Jackson ( 19 5 7 )  fractionation method ,  and free iron o xide 

content ( i . e . , related to P sorption capacity , Saunders , 1 9 6 5 ) . More 

recently ,  Chien et al . ( 19 80b ) found that the dissolution of NCPR increased 

with an inc rease in ac tive Al in the soil , which correlated s ignificantly 

with P-sorp tion capacity , al though the dissolution of  NCPR was not measured 

directly in that s t udy . Us ing increas es in exchangebale Ca in soil , as 

an indirect es timate of PR dissolution,  Smyth and Sanchez ( 19 82)  also 

found that the dissolution o f  a PR increas ed as the P-sorp t ion capacity 

o f  a so il inc reased . 
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I n  the present s tudy ,  the extent o f  dissolut ion of SPR varies from 

22% of added P on the low P-sorbing Tokomaru soil  to 48% on the high P-

so rb ing Egmont s o il at  90  days . Comb ining the Fe-P and Al-P fractions 

from the Chang and Jackson ( 1 95 7)  frac t ionation method used by a number 

of workers gives a s imilar range o f  val ues for the extent of  dissolution 

of  certa in PR materials . Fo r example , Juo and Kang ( 1 9 78) found that 

the dissolut ion o f  NCPR varied from approximately 2 2  to  54%  o f  added P 

across  three s o ils . Sarangamath et  al . ( 19 7 7)  found a s imilar range 

( 3 2  to 5 3%)  with GPR acro s s  three soils  o f  similar pH ( 5 . 5  to 6 . 4 ) , 

although on a fourth soil with a pH o f  8 . 4 ,  dissolution was less than 

3% . Shinde et  al . ( 1 9 78) reported that the dissolution o f  b o th NCPR 

and GPR varied from 4 1  to 7 1 %  and 30 to 5 7 % ,  respectively , on two soils 

(pH 5 . 4  to 5 . 9 )  and from 15 to 1 3% ,  respectively , on a third s o il 

(pH 6 . 4 ) . 

After 90  days o f  incub at ion , only 1 8  and 2 7 %  of  the to tal P added 

as CRP had dissolved in the Wainui and Ramiha s o ils , respec tively . 

Even in the f ield (Chapter 4 )  in the p res ence o f  growing plants , only 

62% of the to tal P added as CRP was recovered by extraction with NaOH 

and by the sward at Ballantrae (Wainui silt  loam) during 3 years . At 

Pahiatua (Ramiha s il t  loam) , 48% of to tal P added as CRP was recovered 

by NaOH and the sward dur ing 3 years . In contras t ,  in the incubation 

s t udy at  9 0  days , 78 and 74% of the to tal P added as s uperphosphate had 

dissolved in the Wainui and Ramiha s oils , respec tively . In the field 
� 

( Chapter 4 )  after 3 years , however ,  only 44 and 50% o f  to tal P added as 

superphosphate was recovered by NaOH and by the sward at  Ballan trae and 

Pah ia tua , respectively . This apparent decrease in the recovery o f  P 

added as superphosphat e ,  may result from the s low diffusion o f  inorganic 

P from surface sorption s ites into sho rt-range order hydrous ferric 

oxides , fo und in s oil (Ryden et al . ,  1 9 7 7 ) . 
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Al though in the f ie l d ,  the p resence o f  growing plants increased 

the extent o f  dissolut ion  o f  CRP in s o il , a s ignificant fraction o f  the 

PR appears to remain und issolved , even af ter 3 years . This s uggests  

that the dis s olution of  a PR in s o il , af ter the initial reaction , was 

reduced . The development o f  s urface coa tings o f  short-range o rder 

material , s uch as hydrous oxides of Fe and Al , on a PR could res t rict 

the rel ease of P from the PR to the s o il s olut ion , becaus e of  the high 

affinity of hydrous metal oxides for P (Bach e ,  1 964 ; Ryden et al . ,  1 9 7 7 ) . 

The increas ing s tability o f  collo ida l  ferric phosphates with t ime in 

the s tudy of McLaughlin and Syers ( 1 9 78) was at tributed to the p resence 

of s hort-range order hydro us ferric oxide as a surface coating . These 

workers s ugges ted that , in the long term , these short-range o rder 

materials control the releas e of  P from the col lo idal ferric pho sphate 

to the s o il s olution . A s imilar mechanism may control  the long-term 

rel ease of P from a PR added to soil . 

Bo th S arangamath et  al . ( 1 9 7 7 )  and Juo and Kang ( 1 9 78)  no ted a 

difference in the dissolut ion o f  the PR materials in their respec tive 

studies . A comparison o f  the dissolution o f  the seven PR materials in 

the s tudy by Sh inde et  al . ( 19 78)  with bound-carbonate contents , which 

has b een s hown by Caro and Hill ( 1 9 5 6 )  and Lehr and :nc:Cl_ellan/ ( 19 72 )  to  

co rrelate well  wi th agronomic effectiveness for PR  materials ,  produced 

a goo d  rela tionship . The differences measured in the present  s tudy 

for the dis so lut ion of SPR,  CRP , and TPR us ing NaOH extract ion ( Fig . 7 . 14 )  

are consis ten t  with the differences found between the agronomic 

e ffect ivenes s of th e three PR mat erials in the glasshous e ( Chap ter 6 )  and 

may explain ,  in part , the ini tial and res idual differences found between 

SPR and CRP in the fiel d in the s tudy o f  Gregg et al . ( 19 8 1 )  and 

discus s ed p reviously ( Chap ter 4 . 4 ) . 
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Results for the exten t  of  dissolution of  SPR,  CRP , and TPR added 

to the Wainui s o il (Fig . 7 . 1 4a) , meas ured  by NaOH extractio n ,  are also 

very s imilar to those found p reviously ( Chap ter 6 . 3 . 3) us ing Fe gel . 

In addition to o vercoming th e problems associated with differences 

b etween PR materials in shaking sys tems and the problems associated  with 

pH contro l ,  due to the presence of free calcite , when the Fe gel sys t em 

is used ,  measurement o f  the dissolut ion o f  PR materials in soils by 

NaOH extract ion enables a direct evaluat ion of the effect of s oil 

properties on the dissolution of  a PR . Cons equently , this metho d 

provides a s impl e  and useful measure o f  the dissolution o f  a PR in soil . 

The resul ts ob tained with the Egmont (pH 6 . 5 ) , Ramiha ( pH 5 . 2 ) ,  

Tokomaru (pH 5 . 6 ) , and Konini (pH 5 . 6 )  soils in the present s tudy sugges t 

that so il pH is not the over-riding facto r contro ll ing the dissolution 

of  a PR in so il . Support for this sugges tion comes from the marked 

difference fo und in the extent o f  dissolution o f  SPR on the l imed 

Wainui (pH 6 . 4 )  and Egmont ( pH 6 . 5 ) s o i ls , where the disso lution of  

SPR  was 3 and 48% ,  respectively . Thus , the importance o f  soil  pH in 

contro lling the disso lution of a PR in s o il is initially dependent on 

the P-sorption capacity of the s oil . This is cons istent with the 

findings of Chu et al . ( 1 96 2) and Chien et al . ( 19 80b ) who foun d  that the 

co rrelation b etween s o il pH and the extent of  dissolution of a PR was 

lowe r  than that with ac tive Al ,  even tho ugh the s tudy was res tricted to 

16 acid soils . The differences reported in the studies by Juo and Kang 

( 19 7 8 ) , Shinde et al . ( 19 78 ) , and Chien et al . ,  ( 19 80a) for soils o f  

s imilar pH may partly be explained , by differences in the P-so rp tion 

capacity of soils . However ,  i t  would b e  dangero us to dismiss the 

importance of s o il pH as a facto r in PR dissolution as there is  good 

evidence in the li terature to show that as soil pH increases the agronomic 

effectiveness o f  a PR material decreas es in some soils (van der Paauw ,  1965 ; 
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Ensminger e t  al . ,  1 9 6 7 ) . 

Associated with an increase in so il pH with l iming is an increas e in 

exchangeable Ca , b o th of which have b een shown to affect  plant-available  

P in s oil following the addit ion o f  a PR ( Graham , 1 9 5 5 ; Peaslee et  al . ,  

19 62 ; Khasawneh 'and llilJ.; .1978) al though their rela tive impo rtance has no t b een 

fully investigated . Of the decreases in the extent o f  dissolut ion o f  

SPR, in the Wainui soil on l iming i n  the p resent  s tudy ,  measured b y  

NaOH extraction , 7 5  t o  79% o f  the decreas e could be  acco unted f o r  b y  the 

addit ion of Ca . Although a ques tion arises as to the validi ty o f  the 

Bray- and b icarbonat e-extractab le P data , due to the influence o f  soil 

pH on the effect iveness o f  th es e two extractants as es t imates o f  plant

availab l e  P in the soil , b o th decreased wi th increas ing s o il pH . The 

resul ts  from this s tudy , along with the resul ts  ob tained with the Egmont 

soil ( pH 6 . 5) ,  suggest that soil  pH , per �. is no t of grea t importance 

in influencing PR dissolution over the range of  values generally 

encountered with agricul tural so ils , particularly with soils where P-

sorp t ion capacity exceeds 30% . In fact with an increase in P-so rption 

capaci ty , Ca probably also b ecomes o f  less impo rtance in PR dissolution 

b ecause , associa t ed with an increas e in the so rp tion of P ,  is an inc rease 

in the negat ivity of the surface ( Ryden and Syers , 1 9_76) . This woul d lead to am. . 

increas e in the so rption o f  Ca . Ryden and Syers ( 19 7 6) showed that the 

removal o f  Ca from solution increased with an increase in the sorption 

of  P .  The danger o f  extrapola t ing the resul ts from the Wainui soil to 

soils of lower P-sorp tion capacity is highlighted by the data of  Khasawneh 

and Dol l _ ( 19 78) , where the effe cts o f  soil pH and exchangeab le Ca on the 

e f fec tiveness o f  NCPR in increasing the yield of co rn were roughly equal . 

Recently Khasawneh and Dol l  ( 1 9 7 8 )  s ugges ted that, from a p ractical 

viewp o int , PR mat erials have l ittle or no val ue on moderately-fertil e  soils 

which have a rela tively high s oil solution concentration o f  P .  They 
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argued that as  effective P fert ilizers , PR materials are l imi ted to  

s oils that are s everely to moderately deficient in P .  Addit ion of  SPR 

to the low P-sorb ing Wainui soil of  widely varying P s tatus resul ted in 

remarkably l i t tle decrease in either the extent o f  dissolution o f  SPR, 

o r  in the sub sequent plan t-availab ility of P ,  es t imated by e i ther the 

B ray o r  bicarbonate extractants , although at  the highes t P s ta tus , there 

was some indication of a downward trend . This contras ted . with the effect 

that added Ca had on the exten t  of dissolution o f  SPR and may reflec t , 

in part , the fact that the concentration o f  Ca in the soil solut ion is 

generally s everal o rders o f  magnitude greater than that o f  P .  Resul ts  

from both the glasshouse ( Chapter 3)  and field ( Chapter 4 )  with the 

Tokomaru soil also indica te that PR mat erials are agronomically e ffective 

on s o ils of moderate to high P status . With an increas e in the P-so rp tion 

capacity of a s o il the effect of  added P on the extent of  disso lution o f  

a P R  would decline,  p rovided o ther s o i l  fac to rs were favourab le fo r 

dissolut ion . 

A modified Mitscherl ich equa tion formed the b asis fo r the s imple 

model developed to des crib e  and predi c t  the dissolution of  PR in s oil . 

Because c was found to b e  essentially cons tant fo r a given PR i t  was 

possib l e  to £redict the dissolut ion of a PR in o ther soils . This was 

done by es tabl ish ing the relationship between A ,  which was found to vary 

markedly acro s s  the so ils , and soil prop erties over  a range o f  s oils . 

Altho ugh only an initial evaluation o f  th is s impl e  mo del was pos s ible , 

the promis ing resul t s  ob tained in this ini tial s tudy have initiated a 

more comprehensive evaluat ion o f  this approach . 

To dat e ,  attempts a t  modell ing the disso lution o f  PR materials in 

soil have b een res trict ed to two s t udies ( Chien e t  al . ,  1 9 80a ;  Chien et  

al . ,  19 80b ) . In b o th these s tudies a mo dified Elovich equa tion : 
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Ct 
1 

Co - (S) ln(aS)  (_!_) 1 S 
nt , 

was used to describ e the dis solution of  PR in soil . In the equation , 

C
t 

is  the P concentration in a water extract at time t ,  Co is the 

maximum P concentra t ion in the water extrac t  when t 7 o ,  and a and S 

are cons tants . Although the NaOH extraction procedure , used in the 

pres ent s tudy , provi des a more direct method for measuring the dissolution 

of PR in so ils than the water-extraction metho d us ed by Chien et a l . 

( 1 980b ) , the good agreement b etween the two s tudies , indicates that b o th 

mo dels are useful for describing the dissolution o f  PR materials in 

so ils . The results  obtained in the present s tudy wi th the modified 

water extraction procedure of  Ryden and Syers ( 1 9 7.7) , however ,  s ugges t 

that the mo dified Elovich equat ion may no t adequately des crib e the 

dissolution o f  a PR in soil , a t  leas t ini tially . With the low P-so rb ing 

Wainui soil , water-extractab l e  P was found to initially increase in the 

soil to which either SPR o r  CRP was added . Because Co is assumed to 

be the maximum P concentration in the water-extract when t 7 o and is 

calcul ated by taking a sufficiently small value of  t ( 1 /60 h )  to 

approximate time zero , the mo del developed by  Chien et al . ( 1 9 80b ) to 

describ e  the dissol ution o f  a PR in soil may be res tric ted to soils  o f  

mo dera te- and h igh-P sorption capa city where this assumption ho lds . 

The inclus ion o f  only four s o ils o f  moderate to high P-so rp tion capacity 

in the pres ent s tudy ,  prevents a mo re comprehensive evaluat ion o f  the 

model developed by Chien et al . ( 19 80a) . 

Although the dissolution o f  a PR is  a prerequis ite for plant up take 

of P ,  an increase in the rate and extent o f  dissolution does no t necessarily 

imply an increase in the plan t  availability of P ,  as o ther factors may 

intervene . Cons equently , the s imple model developed to describe and 

predi c t  the dissolution of a PR in soils in the presen t  s tudy can no t be rned 

in iso l a t ion to predic t the plant uptake o f  P from soils to whi ch PR 

mater ials have b een added . 
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SUMMARY AND CONCLUS IONS 

The work presented in this thes is may be summarized as follows : 

1 .  A brief review o f  the l iterature indicates that the o rigin , source , 

and chemical compos ition of  apat ites in PR materials vary widely . 

An apparent failure to reco gnis e that differences exist in the 

agronomic effect iveness of PR materials because of differences in 

apatite  composition explains to a large extent the variable 

agronomic results ob tained with PR materials as direct-appl ication 

P fertil izers throughout the wo rld . 

2 .  In an i�itial evaluation in the glassho use  with four soils , CRP was 

found to be an effective source of P for ryegrass when compared to 

superphosphate over s ix harves ts . The form and method  of  

application of  CRP were found to have a marked effect on its 

agro nomic effectiveness . The effect iveness of CRP , when compared 

to s uperphosphat e ,  decreas ed in the order of pmvdered and inco rpo rated 

> powdered and surface applied > pelletised and surface applied > 

pell etised and incorporated . 

3 .  Resul ts from the firs t  comprehensive , long-t erm field evaluation of 

CRP a t  four contrasting s i t es over 3 years with permanent pas t ure 

confirms and extends the findings of the preliminary glasshouse 

s t udy with CRP in the powdered fo rm .  Apart from some initial 

dif ferences , CRP was as effective as s uperphosphate at all four sites , 

and at two o f  the hill-country sites (Ballantrae and Wanganui) ,  it 

showed a marked res idual ef fect in the third year . In fact a s ingle  

- 1  
init ial appli ca t ion o f  7 0  kgP h a  o f  CRP was agronomically as 

- 1  
effective in the third year as three annual appl i ca t ions o f  3 5  kgP ha 

as s uperphosphate at these two si tes . 
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4 .  The origin o f  the marked residual effect shown by CRP a t  

Ballantrae and Wanganui in the third year appears t o  result f rom 

the effec t of Caco3 on the rate of rel ease of  P from the phosphorit e .  

The presence o f  Caco3 in close proximity t o  the phosphorite  probab ly 

decreases the rate o f  dissolution of the phosphorite by increasing 

the pH and Ca concent ration in the solut ion film immediat ely 

surro unding the phosphate particl e .  

5 .  In marked cont ras t to the res idual effect shown by CRP a t  

Ballantrae and Wanganui , no measurab le differences were found in 

the res idual effect o f  CRP and superphospha te in the 2 . 5  years o f  

study at  Pahiatua . This sugges ts  that a t  the appl icat io n  rates 

us ed in this s t udy , and with the criterion used to separate ini t ial 

and residual effects , the resi dual effect o f  CRP is dependent on 

soil typ e .  This may reflect the dominat ing effect that P-sorption 

reactions have on the behaviour o f  added P on the high P sorb ing 

Ramiha s ilt  loam at Pahiatua . 

6 .  Marked differences were found in the response to CRP by the grass 

and clover components of swards at all four s ites . Whereas grass 

production remained relatively cons tant , clover production varied 

markedly with the form and amount of  added P .  This difference 

appears to reflect a varying sensitivity of these two plant species 

to available P levels  in the soil . The ab ility o f  a s ingle  initial 

application o f  CRP to maintain a s imilar level o f  clover pro duct ion 

as annual applications of superphosphate over 3 years , at bo th 

Ballantrae and Wanganui , has impl ications to future topdressing 

pract ises . 

7 .  The f inding that pel letised CRP was as effec tive as powdered CRP 

and superphosphate at the three h il l-country sites , except for some 
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initial differences at  Ballantrae , contras ts with the resul ts  o f  

the preliminary glasshouse s tudy and with the bulk of the l iterature , 

the resul ts in which are also derived largely from glasshous e s tudies . 

This dis crepancy probably res ul ts in part f rom the fact that in 

glasshouse studies a number o f  factors which can operate in the 

fiel d and which may contribute to an increased effect iveness of a 

PR material , are us ually excluded ( e . g . , earthwo rms ) . 

8 .  Resul ts o f  a glasshouse s t udy us ing perennial ryegrass over seven 

harves ts  showed that earthwo rms increas ed the agronomic effectiveness 

of CRP by 1 5  to 30% .  In contras t ,  the effect o f  earthworms on the 

agronomic effectiveness of superphosphate was res tricted to initial 

harves ts . S tudies o f  the mechanism o f  incorporation o f  a s urface-

applied PR into soil by earthworms and o f  the inges tion o f  PR 

particles by earthwo rms indicate that b o th the b urrowing and cas ting 

activity o f  earthwo rms indirectly increase the availability to 

ryegrass o f  P in the PR by improving the phys ical dis tribution and 

degree o f  contac t  o f  the PR with the soil . 

9 .  Good agreement was found b etween the agronomic effectiveness o f  a 

pelletised PR in the field and in the glasshouse , when earthworms 

were included as a treatment in the glasshous e .  I n  the abs ence o f  

earthwo rms i n  the glasshouse  comparable results were only ob tained 

with those of the field when the PR was powdered and incorporated 

into the upper 2 cm of  soil . Care mus t b e  taken in extrapolat ing 

the resul ts obtained for pelletised PR materials in the glasshous e ,  

in the absence o f  b iological mixing , to . the fiel d situa tion . 

1 0 . In addition to  permitting the ranking o f  CRP as a reactive PR 

along w ith NCPR and SPR, the resul ts obtained f rom a glasshouse 

study , comparing the agronomic effectiveness o f  s ix P souces , a cross 
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six so ils , provide the firs t c omprehensive comparison o f  CRP with 

a range o f  P sources o f  varying agronomic effectiveness .  

1 1 .  Of the conventiona l , s ingle chemical-extraction procedures evaluated 

for assessing and predicting the agronomic effec t iveness of  PR 

materials , 2%  fo rmic acid appears to o ffer the mos t  p romis e .  For 

PR materials containing appreciable  amounts o f  Caco3 , howeve r ,  

sequential ext ract ion appears t o  be necessary for assessing l ikely 

agronomic effectiveness . O f  two new approaches ( rel ease o f  P to 

Fe gel and electro -ultrafiltrat ion) evalua ted , release of P to Fe 

gel appears to o ffer some po t ential as a method for ass ess ing the 

agronomic effectiveness of PR materials o f  varying mineralogy ; 

a l imitation shown by all the conventional chemical extraction 

procedures . 

1 2 .  Bo th the Bray and bicarbonate pro cedures were found to be useful 

indicato rs o f  short-term, plant-availab le  P when SPR and CRP were 

added to three contras ting s oils . Of  the two , the Bray procedure 

acco unted for mo re of the variab ility , possibly re flecting the 

difference in the mechanisms by which these two extractants remove 

P from s o il . The s ingle wat er-extraction pro cedure gro s s ly under-

est imated the amount o f  sho rt-term ,  plant-available P in the s o il 

to which a PR was added . In contras t ,  this ext ractant provided a 

good es timate o f  the sho rt- term, plant-available P in the soil to 

which superphosphate was added . This difference appears to reflect 

a varying initial behaviour o f  these two P sources on contac t with 

soil . 

1 3 .  A p rocedure involving a s ingle extraction with 0 . 5M NaOH was 

developed for measuring the extent of dissolution o f  a PR in soil . 
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B ecause apatit e  minerals are largely insoluble in dilute NaOH and 

b ecaus e this reagent extracts sorbed inorganic P ,  increases in 

0 . 5M NaOH-ext rac tab le P in a soil to which a PR i s  adde d ,  provides 

a good estimate of the amount o f  P dis solved and retained by the 

s o il on sorpt ion sites . 

1 4 . In marked contras t to the decrease measured in water- , bicarbona te- , 

and B ray-extractable P in the s oil to which SPR was added , the 

amount o f  0 . 5M NaOH-extractable  P increas ed with increas ing P-sorption 

c apacity of the soil . A high correlation ( r  = 0 . 9 35**)  was ob tained 

for the relationship between the dissolut ion of SPR,  meas ured by 

NaOH extrac t ion , and the P-so rption capaci ty of  the s ix s o ils used . 

The extent o f  dis solution o f  SPR varied from 22% of  added P on the 

low P-sorbing Tokomaru s o il to 48% on the high P-so rb ing Egmont 

soil  during 9 0  days . 

1 5 .  An attemp t was made to determine the relative significance o f  soil 

chemical parameters in the disso lut ion o f  SPR in s o il . Whereas 

increas ing the P status of the Wainui soil , by the addition of 

KR
2

Po
4

, had no measurabl e  effect on the dissolut ion o f  SPR,  increas ing 

addit ion o f  Ca(OH) 2 markedly decreased the disso lution o f  SPR in the 

Wainui so il . Of  the decrease measured in the extent o f  dissolution 

o f  SPR on liming the Wainui soil , 75 to 79% of the decrease could b e  

accounted fo r b y  the effect o f  Ca ,  which also increases on l iming . 

Resul ts with the Egmont soil sugges t that the effect o f  s o il pH on 

the extent o f  dissolution o f  a PR, can b e  modified by P-sorption 

capacity . Maj o r  emphasis has b een given in the past to the 

impo rtance o f  soil pH in influencing the dissolution o f  PR materials  

in  soil . The present resul ts suggest  that pH is only one soil 

factor which is important in this respect . 
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16 . A mo dified Mitscherl i ch equation formed the b asis o f  a simple 

mo del which was developed to describe and predict  the dissolution 

of  a PR in s o il . The model was developed using a range o f  

contrast ing soils and then used successfully to p redi ct the 

dissolution o f  a PR in a s eries of o ther soils . This mo del 

appears to h ave goo d p ractical application and should prove to be 

useful in further s tudies of  the reactions o f  PR materials in soils . 

1 7 .  Al though there appears to be considerable interes t from a maj o r  

New Zeal and company i n  recovering CRP from the o cean floo r ,  the 

material is no t commercially available a t  present . The res ults  

ob tained in  the presen t  s tudy indicate that CRP has very good 

potential as a direct application P fertilizer for pas ture and , 

o f  part icular relevance to hill-co untry farming , i t  shows a goo d  

res idual effect . A possib l e  disadvantage is the relatively low 

P content ( approximately 9%) . 
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