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ABSTRACT 

A det a i led study of  the " above - " and "below-ground" components of  the 

phosphorus ( P )  cyc le was carried out in the North I sland hill count ry 

of New Zea land . The e ffect of  P fertiliser rate and degree of  land­

s lope on pasture P uptake , faecal P return and changes in soil P 

f ract ions wa s examined over a three yea r  pe riod . 

P lant P upt ake was found to decrease with increas ing s lope and 

increase with increas ing rate of P fertiliser .  The changes in plant P 

upt a ke we re a function o f  changes in both dry matter ,yield and pasture 

P concent rat ion . Pa sture on campsites which initially had a high 

Olsen P status (>30) showed an unexpected appa rent P response in both 

dry matter yield and plant P uptake . This response result s f rom an 

a rt e fact of the t rial des ign whereby P fert iliser was applied to whole 

paddock s . The result ing improved nit rogen status of  s lopes at high 

rates of P fert iliser c reated abnorma lly high soil nit rogen levels on 

camp s i te s ,  leading to ve ry high levels of production . These f indings 

a re o f  s igni f icance in relat ion to soil fert i l ity field t rials 

conducted on individual slopes in hill coun t ry . Over the three yea r  

period o f  the t rial seasonal plant P uptake fol lowed the orde r :  spring 

� summer > autumn > wint e r ,  irrespect ive o f  s lope category, fert iliser 

rate or grazing regime . 

The dist ribut ion o f  faecal material was found to be markedly a f fected 

by s lope and approximately 6 0 %  of the material deposited in each 

paddock was returned to camps ites . In  the rema inder o f  the paddock,  



faecal P return dec reased by at least 5 0 %  with each 1 0 ° increase in 

s lope . 
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Paddoc k  faecal P concent ration (FP % )  was predicted from the pre-grazed 

pasture P concent ration ( PP % )  ( ca lculated on a paddock bas is ) us ing 

the relat ionship : 

FP%  3 . 1 9 P P %  - 0 . 0 9 ( r  0 .  9 4  **) . 

Net P balance ca lculations for various s lope group categories showed 

that deficits between plant P upt ake and faecal P return increa sed 

with increas ing s lope but were little affected by increas ing P 

f e rt i l iser rate and consequent increase in stocking rate . This 

f inding ve rifies the use o f  a single anima l loss factor for a given 

t opography, irrespect ive of sheep stocking rate,  in the Ministry of 

Agriculture ' s (MAF ' s )  Computerised Fe rt i liser Advisory Scheme ( CFAS ) 

for P .  

Measurements o f  faecal dist ribut ion in this trial sugge sted the use o f  

a lowe r  anima l l o s s  factor ( 0 . 5  k g  su- 1  of P )  for "Easy" hill  country 

than that used currently ( 0 . 7  kg su-1 of P) in the CFAS model . 

I ndependent studies on the rate of P cycling from faeces were 

conducted . The study investigat ing breakdown o f  faecal material 

revealed that phys ical dis integrat ion o f  faecal material is likely to 

occur before chemical decomposition . In winter condit ions faecal 

material dis integrated within a month ;  in s ummer conditions 
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dis integrat ion took approximately three months . I n  both seasons 

material on camps ites di sintegrated mo re rapidly than that on steepe r 

s lopes .  

A further study us ing radioisotopes in the field found that the short ­

term plant availability of inorganic faecal P was approximately half 

that of monocalc ium phosphate ferti liser over a two month period in 

the spring . 

I n  a study on the " below-ground" components o f  the P cycle total soil 

P was found to increase with increas ing rate of P fert i l i ser . The 

magnitude of these increases decreased with increa s ing s lope and 

depth .  

I nc reases in organic P were found to be higher on campsites than 

steepe r s lope s . On campsite s ,  the extent of  increase in organic P 

decreased with increas ing rate of  P fertiliser . 

Inorganic P increased with increas ing rate o f  P fert iliser on a l l  

s lopes ; the magnitude of  the increase dec rea sed with increas ing s lope . 

At low rates o f  P fertiliser a dec rease in inorganic P was measured on 

steep-s lopes ove r t ime indicat ing that P inputs were not ba lancing P 

outputs . 

A change in the non-occluded P fract ion accounted for the greatest 

proport ion of  t he change in inorganic P on most s lopes . The fact that 

calcium-bound P accumulated on all s lope s ,  and that l a rge increases 



were evident at high rates o f  P fertiliser suggested that this 

fraction was not playing an act ive part in the P cycle but was 

accumu lat ing as an insoluble res idue from superphosphate . 
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The plant ava i lability of soil P fractions wa s invest igated in a 

glas shouse study . Total plant P upt ake was found to be highly 

correlated with init ial levels of total P ( r  = 0 . 92 ) , non-occluded P ( r  

= 0 . 8 2 ) , inorganic P ( r  0 . 9 1 ) , Olsen P ( r  = 0 . 9 3 )  and wate r­

ext ract able P (r = 0 . 9 7 ) . Leve ls of organic P ,  occluded P and 

calcium-bound P were found to be es sent ially unchanged by plant growth 

over the eleven month t rial pe riod . 

Changes in the s i ze o f  the cycl ing soil P poo l we re examined by 

· combining results from the field t rial with those from the glas shouse 

study . At low rates of P fert iliser ( 1 0 kg ha - 1 ) ,  increases in 

occluded P and calcium-bound P ( i . e . ,  unavai lable inorganic P )  in the 

0 - 1 5  cm depth were occurring at the expense o f  available P .  At a high 

rate of P fert i l iser ( 1 0 0  kg ha- 1 ) approximately two thirds of the P 

applied remained in the available form .  

O n  a n  annual bas is , Olsen P increased with a n  increas ing rate o f  P 

fert i l iser and dec reased with increas ing soil depth and s lope . Over 

the period o f  the t ri a l  Olsen P decreased s ignificant ly at the lowest 

rate o f  P fert i l iser ( 1 0 kg ha- 1 ) and increased s ignificant ly at the 

highes t  rate ( 1 0 0  kg ha- 1 ) on the two s lope groups studied . This 

indicated that these a reas were not at " equilibrium" as defined by a 

stable Olsen P .  At moderate rates of  P fert iliser ( 2 0  and 3 0  kg ha- 1 ) 
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it was not pos s ible to determine whether or not equ i l ib rium condit ions 

existed a s  the annual va riability in Olsen P wa s too h igh . 

An attempt was made to determine soil P losses ( a s  de f ined by the CFAS 

model ) at  the t rial  s ite . Despite intens ive and careful soil s ampling 

Olsen P could not be used to determine "equ ilibrium" condit ions which 

a re a pre- requisite for me asu rement of soil P loss . Th is f inding 

prevented va lidat ion of soil  loss factors on this h i l l -country s ite . 

Data generated from the la rge f ield trial for " above - " and " below­

ground" components of  the P cycle enabled recommendat ions to be made 

on the locat ion of suitable soil  samp ling s ites and a l s o  on the 

locat ion of priority a reas for application of P fert i l i ser in grazed 

h i l l  country . 
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CHAPTER 1 

INTRODUCTION 

Phosphorus (P) is a constituent of all living organisms. It is 

believed to be the most important element ecologically (Hutchinson, 

1970)  because: 

(a) it is concentrated by living organisms to levels 

considerably above that of P sources 

(b) it functions as an age:.t of energy transfer 

(c) a deficiency of availaole P is more likely to limit 

reproduction, and hence productivity, than any other 

material except water. 

Phosphorus is not found in its elemental form in nature, but occurs 

principally as orthophosphate (Po4
3-

) Transformations during 

pedogenesis convert apatite P (general formu la ca 10(P04 )6F2) to 

organic P (P 0) and seconda ry forms of inorganic P (PI) ( Sye rs and 

Wa lke r ,  1969a and b; Syers et al., 1969). The prima ry P ( apat ite)  

tends to be found i n  the sand fraction of the soil  whereas the 

1 

secondary forms accumulate in the finer textured fractions of the soil 

(Will iams and Saunders , 1956; Halstead, 1967; Syers e·t al . ,  1969) . 

I n  intens ively-gra zed pastoral systems , such a s  those found in New 

Zealand, the greatest p roportion of total P in t he P cycle at any one 

t ime is conta ined in the soil . It is , howeve r ,  the " above -ground" 
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components o f  t he P cycle that appear to have the greatest e f fect on 

the e fficiency of the cyc le ( Karlovsky, 1 97 5 )  and offer the greatest 

scope for manipulation (Gil lingham, 1 9 7 8 ) . 

Recent rapidly e s calating costs of on-ground P fertilise r  in New 

Zealand have resulted in a change of emphasis by farme rs f rom "maximum 

production " to " economically e fficient production " .  Manipulation of 

the " above -ground" components of the P cycle could allow more 

efficient production to be achieved . 

In the past , New Zealand farme rs had access to cheap P fe rtiliser . 

Prio r to 1 9 6 3  much o f  New Zealand was in a development pha se and 

increasing rates o f  P fertiliser addition a llowed an increase in 

stocking rate . The amount of P added pe r ewe equivalent va ried little 

during this t ime ( e . g . , 1 . 1 4 kg P in 1 9 5 0  and 1 . 1 9 kg P in 1 9 6 3 ) . 

Howeve r ,  between 1 9 6 3 and 1 9 6 6  the consumpt ion of P fe rtilisers 

increa sed 5 0 %  ( about half a million tonnes o f  superphosphate )  while 

stock numbers increased by only 1 1 %  ( approximately seven mil lion ewe 

equivalent s )  . A further ha l f  a mil lion t onnes increase in 

superphosphate usage between 1 9 7 1  and 1 9 7 4  was not a s sociated wit h  any 

increase in s t ocking rate . 

The amount o f  P required pe r ewe equivalent has been ca lculated a s  

being 1 . 32 - 1 . 33 k g  p e r  year ( Karlovs ky, 1 97 5 ) . Thus it i s  clear 

that during the 1 9 6 0 ' s and early 1 9 7 0 ' s  P fert iliser considerably in 

exces s  o f  requirement s was being applied to New Zealand pasture s . 

More recently a dramatic dec line in the use o f  P fert i l isers means 

that rather less than this calculated requirement i s  being app l ied . 
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The level o f  P fer t i l iser addition required to ma int a in an e f f i c ient 

leve l of production ( i . e . , appropr iate to the soil group and type of 

farm under cons iderat ion) can be determined by relat ing P fert i l iser 

inputs to P output in product s ,  plus other P losses . The latter 

category includes P ef fectively lost from the cyc ling pool by 

immob i l i s ation or in runoff . To date there have been few st udie s in 

New Zea land on the effect of increa s ing stocking rate or pa sture 

ut i l i sat ion on P losses in animal product s .  S imilar l y ,  there has been 

l ittle wor k carr ied out on the effect of increas ing rate of P 

fert i l iser addit ion on losses of P in the so i l . Without this 

know ledge it is  difficult to determine not only the requ ired leve l of 

P fert i l i s er addition but als o efficiency of product ion . Thus it is  

clear that an increased unders tanding o f  the P cycle mu st be gained . 

To understand and quantify the P cycle for grazed pasture it is  

necessary to de s ign a conceptual mode l to represent the ma in 

compartments and pathways . To do this more fully requires a knowledge 

o f  P chemi stry and o f  the nature and s i zes of the compartment s ,  the 

pathways between t hem, the quant ity and rate of trans fer of P a long 

t hese pathways , t he re ference time period, and de finit ion of t he area 

and boundaries of the system under cons iderat ion . 

Though the total amount s of the different forms o f  P present in the 

va rious compartment s of a P cycle can be determined re lat ive ly easily ,  

the de f init ion o f  t ransfer rates between compartments i s  rather more 

di f f icult . In systems in a state o f  flux it can be dif ficult to 

characterise P t urnover as the net e f fects can obscure individu a l  



react ion rates . For this reason most o f  the few studies made on who le 

systems have been on systems at equ i l ibrium whe re compa rtment levels 

a re stable and rates o f  P movement can , therefore , be det e rmined more 

readily . Furthermo re , the systems chosen have gene rally had few P 

compa rtments and have thus been relat ively s imple , e . g . , native 

gra s s land ecosystems ( H a lm et al . ,  1 9 7 2 ;  Cole et a l . ,  1 9 7 7) . 

Alte rnat ive approaches to the problem of obta ining data for mode l l ing 

o f  the P cycle in mo re complex ecosystems , i . e . ,  those invo lving the 

graz ing anima l ,  a re to : 

( a) const ruct a mode l us ing da ta available in the 

l iterature f rom inves tigations carried out on 

individua l  parts of the cycle ( e . g . , Blair et a l . ,  

1 9 7 7) . 

(b) use a s impl i s t ic approach whe reby product input can be 

related to product output ( e . g . , Cornforth and 

S incla i r ,  1 9 8 2 a ) . 

In  the fo rme r case p roblems may arise in generalis ing i f  different 

parts of the cycle a re studied in different count ries where chemical 

and phys ical compos it ion o f  "start ing mate ria l s "  and c l imat ic 

condit ions a re likely to vary . In the latter case problems may a rise 

i f  the cycle is ove r s implified . Although s implification may make 

quant i f ication e a s ie r ,  the results may be rendered s ite specific . 
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In  New Zealand, the Computer ised Fert i l i ser Advisory Scheme ( CFAS ) 

administered by the Mini stry of Agriculture and Fisher ies (MAF ) is  

be ing used to advise farmers on the amount of P fert i l iser that should 

be applied in the short term or for ma intenance . The mode l is 

necessar ily of the relat ive ly s imple type , relating product i nput and 

output , because insuff icient studies have been carr ied out on 

componenL s of the P cyc le to enable a more det a i led mode l to be 

cons truc:::ed . This is  particularly the case in h i l l  country where the 

greatest need for economies of fert i l iser are required . 

An improved underst anding of the P cycle offer s ,  potent i a l l y ,  the mo st 

useful �e:::hod for ach ieving economica l ly eff i c ient product ion by 

enabling knowledgeable manipulation of components and fac i l itat ing 

a s sess�ent of P fert i l iser requirements . This approach involves 

eva luating "above -" and "be low-ground" P losses in a gr azed system . 

The general ob j ect ives of the pre sent study were to: 

1. Monitor the effect of s l ope and rate of P fert i l i ser 

addit ion on changes in soil  P pools with a view to : 

( a )  de fining changes in the magnitude of  soil P 

fract ions . 

( b )  identi fying t hose soil P pools which ref lect 

changes in the " above -ground" components of  the P 

cycle . 



2 .  Monitor the e f fect of s lope and rate o f  P fert i l i s e r  

addit ion ( i . e . ,  inc reas ing stocking rate ) on the 

"above -ground" components of the P cycle with a view 

to establishing the relationship between plant P 

uptake and faecal P return . 

3 .  Evaluate t ransfer rates between P inputs ( i . e . ,  faecal 

P and fert iliser P )  and plant P via the soil . 

4 .  Provide data with which to validate the CFAS mode l . 

I t  was thus intended t o  provide an improved unde rst anding o f  the 

dynamics of P cycling as influenced by fert iliser P input , gra z ing 

management and topography . 

6 
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CHAPTER 2 

REVIEW OF LITERATURE 

2 . 1  INTRODUCT ION 

This review covers t he ma j or aspect s of t he P cycle with part icular 

reference to fert ilised hill-coun t ry pasture graz ed by sheep in t he 

Nort h I sland of New Zealand. The format of t he rev i ew will follow t he 

componen t s  of t he P cycle as shown i n  Fig 2 . 1 . Emphasis will be given 

to t he larger P pools within t he cycle and t he rates of t ransfer 

bet ween t hem. Finally, a t t empt s to model part or all of t he P cycle 

will be discussed . 

2 . 2 SOIL PHOSPHORUS 

2 . 2 . 1  Forms and reactions of soil phosphorus 

S oil P may be classified convenient ly into t he two broad categories of 

organic P (P0 J and inorganic P (Pr l .  

2 . 2 . 1 . 1  Organic phosphorus 

In most agricultural soil s ,  P0 comprises from 3 0 - 8 0 %  of the total P 

present (Anderson, 1 9 8 0 )  . I n  some o f  these soi ls , part icularly in 

t ropica l  regions where high tempe ratures encourage rapid 

minera l isat ion ( t he release of P I into the s o i l  s olution after 
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microb i a l  convers ion o f  P0 ) ,  P0 can cont ribute considerably to t he P 

nutr it ion of plant s ( Halm et a l . ,  1 9 7 2 ; Tate , 1 9 8 4 ) . This i s  

un l i kely t o  be the case in hi ll country where P0 levels are low 

( G i l l ingham, 1 9 7 8 )  and the c l imate is temperate . 

Orga nic P can also be pre sent in the soil  solut ion (Wild and Oke , 

1 9 6 6 )  and has been found to form over 8 0 %  of sol ut ion P in coar se -

textured s o i l s  ( P ierre and Parker , 1 9 2 7 ) . The pl ant avai lability of 

ma ny of the P0 compounds common ly found in soil  so lutions has been 

demon strated unde r as ept ic condit ions by several workers ( for a 

review,  see Da l a l ,  1 9 7 7 ) . As yet ,  however , there is no unequivocal 

evidence to prove that P0 is  ava i lable to plants under field 

condit ions . Cons equent ly,  P0 is usua lly cons idered to be unava i lable 

for plant P upt ake (Cosgrove , 1 9 7 7 )  

The rate o f  increa se in P0 is frequently limited by the rate o f  supply 

of ava i l able P I . Thi s  i s  influenced by fert i liser application , animal 

returns and weathering of the pa rent material  (Wal ker and Adams , 1 9 5 8 ; 

McLach lan and Norma n ,  1 9 6 2 )  . In soils of low organic matter s t atus 

and, perhaps mo re important ly, low carbon to nitrogen ratios , such as  

those genera lly found on New Zea land hi ll count ry, la rge quantities of 

applied fe rtili ser can be immobilised by the microbial  population o f  

t h e  soi l  and t hus rendered unavai lable for plant uptake (Walker et 

a l . ,  1 9 5 9 ;  Jackman , 1 9 6 4 ;  Rixon , 1 9 6 6 ;  Shelton and Co leman,  1 9 6 8 ;  

Quin and Rickard, 1 9 8 3 )  . The rate of conversion to P0 declines as  

o rganic matter bui lds up in the soi l  until an equilibrium is reached 

between rates of mine ralisation and immobili s a t ion ( the removal of P I 

f rom the soil s olut ion by microbial conversion)  ( During, 1 97 2 ) . The 
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processes o f  mineralis ation and immobilisation occur concurrently in 

the soil . The balance between the two processes is large ly governed 

by the factors which cont rol the population dynamics and activities o f  

soil microorganisms , such as temperature , moist ure , pH , fertiliser 

application,  cultivation and the presence o f  plant s . The se factors 

have been reviewed by Dalal ( 1 9 7 7 ) . I n  summa ry , Dalal ( 1 9 7 7 )  reported 

that inc reasing tempe ratures re sult in inc reased minera lisation and 

hence less net immobilis ation . Suboptima l temperatures a l so decrease 

the rate o f  immobilis ation due to reduced biologica l  activit y ;  

suboptima l moisture has  a similar e f fect . Increase in soil acidity 

can restrict P0 accumulation . Addition of fertiliser to native soil 

stimulates immobilisation whe reas cultivation tends to re sult in net 

mineralis ation . The type of vegetation supported a l so has an e f fect 

on P accumulation . For instance , it has been obse rved ( Rixon, 1 9 6 6 )  

that P0 is significant ly lowe r unde r Wimme ra ryegras s  than under 

clove r or pe rennia l ryegrass . 

2 . 2 . 1 . 2 Inorganic phosphorus 

The ma j o r  s ources o f  primary P in s oils a re the minerals of the 

apatite group ca 1 0 ( P0 4 ) 6 z2 where Z=F , OH , C l ,  or 1 / 2  co3 ) ,  

pa rticularly f l uorapatite . The plant availability o f  these compounds 

is generally low and P release is dependent upon the rate o f  

weathe ring . Thus under natural conditions s oil apatite levels tend to 

dec rease with age ( Syer s  and Walke r ,  1 9 6 9a and b ,  Smeck and Runge , 

1 9 7 1 ;  Smeck,  1 9 7 3 ;  Wa lker and S yers , 1 97 6 ;  Tiessen et a l . ,  1 9 8 4 )  and 

increase with depth (Walker and Sye rs , 1 9 7 6 )  . As the rate o f  

weathering of p rimary minera l s  i s  s l o w  (Wa lker et a l . ,  1 9 6 9 )  and is 
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genera l ly cons ide red to b e  inadequate t o  provide sufficient P for 

rapid plant growth , secondary forms of Pr ( i . e . ,  sorbed and 

precipitated P )  become the mo st important regulators of the P in soil 

so lut ion in  most s o i l s . 

Alumin ium, i ron and calcium phosphate compounds are the ma in types of 

prec ipitated P found in  s o i l s  (for a review see Sample et a l . ,  1 9 8 0 )  

Evidence for the existence of these compounds i n  soils i s  o ften 

presented based on re sults of se lect ive fract ionat ion scheme s ,  such as  

that of Chang and Jackson ( 1 9 57 ) . Such scheme s ,  howeve r ,  a re not 

be l ieved to dif ferentiate adequately between precipit ated and sorbed 

fo rms of P r  ( W i l l iams et a l . ,  1 9 6 7 ) . 

It has been sugge sted that P compounds are prec ipitated in soil  as 

reaction products when wat er so luble fertiliser P compounds a re added 

to t he so i l . Howeve r ,  ve ry few studies have been ca rried out in which 

react ion product ions of fert i l iser P have been isolated f rom soil and 

ident i f ied succe s s fully . Most compounds deemed likely as fert i liser 

react ion products have been is olated f rom s imulations of the chemical 

envi ronment surrounding a fert i liser particle . 

As the fert iliser  reaction products dissolve s lowly with t ime , P will 

be released and so become ava i lable for plant uptake ( Taylor et a l . ,  

1 9 6 3 )  . Howeve r ,  the rate o f  dissolution depends large ly on the 

solubilities of the compounds , and given the complexity of the 

chemical compos it ion o f  the soil solut ion , these solubilitie s  a re not 

easy to p redict . There is  a lso evidence in the lite rature t o  suggest 
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that the react ion products are metastable and, in time , wil l  change 

int o more stable and les s soluble P compounds ( fo r  a review ,  see 

Sample et a l . ,  1 9 8 0 ) . 

It is now be lieved that , except in recently fertilised soils , it is 

the balance between so rption and de sorption reactions that gove rns the 

concent ration o f  P in the soil so lution,  rather than the balance 

between precipit ation and dis solution reactions ( Syers and I s kander,  

1 9 8 1 )  . 

Ads o rption of P re fers to the proces s  by which phosphate ions are 

removed f rom the soil so lution and retained at the surfaces of soil 

component s .  When this proces s  is fol lowed by a more or less uniform 

penet ration of t he ads orbed P into the so lid phas e ,  the reaction is 

called abs o rpt ion . As it is dif ficult to distinguish these two 

reactions ( Glasstone , 1 9 6 0 ;  Larsen , 1 9 6 7 )  the term " s o rption " ,  

emb racing both reactions ,  is o ften preferred . 

Phosphate s o rption by s oils has been the subj ect o f  extens ive reviews 

( e . g . , Larsen, 1 9 6 7 ;  Ryden et al . ,  1 9 7 3 ;  Parfit t , 1 9 7 8 ; Sample et 

a l . ,  1 9 8 0 ) . It  is gene rally agreed that short -range orde r and 

c rystalline hydrous oxide s  of iron and a luminium and short-range order 

a luminos i licates a re largely respons ible for the phenomenon o f  p 

s o rption ( S aunders , 1 9 6 5 ;  Syers et a l . ,  1 9 7 1 ) . These can occur as 

dis c rete c ompounds in soils or  as coatings , particularly on c lay 

minera l s . They can also exist a s  short -range order a luminium hydroxy 

compounds between the layers of expandable aluminium s i l icates 

( P a rf it t ,  1 9 7 8 )  . 
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The mechanisms of P retent ion in soils by aluminium and iron compounds 

have not been resolved fully,  but it i s  agreed that a fast react ion is 

followed by a slow one . Two contrast ing explanat ions are current ly in 

use for the init ial react ion . Ryden et al . ( 1 9 7 7 ) proposed that P is 

so rbed at three energet ically di fferent types or regions of s ites . 

They sugges ted that at low levels of P concent rat ion chemisorpt ion , 

involving the replacement of OH2 and OH groups on the surface ( regions 

I and I I ) , occu r red by ligand exchange and poss ibly by the formation 

o f  binuclear o r  bridging compounds ( Pa rfitt , 1 9 7 7 )  . 

At high P concent rations mo re -phys ical sorpt ion of P ,  involving a 

weaker bonding to the surface ( region I I I ) , was suggested . In 

contrast , Bowden et al . ( 1 9 7 7 , 1 9 8 0 )  have proposed that changes in the 

ene rgy of P sorption can be expla ined by a progre ssive increase in 

surface negat ivity as sorption proceeds . 

The s low sorption reaction has been expla ined va riously a s  a 

precipitat ion reaction (Barrow, 1 9 7 4 ) , a shift from a monodentate to a 

bidentate form o f  sorbed P (Matt ingly, 1 9 7 5 ) , absorpt ion o f  surface 

sorbed P into soil components (Holford and Matt ingly, 1 9 7 6 ) , and a 

shift from more-physically s o rbed to chemi so rbed P ( Ryden et a l . ,  

1 9 7 7 ) . Recently, Barrow ( 1 9 8 3 )  proposed that the init ial rapid P 

s o rption reaction induces a diffus ion gradient towa rds the interior o f  

t h e  part icle and begins a s olid state dif fusion proces s .  Penet ration 

of P into the part icle will produce vacant sites on the surface for 

further sorption . 
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The proces s  o f  de sorpt ion o f  P h a s  been l e s s  wel l  researched . 

Desorpt ion appears to occur more readi ly at a highe r saturat ion due in 

part to the dec rease in ene rgy of P sorption with increas ing surface 

cove rage (Mul jadi , et al . ,  1 9 6 6 ;  Hingst on et a l . ,  1 9 7 4 ;  Ryden et 

a l . ,  1 9 7 7 ) . The ease o f  de sorption also dec reases as the period of 

prior react ion increases . This may be due to increased penet rat ion of 

P into the sorbing medium ( Barrow ,  1 9 8 3 ) . 

P rope rt ies a f fect ing the ba lance between desorpt ion and sorpt ion 

include pH and the presence of other ions in the soil . The se have 

been summarised in review pape rs by Parfitt ( 1 9 7 8 )  and Syers and 

I s kande r ( 1 9 8 1 )  . 

The processes of immobilisation-mineralisat ion, prec ipitation­

dissolution and sorption-desorpt ion discussed above remove P 1 from and 

add P 1 to the soil solut ion . Thus solut ion P 1 , which is the immediate 

s ource of P for plants growing in a s o i l ,  is sub j ect to rapid and 

cont inual changes in concent rat ion . 

The overall balance between P 1 in the s o}id and solut ion phases o f  the 

soil is heavily biased t owa rds the solid phase and soil P can 

therefore be classified as  sparingly s oluble ( La rsen , 1 9 6 7 )  . The 

concentration of P in the soil solution is of the o rder o f  1 to 0 . 1  �g 

g- 1 soil and varies with the properties o f  both the solid and liquid 

phases ( La rsen , 1 9 6 7 ) . 
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2 . 2 . 2  Availability of P hosphorus 

The availabi lity of P in the soil is determined not only by factors 

that a f fect the sorpt ion o f  P by the soil but also by the various 

factors that a f fect absorpt ion of P by the plant . These include the 

type of plant unde r cons ideration as we l l  as the spec i f ic condit ions 

under wh ich the plant is grown . 

In this sect ion the chemical availabi l ity o f  the P f ractions described 

in section 2 . 2 . 1 . 2  will be cons idered, fol lowed by a review of the 

factors a f fect ing the physical availability of the P in terms o f  plant 

upt ake . 

2 . 2 . 2 . 1  Chemical availability o f  phosphorus 

A cons iderable amount of re search has been ca rried out in an attempt 

to dis cover which fraction or fractions o f  P in the soil are important 

in supplying P to plant s . Unfortunately, much of the work has been 

ca rried out unde r very different condit ions in terms of fert i liser P 

regimes and soil  conditions , and so direct comparison o f  result s is 

not poss ible . I n  this sect ion general t rends in results will be 

cons ide red, whe re appropriate , and the review will fol low the order : 

organic , inorganic and total P ;  fractions o f  inorganic P ;  soil 

ava ilable P ( as extracted by recognised soil-test ing procedure s )  . 

Under a c ropping regime , P0 decreases ( Haas et a l . ,  1 9 6 1 ;  Hedley et 

a l . ,  1 9 8 2 ; T ie s sen et al . ,  1 9 82 ; Sha rpley and Smith , 1 9 8 3 ) . The 

rate of dec rease in P0 increases with increas ing numbers of yea rs o f  
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cultivat ion ( Tiessen et a l . ,  1 9 8 2 ) and i s  not prevented by the 

addition o f  animal manure at realistic rates ( Haas et a l . ,  1 9 6 1 )  In 

contrast , in most studies , P I was found to be unchanged by c ropping 

( Haas et a l . ,  1 9 6 1 ;  Hedley et al . ,  1 9 8 2 ; T ies sen et a l . ,  1 9 82 ) 

unless anima l manure was added to the s o i l ,  in which case an increase 

in P I was measured ( Haas et al . ,  1 9 6 1 ) . As P0 is not cons ide red to be 

plant available unt il after minera lisat ion has occurred ( Cosgrove , 

1 9 7 7 ) , these result s suggest that the e f fect o f  cropping, with 

as sociated processes o f  cult ivation and hence increased soil aerat ion 

and surface a rea of organic res idues ,  is to increase net 

mineral isation . 

I n  these studies P I did not decrease a s  P I levels we re ma int ained by 

P0 mine ralisation and input s o f  P fert i liser . It is conceivable that 

P I would dec rease unde r a c ropping regime in soils of low P0 st atus 

where fertiliser P additions were not made . 

The e ffect o f  a c ropping regime on soil t otal P leve l s  depends upon 

the amount of P fert il iser added, the amount of P removed by the plant 

and the ba lance between changes in the amount s of P r and P0 in the 

soil . It has been reported that in genera l ,  t ota l P dec reases unde r 

c ropping due t o  a dec rease in P0 ( Haas et a l . ,  1 9 6 1 ;  Hedley e t  a l . ,  

1 9 8 2 ; T iessen et  a l . ,  1 9 8 2 ) . However, result s f rom a more detailed 

s tudy ( Sharpley and Smith , 1 9 8 3 )  showed that although P0 a lways 

dec reased under a c ropping regime , P I s omet imes increased more , 

result ing in an increase in total P .  Changes in bulk density o f  the 

soil  due to cult ivat ion a nd the e ffect this had on apparent changes in 

soil P concentrations we re cons idered in the studies by Hedley et a l . 
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( 1 9 8 2 ) and Ties sen et al . ( 1 9 8 2 ) . It is not clear f rom the i r  reports 

whether Haas et al . ,  ( 1 9 6 1 )  and Sharpley and Smith ( 1 9 8 3 )  did al low 

for the ef fect of increa sed bulk density due to cult ivation in their 

calculat ions . Incorporat ion of the effect o f  increased bulk density 

( i f  previously omitted) would reduce the difference in P concentration 

between cult ivated and non-cult ivated soil . 

Under graz ing, P0 is  known to increase ( Jackman ,  1 9 5 5 ;  Rixon,  1 9 6 6 )  

and this increase does not appe ar t o  be inf luenced by stocking rate 

( S impson et al . ,  1 9 7 4 ) . Whereas increa sing rate of P fert iliser 

additi on re sult s in an increase in P I ( S impson et al . ,  1 9 7 4 ;  Quin and 

Rickard, 1 9 8 3 ) , both increases (Walker and Adams , 1 9 5 8 )  and decreases 

( S impson et al . ,  1 9 7 4 )  in P0 have been assoc iated with increas ing rate 

of fert ilise r .  The balance between immobilisat ion and mine ralisat ion 

( governing whether P0 increases or dec reases ) is in part dependent 

upon such factors as soil tempe rature and pH . Recent work in 

Aus t ralia ( Williams , 1 9 8 0 ) , has indicated a re lationship between 

dec rease in soil pH and inc rease in bot h soil organic matter and total 

soil P ove r a f i fty year period . Furthe rmore , in a long term gra z ing 

t r ia l ,  Quin and Rickard ( 1 9 8 3 )  measured an increase in P I which 

occurred at the expense of an increase in P0 only after l iming had 

occurred . 

From the discus sion in this and preceding sect ions it is  appa rent that 

P 1 , rather than P0 , is cons idered to be directly p lant ava ilable . 

However,  P r is a term embracing many different P compounds . Attempts 

have been made in the past to dete rmine which o f  the P r  compounds 

within the larger P r  pool actually supply plants with P .  
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Chemical s chemes f o r  sepa rat ing P r into different fract ions were based 

on the as sumpt ion that P r exists in s o i l s  as discrete P compounds . 

Initially,  soils we re ext racted with s o lutions va rying in pH from 2 to 

1 0 . Compa rison of the so lubility curves of known mine ra ls with those 

f rom soils  gave an indication of the ma j o r  P compounds present ( S tel1y 

and P ie rre , 1 9 4 2 ;  Bishop and Barbe r ,  1 9 5 8 ) . From here a s cheme for 

f ractionat ing soil P r discretely into four princ ipa l forms was 

developed ( Chang and Jackson, 1 9 5 7 ) . 

These four forms were calcium-P , a luminium-P , i ron-P and reductant 

so luble-P ext ract able a fter remova l of the first three forms ( Chang 

and Jackson,  1 9 5 7 )  . Calc ium-P is present ma inly in the form of 

apat ite ,  but monocalcium, dica 1c ium and octacalc ium-P also exist in 

small amounts or as t ransit ional forms . Calc ium- , a luminium- and 

i ron-P also inc lude ads orbed and surface-prec ipitated P as soc iated 

with the i r  respect ive types of soil part icle s . Reductant so luble- P 

i s  thought to exist a s  chemisorbed P dispersed at random in the mat rix 

making up i ron-manganese concretions in the soil  and the iron 

coatings of the clay separates ( Bauwin and Tyner ,  1 9 57 ) . The 

ava ilab i l it y  of these soil  P compounds to plants depends to a certain 

extent on the surface a rea of the P compound under cons ideration 

(Kittrick and Jac kson , 1 9 5 6 ;  Olsen and Watanabe , 1 9 5 7 ) . 

S ince its int roduction , the scheme has been ref ined as  a result of the 

research of F i fe ( 1 9 5 9 a  and b ) , Saunders ( 1 9 5 9 ) , Khin and Leeper 

( 1 9 60 ) , Smith ( 1 9 6 5 )  and Williams et a l . ,  ( 1 9 67 ) , all  of whom 

attempted to separate the P compounds more precisely . It i s  now 
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generally bel ieved that the absolute sepa ration of a luminium-P and 

iron-P in a soil  sys tem is not poss ible ( Fi fe ,  1 9 6 2 ,  1 9 6 3 ;  Will iams 

et al . ,  1 9 6 7 )  and the two fractions together are te rmed " non-occluded" 

or " surface-P " .  

As the ba s i c  premi se behind fract ionat ion scheme s ( i . e . , that 

inorganic P exists in soils as dis crete P compounds ) is  open to 

question , care is nece ssary in interpretat ion of results . Accept ing 

this limitat ion as a cavea t against ove rinterpret ation of result s ,  

fract ionat ion schemes have been used to provide useful informat ion not 

only on soil  pedogenesis ( a s  discus sed in section 2 . 2 . 1 . 2 )  but also on 

the e f fect of plant growth and agronomic practices on the s i ze of the 

ident i f ied fract ions . 

Most of the studies have invo lved fract ionat ing soil P I before growing 

a test c rop on that soil . Correlations between plant P uptake ( used 

as a measure of plant-available P )  and the amounts of P found in the 

va rious fract ions in the original soil are used to indicate which P 

fract ions a re best related to plant P uptake . In a few studies a soil 

P fract ionat ion has also been ca rried out a fter final harves t ing o f  

the t e s t  c rop,  enabling correlat ions o f  plant P upt ake a n d  change in 

the amount of P in a part icular f raction to be made . 

Total P0 i s  not used in correlations with p lant -P uptake because it is 

cons idered t o  be unavailable to plant s unt i l  a fter minera l i s a t ion has 

occurred ( Cosgrove , 1 9 7 7 ) , as discus sed earlie r . It  is probably for 

this reason that schemes for fract ionating P0 a re still being 

developed ( e . g . , Bowman and Cole , 1 9 7 8 ) . 
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Us ing fract ionation schemes based o n  that de rived b y  Chang and Jackson 

( 1 9 5 7 )  it has been found that the form of P whose dep let ion in the 

s o i l  is best correlated with plant P uptake varies according to soil 

prope rt ies . 

In  the gene ra lly s l ight ly acid soils o f  New Zealand, adsorbed and 

surface-precipitated iron and aluminium compounds ( a s  discus sed in 

sect ion 2 . 2 . 1 . 2 )  are sources of plant -ava ilable P ( Grigg, 1 9 6 8 ) . A 

dec rease in pH is a s sociated with an increase in the supplying powe r 

o f  " a luminium-P " ( a s  def ined by Chang and Jackson, 1 9 57 ) and at low 

pH ' s  calcium-P may make a cont ribut ion ( du P lessis  and Burge r,  1 9 6 6 ) , 

particularly i f  it is supplied in the form of rock phosphate (Martens 

et a l . ,  1 9 6 9 ) . As pH increases within the acid range , " i ron-P" makes 

an increas ing contribut ion to plant -ava ilable P (Nova is and Kamprath, 

1 9 7 8 )  . Howeve r ,  " i ron-P " is cons iderably less soluble than 

" aluminium-P " ( Lindsay and Moreno , 1 9 6 0 ) ; it has been not iced that in 

soils where the e f fect ive cont ribution to plant P uptake from 

" a luminium-P " and " i ron-P " is  equa l ,  the latter is present in the soil 

at three t imes the concentrat ion o f  the former (Nova is and Kamprath, 

1 97 8 )  . 

A limited amount o f  work has been carried out on the e ffect o f  

agricultural practices such as  cult ivat ion , fertiliser application and 

grazing on the occurrence of the various f ract ions discussed above . 

Cult ivation i s  thought to reduce supplies o f  " readily-ava i lable " 

aluminium and i ron-P i n  the soil as it gene rally results in increased 

mineralisat ion and enhanced plant P uptake ( Hedley et a l . ,  1 9 8 2 ;  
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Ties sen et a l . ,  1 9 8 3 ) . The effect of  cult ivat ion on calc ium-P levels 

in the s o i l  is  less wel l  es tablished, however . Both increases 

( Ties sen et al . ,  1 9 8 3 )  and decreases ( Hedley et al . ,  1 9 8 2 )  have been 

measured in levels of res idua l-P ( resistant calcium-P ) in cult ivated 

soils compa red with levels in the same soil unde r virgin condit ions . 

Howeve r ,  a s  the extraction techniques used were sl ightly di f ferent in 

each study there is little or no basis for direct compa rison . 

Calcium-P has been found to increase under high rates o f  fert i l iser 

addition in New Zea land ( Rickard and Qu in, 1 9 8 1 )  either as an 

inso luble res idue f rom fert iliser or as a stable react ion product . 

"Aluminium-P "  and " i ron-P " have been found to decrease unde r the 

effects of  cult ivat ion ( T ies sen et al . ,  1 9 8 3 )  but to increase when 

la rge applicat ions of fert iliser P are made to a high P - fixing soil 

( She lton and Co leman,  1 9 6 8 ) . In the latter study it was noted that 

there was an increase in " i ron-P " at the expense of " a 1 uminium-P '' 

during the e ight years fol lowing fertiliser applicat ion . Thus it can 

be seen that the e f fect of agricultural pract ices on s o i l  P fract ions 

will depend not only on the balance of cult ivation and fert iliser P 

addition , but a l so on soil type as it a f fects P - s orpt ion . 

More invest igations have been ca rried out on the e ffect o f  deve lopment 

practices on plant -available P as measured by recognised soil test ing 

procedures ( e . g . , Truog, 1 9 3 0 ;  Bray, 1 9 4 5 ;  Olsen et al . ,  1 9 5 4 ) . In 

contrast to f ractionation s cheme s ,  the conventional soil  testing 

methods for the determinat ion of available P a re believed t o  extract a 

portion o f  a l l  chemical forms having either a high solubility in the 

ext ractant or a high speci f ic area ( Chang and Jackson , 1 95 7 )  . I n  



general , a l ka l ine solutions ( e . g . , Olsen ) and NH 4F ( e . g . , Bray) 

ext ract a lurniniurn-P preferent ially, whe reas acid s o lutions ( e . g . , 

Truog) ext ract calcium-P preferent ially ( Kamprath and Watson,  1 9 8 0 )  

Thus the soil type and the ma j o r  form o f  P present in the soil are 

important cons ide rat ions when choos ing an ext ract ant . 
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I n  New Zeal and, the bicarbonate -ext ract ion (Olsen et al . ,  1 9 5 4 )  has 

been the st anda rd technique for evaluat ing the soil P status since 

1 9 7 6  (During et a l . ,  1 9 8 1 ) . Prior to this the T ruog test,  which 

ext racts mainly calcium-P , was used . It was found, howeve r ,  that on 

recent a l luvial soils ( which contain la rge amounts of apat ite,  a 

mineral which re leases P only very slowly) the test gave erroneously 

high values o f  plant-avai lable P .  In cont rast to the T ruog test the 

Olsen test does not suffer from this limitat ion . 

The ef fect o f  agricultural practices on the dif ferent "ava ilable -P 

poo l s "  measured by soil test ing procedures is somewhat unc lear as the 

trials which have been carried out to measure these e ffects a re 

generally not direct ly compa rable with each othe r and yield 

conflict ing result s . 

Olsen P has been found to increase under c ropping, both with and 

without the addit ion of animal manure , although the forme r t reatment 

resulted in a larger increase than the latter ( Haas et al . ,  1 9 6 1 ) . 

The addition o f  fert i liser P has resulted in an increase with t ime in 

Bray-ext ractable P during cultivation ( Sharpley and Smith , 1 9 8 3 )  and 

an increase in T ruog P ( Quin and Rickard, 1 9 8 3 )  and acetic-acid 

soluble P ( Rixon , 1 9 6 6 )  under pasture . 
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I n  summa ry, the ef fect o f  cult ivation is gene ra lly to reduce prima ry 

calc ium-P and P0 whe rea s under permanent pasture , the normal regime 

for hill count ry,  P0 increases with development . The e ffect on soil 

solut ion P is dependent upon soil properties and management practice s ,  

but unde r both cult ivat ion and pasture i t  tends t o  increase with 

increas ing rate of ferti liser P application . On high P - f ixing soils 

there is evidence to sugge st that a cons ide rable amount of added P 

will  form " a luminium-P " and " i ron-P " complexes and that , with t ime , 

" i ron-P" will form at the expense of "a luminium-P " ,  thus rende ring the 

P le s s  ava ilable for plant uptake ( Linds ay and Mo reno , 1 9 6 0 ; Shelton 

and Co leman,  1 9 6 8 ; Nova is and Kamprath, 1 9 7 8 ;  Tiessen et a l . ,  1 9 8 3 )  

2 . 2 . 2 . 2 Availabil ity of P for plant uptake 

The second fact o r  inf luenc ing the plant -avai lability of P is the plant 

itself and its ability to take up P from the soil . 

As the concent rat ion o f  P in soil solution is  usually very low 

( sect ion 2 . 2 . 1 . 2 )  only small amounts of P will be found at  the root 

surface init ially . After this small amount is absorbed it is 

repleni shed by P moving to the root by mas s  f low and dif fusion or by 

the root moving into a new area,  i . e . ,  root inte rcept ion ( Lewis and 

Quirk, 1 9 6 7 )  . 

The amount o f  P moving to the plant by mass f low depends upon the 

concent ration o f  P in solution and the amount o f  water being 

transpired by the plant . Mass flow is  cons idered to be the most 



important process of P trans fer to root s in soils that have been 

fert i lised recent ly (Omanwa r and Robert son , 1 9 7 0 ) . Howeve r ,  unde r 

most condit ions neither transpiration rates nor soil solution P 
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concent ration are la rge enough t o  supply sufficient P to the plant by 

this means ( Bo le ,  1 9 7 3 )  . Thus di f fusion of P is cons idered to be the 

dominant mechan ism governing the supply of P to the roots (Nye , 1 9 7 7 ; 

Ba rbe r ,  1 9 8 0 ) . 

The most important factors affect ing dif fusion of P are thought to be 

the soil wate r  content , buffe ring capacity and the tortuosity factor . 

Thus in hill -country soils the rate of P uptake by plants is l i kely to 

be ma rkedly a f fected by s lope , not only because st eepe r s lopes tend to 

have less total P (Gill ingham et al . ,  1 9 8 0 )  and P in solut ion , but 

also because water content is likely to be lowe r on s lope s than on the 

f lat . 

At low leve ls o f  avai lable P ,  plant P uptake will be limited by the 

rate of t ransport of P to the roots . I n  this case , water content of 

the soil and other soil prope rt ies affecting tortuosity will be 

important . When P concent rat ion in the soil solution is highe r ,  

howeve r ,  t he rate of P uptake will be more limited b y  plant factors 

(White,  1 9 7 3 )  . 

2 . 3  PLANT PHOSPHORUS 

The amount o f  P t aken up from soil by past ure is generally t hought of 

as  the product o f  pasture dry matter yield (DMY) and pasture P 

concentration . Though the amount o f  P in roots can equal that in 
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above-ground mate ria l ,  ve ry little work has been done o n  this aspect 

of the P cycle . It  is generally assumed that root P will be returned 

to the soil in si t u  and as it does not const itute a loss of P to the 

system, can be igno red as a loss pathway . Tot a l  P uptake is 

influenced predominantly by DMY and in a hill-count ry graz ing s ystem 

spring and summe r pasture growth gene rally account for about 7 5 %  of 

annual P upt ake (Gillingham et al . ,  1 9 8 0 ) . 

2 . 3 . 1  D ry Matter Yield 

C l imatic features (moisture , tempe rature and light ) inf luence DMY and 

this means that pasture product ion can va ry ma rkedly with season . In  

gene ra l ,  in  the No rth Is land of New Zealand, sp ring pasture product ion 

exceeds that of summer which in turn exceeds that of autumn . The 

decrease in product ion , part icularly in the latter season,  is usually 

due to a ma rked decrease in soil mo isture caused by drought condit ions 

( Ans low and Green, 1 9 6 7 ; Saunders and Met son,  1 9 7 1 ;  Gillingham and 

During, 1 9 7 3 ; Lambert and Robert s ,  1 9 7 8 ;  Gill ingham, l 9 8 0 a ;  

Radcliffe,  1 9 8 2 ; Chapman e t  al . ,  1 9 8 3 ;  Lambe rt e t  a l . ,  1 9 8 3 ;  During 

et a l . ,  1 9 8 4 a and b) . In a wet season, howeve r ,  summe r product ion can 

exceed spring product ion ( Radcliffe,  1 9 82 ; Lambe rt et a l . ,  1 9 8 3 ) . 

Winter is the season of least gras s  growth in the North I s land o f  New 

Zealand . This is a reflection of low soil temperature . Although the 

mean soil tempe rature is s l ight ly above the a s ses sed threshold level 

for plant growth (McCloud et al . ,  1 9 6 4 ) , at least some of the season 

i s  spent with temperatures below the minimum . This result s in reduced 

pasture growth during winter and early spring (Ans low and Gree n ,  1 9 6 7 ; 

Gillingham and Bel l ,  1 97 7 ;  Radcliffe,  1 9 8 2 ) . 
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I n  hill  count ry it i s  poss ible that sloping land may rece ive l e s s  

direct radiat ion than f l a t  camps ites (depending upon aspect ) a n d  so  

have lowe r s o i l  temperatures than the camps ites . It  has been 

ca lculated that in New Zea land no di rect radiat ion falls on 3 0 °  south­

facing s lopes at 37° 4 8 '  S during June and mo st o f  May and July ( P . F .  

Noble , repo rted in G i l lingham and Be l l ,  1 9 7 7 ) . 

The degree of s lope o f  the land unde r cons ide rat ion has a la rge effect 

on the quantity of DM produced annua lly . It has been est imated that 

annual DMY dec reases by 1 0 0  kg ha - 1 for each degree increase in s lope 

(Gill ingham and During, 1 9 7 3 )  . More recent estimates (made on land 

s l ight ly less steep in nature )  indicate that the drop in annua l 

product ion pe r degree increase in s lope is ove r 2 2 0  kg ha - 1 ( Lambe rt 

et a l . ,  1 9 8 3 ) . Much o f  this decrease in product ion is attributed to 

nut rient t ransfer ( G i l l ingham and During , 1 9 7 3 ; Gill ingham et a l . ,  

1 9 8 0 ;  Radc l i f f e ,  1 9 8 2 ;  Lambe rt et a l . ,  1 9 8 3 ) . Nut rient t ra n s fe r  

re fers to t h e  preferent i a l  enrichment o f  campsites at the expense of 

steepe r s lopes in plant nut rient s t ransported there in faeces and 

urine . A further e f fect , partially due to the return of f aeces and 

part i a l ly due t o  litter forma t ion, is that organic matter is present 

in l a rge r quantities on camps ites than on steeper s lopes ( G i l lingham� 

1 9 7 8 )  . Organic matter is an important component in s o i l  water 

retent ion and in dry seasons this may a llow pasture to cont inue to 

grow on campsites when growth has stopped on steepe r s lope s . However ,  

pasture species found on c amps ites ( e . g . ,  ryegras s  and clove r )  tend t o  

b e  more sensit ive t o  moisture s t ress  than those f ound on s teeper 

s lopes ( e . g . , browntop and paspalum) (Gillingham and During, 1 9 7 3 ;  
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Gill ingham, 1 9 8 0 a )  . Seas onal production on each s lope , as  a 

pe rcent age of annual product ion on that s lope , is usua lly little 

a f fected by degree of slope (Gillingham and During, 1 9 7 3 ;  Gill ingham, 

1 9 8 0 a ;  Lambert et al . ,  1 9 8 3 ) . In a very long dry summe r ,  howeve r ,  

pe rcent age product ion from campsites ( a s  a pe rcent age o f  the annual 

tota l )  is likely to be mo re reduced than product ion from other s lopes 

due to the sensitivity of the pasture spec ies present ( Lambert et a l . ,  

1 9 8 3 )  . 

2 . 3 . 2 P lant P concentration 

Pa sture P concent ration (�g g-l DM) also follows an annual pattern . 

On flat land maximum P leve ls are found in late autumn to late winter 

(May or June to August or  Septembe r)  and min imum levels are found in 

summe r (Decembe r to Janua ry or February )  ( Butler and Met son,  1 9 6 7 ;  

McNaught et a l . ,  1 9 6 8 ;  S aunde rs and Met son,  1 9 7 1 ) . The low 

concent ration of P in plant s during summe r months is att ributed to 

lack of soil mo isture ( Saunde rs and Metson ,  1 9 7 1 ;  Mouat and Nes ,  

1 9 8 6 )  . The effect o f  low soil moisture on P mobility in the soil has 

been discussed in section 2 . 2 . 2 . 2 .  

Although the pattern described above is seen on campsites in hill 

country, t rends are s light ly dif ferent on s loping land in that P 

concent rat ions a re lowest in autumn and highest in spring ( Gill ingham 

and During 1 9 7 3 ;  Gillingham et al . ,  1 9 8 0 )  . The "delay" o f  a season 

may be due to lack o f  moisture , or to  phys iologica l di fferences in 

growth between the species on diffe rent a rea s . As very l ittle work 

has been done on the e ffect of slope on seasonal changes in pasture P 

concent rat ion in hill count ry it is not poss ible to be more specific . 
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2 . 4  ANIMAL P INTAKE 

In New Zea land the nutrient intake of a gra z ing anima l i s  derived 

a lmost ent irely from pasture . In some case s ,  howeve r ,  soil  ingest ion 

can provide s ign if icant amount s of nut rient s . Sheep have been found 

to eat 75 kg or more of soil  annua lly (Healy,  1 9 6 9 )  . This soil  

ingestion i s  incident a l  to pasture consumpt ion and tends to increa se 

in winter,  due to s low pasture growt h ,  increased appetite and wet 

condit ions . Increased pasture ut ilisation and pugging as soc iated with 

increased stocking rate , a lso re sult in increased soil  inge s t ion 

( Healy,  1 9 6 9 )  . Assuming a total P content in the soil  of 8 0 0  �g g- 1  

the ingest ion o f  7 5  kg o f  s o i l  would mean an annual intake o f  6 0  g P 

via the soil . This represents approximately 4 %  o f  the total P 

ingested via he rbage per stock unit ( a s suming an annual intake of 5 5 0  

k g  DM per stock unit and a pasture P content o f  0 . 3 0 % ) . It should be 

s t ressed,  howeve r,  that so{l ingestion varies not only with season and 

gra z ing management , but also va ries wide ly between individua l anima ls 

( Wi lson pers . comm . ) .  

The bulk o f  animal P intake occurs via herbage and so  is governed by 

the pasture avai lable , its P concent rat ion , and the leve l of pasture 

utilisat ion . Young pasture plants contain higher nut rient 

concentrat ion levels than those plants in a senescent or f lowe ring 

condition . As they contain a richer s ource o f  c rude protein than 

o lder plants and are more palatable and digestible , young plant s  tend 

to be grazed select ively ( Blaser et a l . ,  1 9 6 0 ) , particula rly by sheep 

(Meyer et a l . ,  1 95 7 ) . However ,  management o f  gra z ing patterns to 

minimis e  selective graz ing and obtain a high degree o f  uti l isation 
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from a l l  pasture components is like ly to result i n  reduced anima l 

performance ( Blaser et a l . ,  1 9 6 0 )  The role o f  graz ing management , 

therefore , is to find a compromi se which enables the best product ion 

pe r anima l and per unit a rea of land . 

In New Zea land set stock ing (where anima ls are re latively light ly 

stocked ove r mo st of a f a rm and a re moved only inf requently for 

special purpose s )  and rot at ional graz ing ( where stock a re concent rated 

into one or two mobs and moved from paddock to paddock,  spending a 

number of days in each)  a re the two graz ing systems in use . In 

practice most farme rs use a combination of these systems according to 

the type of sheep and t ime of year . 

The re lative me rits o f  these two systems have been the topic of much 

discus s ion . Although the rotational gra z ing system is thought to make 

more feed avai lable ( Lambou rne , 1 9 5 6 ;  Lambert et al . ,  1 9 8 3 ) , a 

decrease in anima l performance can result due to a dec l ine in feed 

qua l ity ( Lambourne , 1 9 5 6 ;  Cla rke et a l . ,  1 9 8 2 ) , unless stocking rate 

and pasture ut i l isat ion a re high . 

The annual P inta ke of  a stock unit can be ca lculated f rom DM intake 

( a  standa rd stock unit i s  assumed to have an annua l intake of 5 5 0  kg 

DM ( Cornforth and Sinc l a i r ,  1 9 82b)  and pasture P concent rat ion of that 

DM . Assuming a pastu re P concent rat ion o f  0 . 3 0 % ,  this means a P 

intake of  1 6 5 0  g per yea r . Approximately 1 6 3  g will be reta ined in 

the body of the stock unit (Gillingham, 1 97 8 ) , representing 1 0 %  o f  

that actually ingested . 
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2 . 5 PHOSPHORUS RETURN TO THE SOIL 

In a grazed pasture , nut rient s taken up by the plant can be returned 

to the soil in e ithe r of two ways : -

( a )  in anima l excreta , which may lead t o  nut rient 

t ransfe r . 

( b )  as  a const ituent of ungrazed plant material that has 

either been re j ected by graz ing anima ls o r  has been 

inacces s ible to them, and which will subsequent ly 

collapse or be t rampled to the soil surface in si t u  as 

plant litte r . 

2 . 5 . 1  Phosphorus return via faeces 

The excret ion of P by animal s  occurs a lmost ent irely via faeces ( Sears 

and Newbold, 1 9 4 2 ; Ba rrow and Lambourne , 1 9 6 2 )  . Thus the return o f  P 

to t he soil via the animal is dependent upon the factors inf luencing 

dist ribut ion and decompos it ion of faeces in the f ield . 

2 . 5 . 1 . 1  Distribution of faeca1 matter 

Sheep camps ites a re usually small in area and, in relatively flat 

paddocks , tend to be located on an elevated port ion or close to 

shelter . About 5 %  of a flat paddock is " selected" by a flock for 
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campsites (May e t  a l . ,  1 9 6 8 )  and ove r 3 0 %  o f  the total faecal material 

dropped within a paddock is likely to be found in this small a rea and 

its immediate surroundings (Hilder and Mottershead, 1 9 6 3 ) . I n  hill 

count ry, campsites occupy almost all o f  the 0 - 1 0 ° s lopes within the 

paddock and up to 9 0 %  of the total faeces dropped within the paddock 

has been recorded there in some instances (Gill ingham, 1 9 8 0 a ) . 

Ve ry few attempts have been made to quant ify losses due to animal 

t rans fer . Based on result s from a t r ial ca rried out on hill count ry 

in the North I s land of New Zealand (Gillingham, 1 9 8 0 a ) , los se s  of P 

due to anima l t ransfer and loss in an ima l products have been estimated 

at 0 . 7 ,  0 . 9  and 1 . 1  kg of P per stock unit for flat land, "easy" hill 

count ry and " steep " hill count ry, respect ively,  ( Cornfo rth and 

S incla i r ,  1 9 82b) . A desc ript ion of the de rivat ion of los ses o f  P due 

to anima l s  is conta ined in Appendix I I I . 

These e s t imates have been revised for intens ive , rotat ional ly-grazed 

systems at 0 . 5 , 0 . 7 ,  and 0 . 9  for flat land, "easy" hill country and 

" steep" hill count ry, respect ively, ( Cornforth and Sinclair,  1 9 8 4 )  . 

Here it i s  assumed that nut rient t ransfer is reduced by intens ive , 

rot a t ional graz ing management due to more even dist ribut ion o f  faeces 

as a result of reduced stock camping behaviour . 

2 . 5 . 1 . 2  Faecal phosphorus concentration 

Tot a l  P in faeces comprises both inorganic and organic P ,  which may be 

derived direct ly f rom the f eed consumed or f rom endogenous P excreted 

by the anima l . 
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Endogenous P is added to ingested feed predominant ly i n  the saliva . 

I t  tends t o  increase as  P concentration in the diet increases , but is 

a s ignif icant addition to faecal P even at low levels of P intake 

( Tomas et a l . ,  1 9 6 7 ) . This can lead to negat ive net P balances in 

sheep gra z ing pasture of low P concent rat ion (Bromfield and Jone s ,  

1 9 7 0 )  . 

The total P concent rat ion of faeces i s  closely re lated to total P 

intake and hence the pasture P concent rat ion ( Ba rrow and Lambourne , 

1 9 62 ;  Bromf ield and Jones , 1 9 7 0 ;  Floate and To rrance , 1 9 7 0 ) . The 

concent rat ion of P0 in faeces is not s ignificantly a f fected by the P 

content o f  inges ted he rbage , a s  net minera lisat ion o f  plant P0 can 

occur when pasture is of high digestibility (Bromfield and Jones , 

1 9 7 0 )  . This means that the proportion of P r in faeces increases as  

total P in he rbage increases ( B romfield ,  1 9 6 1 ;  Ba rrow and Lambou rne , 

1 9 6 2 ) . 

2 . 5 . 1 . 3  Availability of phosphorus in faeces 

The plant availability o f  P in faecal matter is the sub j ect o f  some 

cont rove rsy, and numerous t rials  unde r  f ie ld, glas shouse and 

laboratory condit ions have been ca rried out in an attempt to resolve 

the que s tion . Faecal P ava ilability depends upon both physical and 

chemical  decompos it ion of the faecal matter . 

Limited obse rvations have been made on physical faecal decompos it ion 

in t he f ie ld . I n  temperate regions faecal material decomposes more 

rapidly in a reas where there is little shelter ( result ing in exposure 
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o f  faeces t o  the climatic e lements ) and where soil mac rofauna a re 

act ive than whe re the conve rse applies (Whit e ,  1 9 6 0 ) . Samples 

depos ited in summe r appea r  to be more res ist ant to breakdown than 

those depos ited in winter . This is a reflect ion of  climatic 

conditions (White ,  1 9 6 0 ) , as the drie r ,  mo re ligni f ied grass of  summe r 

results in dry faeces which are depos ited at a t ime of  minimum fauna 

act ivity and low rainfall . The combinat ion o f  these factors results 

in s low faecal decomposit ion . 

In drie r regions , e . g . , those found in some a reas of  Aust ral i a ,  faeca l 

decompos it ion occurs only very slowly ( Bromfield and Jones , 1 9 7 0 ; 

Rixon and Zo rin , 1 9 7 8 ) . Fu rthe rmore ,  in Aus t ra l ia the addition o f  

moistu re t o  samp le s ,  e ither by rainfall o r  irrigat ion , does not result 

in a subst ant ial increase in the rate of di sappearance o f  faeca l 

material ( Rixon and Zorin,  1 9 7 8 )  . Although this cont rasts ma rkedly 

with results from the Northern Hemisphere ( Whit e ,  1 9 6 0 ) , it should be 

noted that whe reas the British t rials invo lved faeces dropped in si t u ,  

the Aus t ra l ian studies involved la rge amounts o f  pre-dried faeces 

placed in chosen locations . In the same way that faeces produced in 

summe r a re mo re res istant to breakdown than faeces produced in winter 

so  dried faeces a re more res istant to breakdown than fresh faece s . 

Invest igations into the ava ilability o f  faecal P due to chemica l  

rathe r than phys ical decompos ition , and the form of  P becoming 

available , have been carried out in some detail  in pot t rials and 

laboratory leaching and incubation experiment s .  Although studies made 

under cont rolled conditions allow measurement o f  ( a )  the e f fect o f  

changes in individual components o f  the environment ( e . g . , moisture or 
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tempe rature ) and ( b )  sma l l  changes i n  faeca l composition ,  i t  is 

unl i kely that the condit ions imposed in a laboratory or greenhouse 

will ref lect those found in the field . For this reason results from 

laboratory studies or pot trials should be inte rpreted with caution 

be fore being applied to the field . 

Organic P in faeces is thought to cont ribute little to plant nutrit ion 

in the short term (McAuliffe et al . ,  1 9 4 9 ;  Ka ila , 1 9 5 0 ; Bromf ield, 

1 9 6 1 )  as  it is insoluble in water (Bromf ield, 1 9 6 1 ;  F loate , 1 9 7 0 a ;  

Gillingham, 1 9 7 8 ) . 

After microbia l mineralisation , howeve r ,  the P0 can contribute to 

plant nutrition . This i s  the likely explanation for the apparent 

increase in e f fect ivenes s  of faecal P after two to three months under 

a rt ificial condit ions (McAuliffe and Bradfield, 1 9 5 5 ;  Hanley and 

Murphy, 1 9 7 6 ;  Gos s  and Stewa rt , 1 9 7 9 ) . These a rt i ficial conditions 

inc lude providing a warm, moist envi ronment , and mixing dried faeces 

with the soil . Intensive root exploration o f  the faecal material is 

thus facilitated . 

Floate ( 1 9 7 0b )  found that mineralisation o f  faecal P0 was induced by 

incubat ing faeces at 3 0°C with an aqueous soil ext ract for three 

months . Lowe ring the incubat ion temperature to 1 0° C reduced 

mineralisat ion f rom 1 0 %  of the origina l total P to 2 . 5 % . At 5° c net 

immobilisat ion ( 1 -2 % of o riginal total P in three months ) occurred . 

I n  contrast , the moisture content at which incubat ion occurred had 

little e ffect on mine ra l isation ( Float e ,  1 97 0 c )  . 
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Inorganic P i n  faeces i s  a s ,  o r  nearly a s ,  effect ive a s  that in 

supe rphosphate in the long term ( three to four months ) and appears to 

become more e ffect ive with t ime ( Gunary, 1 9 6 8 ; Batten,  1 9 7 6 ) . As 

already expla ined, this may be a reflect ion of minera lisation of P0 , 

or it may be a result of increa s ing root/ faecal P contact . As faecal 

material is depos ited on the soil surface in the field, the usefulness 

of faecal P to plants depends on the chance o f  contact between plant 

roots and faecal P .  The speed with which this is likely to occur 

therefore a s s umes ma j o r  importance (Gunary, 1 9 6 8 )  . 

Faecal P I is part ially soluble in water . The amount o f  P I re leased 

when faecal material is leached sequent ially depends on the type of 

faecal material being inve st igated and has ranged from 2 9 %  o f  the 

total P I ( B romf ield, 1 9 6 1 )  to 9 9 %  ( F loate , 1 9 7 0 a ) . Thus at least part 

of the P I present will be available for direct leaching into the soil 

during rainfa l l . The total amount of P I leached appears to depend on 

the numbe r of leachings and not the intervening t ime between them 

( Bromf ield and Jones ,  1 9 7 0 )  . These authors also  noted t hat more P I 

can be leached from c rushed than intact pe l let s . In cont rast , Batten 

( 1 9 7 6 )  found no e f fect of surface area of faeces in a glas shouse t rial 

when the faeces we re incorpo rated with the soil . As the faeces were 

dried prior to applicat ion , and as the trial was a pot experiment 

( i . e . ,  the e ffect s of soil macrofauna and heavy rain were excluded) 

this i s ,  perhaps , not surpris ing . 

Gra z ing t rials invest igat ing the e f fects of both phys ical and chemical 

faecal decompos ition by the s imple expedient of mea suring DMY, P 

uptake and soil  P have been carried out in the past . Under intens ive 
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grazing conditions , withholding o f  faeces generally result s i n  lowe r 

DMY ' s and nutrient upt a ke ,  and leads t o  a decline in the leve l o f  soil 

nutrients ( Sears and Newbold, 1 9 42 ;  Sears et al . ,  1 9 4 8 ;  Wolton, 

1 9 5 5 ;  Wheeler ,  1 9 5 8 b ) . If,  however,  some factor other than P is 

limiting product ion , e . g . , mo isture ( Sears and Thurs ton, 1 9 5 3 )  or  

nit rogen ( Whee ler, 1 9 5 8 a ) , then withholding excreta will not a f fect 

yield in the short term .  As P is returned t o  the soil in the form of 

unevenly-distributed, di screte faecal depos its it has been concluded 

that faecal P will increase soil P in a ma j ority of the gra z ing area 

only unde r a heavy stocking regime ( a s sociated with intens ive faecal 

return ) and after suffic ient time to al low decompos ition o f  the faecal 

material ( Wolton , 1 9 5 5 ;  Herriot and Wells , 1 9 6 3 ) . 

Very l ittle wo rk has been car ried out in New Zealand hill count ry on 

the rate o f  P re lease f rom faece s ,  but it would seem like ly that the 

addit ions of faecal P to camps ites are la rge enough to make an 

appreciable difference t o  the P status o f  the area . Some water­

soluble P will probably be available for leaching into the s o i l  

immediately ( cont ingent upon rainfall ) ; the rema ining P I will be more 

res istant . Under warm condit ion s ,  before faecal material dries out 

completely, net mine ralisation of P0 and rapid physical breakdown of 

the material ( due to rainfall and mac rofauna act ivity)  a re expected to 

occur . Unde r dry condit ion s ,  e . g . ,  summe r  and early autumn , breakdown 

and mineralisat ion may t ake an ext remely long t ime . As s lopes tend to 

be drier and have les s  mac rofauna act ivity than campsites ( Sharpley 

and Syers , 1 9 7 7 ) , the relat ively small amount of faecal material that 

is dropped upon them wil l  take longer to break down than that 

depos ited on camps ites . There is also the poss ibility that dry faecal 
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material may b e  blown or wa shed o f f  s lopes and come to rest on 

flatter, camps ite areas . Thus the " above- " and "below-ground" P pools 

will not only be smaller on steeper s lopes than on campsites , but the 

rates of t rans ference of P between pools will be s lowe r . 

2 . 5 . 2  P hosphorus return via pasture litter 

This sub ject has been reviewed extens ively by Gillingham ( 1 97 8 )  and 

consequent ly only the ma j o r point s will be discus sed here . 

Litter constitutes that portion of dead ma terial in pasture re j ected 

by stock because of foul ing (t rampling, uprooting or spo il ing with 

faeces and/or urine ) , inacces sibility or unpa latability . The amount 

o f  litter forming is inve rsely re lated to graz ing pressure ( Lambou rne , 

1 9 5 6 ;  Clark et a l . ,  1 9 8 2 )  . 

Litter tends to have a lowe r  P content than pre -grazed pasture ,  as the 

pasture removed preferent ially by sheep has a high protein ( and hence 

P )  content (Blaser et al . ,  1 9 6 0 ) . P lant leaf and stem material form 

t he ma j o r  part o f  litter, but roots o f  plants uprooted and 

subsequent ly re j e cted by gra z ing animals can contribute a s ignificant 

proport ion . 

The effect o f  s lope on litter format ion is not as ma rked a s  it is on 

faecal depos ition and a lthough the quant ity of litter on camps ites 

exceeds that on s teeper s lopes in all seasons but winter,  no 

s ignificant difference has been recorded between litter format ion on 

s teeper s lopes varying in steepness f rom 2 5° to 4 5° (Gillingham, 

1 9 8 0a ) . 
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The release of P from litter depends , in t he short term, on the 

proport ion of P that is water soluble and able to be removed readi ly 

by rainfall . This proport ion i s  l ikely t o  increase ma rkedly if  the 

litter is sub j ected to frost ( Harley et a l . ,  1 9 5 1 ) . In the longe r 

term, ma j or re lease o f  P is related to mic robial act ivity and the 

breaking down of plant cells . The extent o f  P release by direct 

leaching is ( apart f rom phys ical re lease due to f rost damage ) 

inve rsely related to condit ions favouring mic robial att ack,  i . e . ,  if 

environmental condit ions favour microbial attack ,  P will be 

immobilised before it can be leached into the s o i l  and will not be 

released unt i l  the mic robial population dies ( Jones and Bromf ield, 

1 9 6 9 ;  Bromfield and Jones , 1 9 72 ; Halm et al . ,  1 9 72 ) . 

The net effect o f  minera lisation and immobilisat ion , both o f  which 

processes occur during litter decompos ition,  depends upon the init ial 

nut rient content o f  the materia l .  This i s  probably due to an ef fect 

on the rate of build-up of the mic robial populat ion ( Birch,  1 9 6 1 )  . 

Young plant materia l p romotes a mic robial explos ion,  leading to rapid 

substrate exhaustion and subsequent re lease of P I f rom dead micro­

o rganisms by enzymatic phosphorylation . I n  o lde r plant materia l ,  

mic robial build-up i s  s lower and the more prolonged supply o f  less 

readily-available subst rate maintains a f a i rly uniform cycle o f  growth 

and decay . Microbial P0 mineralised unde r  thes e  c i rcumstances can be 

used again (Birch,  1 9 6 1 )  . 

Seasonal variability in the decompos it ion rate o f  l itter i s  directly 

related to changes in tempe rature and moisture c ontent , which probably 

have their e f fect on the mic robial and earthworm populations . Floate 
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( 1 9 7 0b and c )  showed that release of P from l itter by mine ralisat ion 

was reduced by decreas ing tempe rature from 3 0 °C to S°C ,  and that a 

water content between 5 0  and 1 0 0 %  moisture -holding capacity was the 

opt imum for decompos ition . The act ivity o f  ea rthworms is markedly 

reduced du ring condit ions of lowe r soil moisture and high soil 

tempe ratures ( e . g . , summe r and ea rly autumn ) as these condit ions cause 

them to enter an inact ive diapause pha se (Gerard, 1 9 6 7 )  . When act ive , 

and if  present in sufficient numbe rs , earthworms can play an important 

role in accelerat ing the rate of P cycl ing . It  has been found that 

water-ext ractable P concent rations in worm casts  are generally higher 

than in the underlying soil ( Sharpley and Syers , 1 9 7 6 ) . It fol lows 

that worm casts have a higher level of short -term plant -ava ilable P 

than surrounding soil (Mansell et al . ,  1 9 8 1 ) . 

A further factor to conside r in the seasonal va riation of P release 

from litter is that in summe r and early autumn , when condit ions do not 

favour decompos it ion , the material compris ing litter is likely to be 

old "bayed-off"  pasture . As commented earlier,  re lease of P from this 

type of material via micro-organisms is s low . Howeve r ,  if rain occurs 

some P will be released from this type of litter by direct leaching 

( Jones and Bromfield, 1 9 6 9 )  . As suming that heavy rain is unlikely to 

occur du ring the draughty condit ions o ften expe rienced in summer and 

early autumn on hill count ry it can be seen that the cycl ing of P 

through litter will be ext reme ly s low at this t ime . This will be the 

case particularly on steeper s lopes whe re low soil moisture ,  a s  

dis cus sed above , means pasture matures and e nters into t h e  less 

palatable reproductive phase early in the season . 
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2 . 5 . 3 P ho sphorus from fertiliser 

The evaluation of P as a fert i l iser nut rient in New Zealand has been 

more extens ive t han that of any other plant nut rient . During ( 1 9 8 4 )  

has reviewed the bulk o f  New Zea land field t rial work conducted 

prima ri ly by the Depa rtment of Agriculture and subsequent ly by the 

Mini s t ry o f  Agriculture and Fisheries . Because of this , only ma jor 

points will be cons idered here and this section will concentrate on 

reviewing the res idual e f fect s of P from fertilise r .  

The measurement o f  pasture dry matter production at increas ing levels 

o f  P fertiliser addit ion produces a characteristic s igmoid re sponse 

curve when plant -ava ilable P levels are low init ially . In  the first 

part o f  the response curve increas ing rates of P fert iliser addition 

result in a s low increase in plant upta ke of P as the soil will absorb 

most o f  the P .  I n  the second part of  the response curve increas ing 

fertiliser P addition result s in a rapid increase in plant upt ake of 

P .  This is due t o  t he fact that as P s o rption s ites in the soil are 

s at urated progre s sively with increas ing rate o f  fert i liser,  a larger 

proportion of the added fert i liser P remains in solut ion whe re it is 

ava i lable for plant upta ke . 

This proces s  continues a s  further P is added, but at highe r leve ls of 

P addition the ability o f  faster growing plants to t a ke up avai lable P 

becomes l imited by other factors , such a s  t he availabi lity of  moisture 

o r  other nut rient s .  Consequent ly, the marginal increase in dry matter 

growth per unit addit ion of P gradually dec line s . 
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The amount o f  annua lly-applied P required t o  ma intain a certain level 

of past ure growth w i l l ,  ove r a long period, repre sent the sum of both 

" above-ground" and "below-ground" losses . At a high level of pasture 

product ion and utilisation, these losses are predominantly " above­

ground" and can, therefore , be minimised by prudent management 

( Karlovs ky, 1 9 7 5 ) . This concept will be discus sed furthe r in sect ion 

2 .  8 .  

The res idual ava ilability o f  P from ferti liser P addit ions is 

generally eva luated by compa ring the response to P in its second, 

third or fourth yea r  after appl icat ion with that to P in its fi rst 

year . All responses are re lated to production ( i . e . ,  DMY , P 

concent rat ion or whateve r other factor is being measured in the tria l )  

from control plots ( Saunde rs e t  al . ,  1 9 6 3 ) . Re sidual P caus ing a 

response may be due to P still being released from the fert iliser 

itself ( i . e . ,  from dicalc ium phosphate or unreacted apat ite ) or  to P 

which has reacted with the soil after re lease from the fert iliser,  but 

which is still  in an available form .  Thus the res idual avai lability 

of P in superphosphate is thought to depend on the P-sorption capacity 

of the soil and the amount of P fertiliser that has been added in the 

past . The res idua l e f fect of P fertiliser appears to be decreased on 

soils with high P -s o rption capacity ( Ka rlovsky , 1 9 5 9 ,  1 9 7 3 ;  O ' Connor 

et a l . ,  1 9 8 5 ;  Will iams and Morton , 1 9 8 5 )  and the e ffect o f  ces sat ion 

of fert iliser P addition is more immediate on soils with low P status 

than on those with high P status ( O ' Connor et a l . ,  1 9 8 5 ) . 

As yet the importance o f  P0 and its contribution, if  any, to  the 

" res idual availability" of superphosphate,  has not been investigated . 

However ,  it is known that P0 increases under pasture and fert iliser P 
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addit ions . It is not unreasonable to expect that if  fert i liser P 

addit ions a re halted, net minera lisation may occur, re sult ing in 

deplet ion o f  P0 . I f  this is s o ,  increase in P0 should not be rega rded 

as a loss o f  P ,  but rather as a P rese rve . Cons iderable resea rch is 

necessary t o  inve st igate the changes in P0 fol lowing ces sation of 

fert iliser P addition be fore furthe r inte rpretation of likely e f fects 

can be made . 

After a pe riod o f  years without ma intenance fert iliser P addit ion 

there is evidence to suggest that high rates of fert i liser P are 

required if  original production levels are to be achieved ( Lynch and 

Davies , 1 9 6 4 ;  O ' Connor et al . ,  1 9 8 5 ) . Furthermore , during t he pe riod 

of no fert iliser addition , pasture compos it ion is likely to change , as 

a dec rease in the amount of available soil P is det rimental to the 

presence o f  high-producing species , such as ryegrass and c lover ( Lynch 

and Davies , 1 9 6 4 ;  O ' Connor et al . ,  1 9 8 5 ; Wi lliams and Mo rto n ,  1 9 8 5 ) . 

Thus it may t a ke some t ime before the original level of production is 

restored . This evidence would suggest that the rate of any 

mineralisation o f  P0 " reserves "  that doe s  occur is insufficient to 

supply plant needs . 

Res idual P appears to be more e ffective in spring and summe r than in 

autumn ( Saunders et a l . ,  1 9 6 3 ) . This is probably related t o  factors 

connected with soil microbial act ivity and plant root act ivity . In 

spring net mineralisation o f  Po is likely to be occurring due to warm 

soil temperatures and adequate soil mo isture , whereas in autumn net 

immobilisation is probable . Furthermore , in autumn root numbers and 

weight are at a minimum ( probably as  a result of low soil moi stures 



4 3  

during late summer and early autumn ) and so are not able to explore 

and exploit as la rge a soil volume as can plants in sp ring ( Jacques , 

1 9 5 6 )  . The higher area o f  surface contact between root and soil 

solut ion in spring than autumn means that plants can be suppl ied with 

sufficient P for good growth . 

It is this evidence that has cont ributed in part to the wide spread 

pract ice of adding fertil iser P to hill -count ry pastures in the 

autumn . 

2 .  6 PHOSPHORUS LOSSES IN ANIMAL PRODUCTS 

The anima ls sold from hill-count ry sheep farms are usually store 

wether lambs , surplus 2 -tooth ewes and cull mature ewes . The annua l P 

losses in anima l product s  from this t ype of farm may be calculated as 

follows (Gillingham, 1 9 7 8 ) : 

A 2 7  kg carcass we ight Romney ewe contains about 9 . 3 % bone , 

4 8 . 4 % muscle and 3 9 . 8 % fat (McMeekan, 1 9 5 9 ) . This represents 

about 2 1 0  g P in bone and 40 g P in other tissues . Assuming 

an annual wool product ion from ewes and wethers of 4 . 5  kg, 

then P loss in wool amounts to a further 9 g P per anima l . 

With a stocking rate of 15 stock units ha- 1  and with a culling 

rate of 2 0 % ,  then the annual loss of P ha-l is 7 7 7  g .  I f  

lambing is 8 0 %  f rom ewes of the above body weight (Right and 

Wright , 1 97 2 ) , wether lambs a re sold as store s  at 3 4  kg live 

. we ight and surplus ewe lambs a re sold as 2 -tooths at 4 5  kg 
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live-weight , then this represents a furthe r l o s s  o f  P in 

animal products of about 1 6 4 0  g ha- 1 giving a total annual P 

l o s s  o f  2 4 1 5  g ha- 1 or 1 6 1  g P stock unit - 1 . 

I f  it is assumed that 5 5 0  kg of pasture containing 0 . 3 5 %  is 

nece s s a ry to support one stock unit , and that pasture 

ut ilisat ion is 8 0 % ,  then the annual P loss in anima l products 

rep resents about 6 . 7 %  of pasture P upt ake . 

P HOSPHORUS LOSS IN SURFACE RUNOFF 

Los ses of P in surface runoff from pa sture area a re assoc iated 

predominant ly with sediment s ,  i . e . ,  part iculate forms which include 

both " nat ive " P and " fertiliser" P ( Burwell et a l . ,  1 9 7 5 ) . Thus P 

los s from pasture depends on the factors affect ing the volume o f  

surface runo f f  water and the P status of the surface s o i l . 

The cont ribut ion o f  fert iliser P to surface runo f f  increases a s  slope 

increases ( Sharpley, 1 9 7 7 ) , but is little affected by graz ing regime 

( continuous o r  rotationa l )  or  fert iliser rate ( Lambert et a l . ,  1 9 8 5 ) . 

Though h igher concent rat ions o f  P have been recorded in the runoff 

wate r  f rom high fert iliser t reatments than from low fert i liser 

t reatment s ,  t he volume o f  runof f  water from the former was 

approximately 2 5 %  les s  than from the latter t reatments . Thus the total 

amount of P lost ( approximately 0 . 7 kg ha-1 y- l of P )  was s imilar for 

all paddocks ( Lambert et al . ,  1 9 8 5 ) . 
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During winter,  surface cast ing by earthworms ( which occurs 

part icularly on campsites ) may cont ribute an important source of 

particulate P to surface runoff . S imilarly,  overgra z ing leading to 

exposure of soil  will increase losses . Ove r the pe riod o f  a yea r ,  

howeve r ,  losses o f  P in runo ff are gene rally cons ide red t o  be 

ins ignif icant f rom an agronomic point of view unless signif icant soil  

erosion is occurring ( Rennes , 1 9 7 8 )  . 

2 . 8  MODELLING OF PHOSPHORUS CYCLING 

As discussed in the Int roduct ion , nut rient s essential for the growth 

of plants and animals are pas sed from soil to plant to anima l and back 

to soil again . This sequence of transfers through a series of 

compartments is a s imple representation of what is,  in most practical 

s ituation s ,  a highly complex system o f  compa rtment s and t ransfers . 

The ma j o r  compa rtments and t ransfers of P in gra zed hill count ry have 

been discussed in the preceding sections . 

Due to the diff iculty of measuring t ransfer rates between P 

compa rtment s ,  most o f  the studies carried out have been on systems at 

equilibrium, where the amount s of P in the various compa rtments a re 

cons idered stable and the rates of P t rans fer can therefore be 

determined more readily . 

Phosphorus cycling studies at the Matador S ite ( Latitude 5 0 ° 4 2 '  N, 

Longitude 1 0 7 ° 4 3 '  W) in Sas katchewan by Stewart and eo-workers have 

provided the most complete data available for evaluating large P pools 
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and pathways i n  semi-a rid grass lands (Halm et al . ,  1 9 7 2 ) . These 

studies inc luded evaluat ion of soil P I and P0 , root ing act ivity of 

gra s ses as a function o f  soil depth ,  and estimates o f  mic robia l  

turnover rates . In  t he nat ive grass land ecosystem studied plant P 

uptake was found to balance litter P return . Addit ion o f  nit rogen and 

wate r  re sulted in an increase in the rate of cycling as sociated with 

increa sed mineralisat ion of P0 and a consequent increase in the 

avai lability o f  soil P .  The studies indicated an important limit ing 

role of P0 turnover in P cycl ing and concluded that labile P0 p lays a 

more impo rtant role in the ava ilabil ity o f  P in gra s s lands than has 

generally been recogn ised . 

A s imu lat ion mode l was developed from data col lected during t he 

"Matador P ro j ect " . Results from the mode l indicated that in a nat ive 

gra s s land ecosystem : ( 1 )  the P cyc le is more sens it ive to s o i l  

parameters t han t o  p lant parameters , ( 2 )  microbial P uptake i s  four t o  

five time s greater t h a n  p lant P uptake, ( 3 )  P concent ration in live 

plant tops i s  highly respons ive to the pattern o f  seasonal rainfall . 

Parts of the cycle ident ified by the mode l a s  requi ring further study 

included areas o f  act ivity and morpho logy of  roots and the e f fect o f  

s o i l  depth on t he rate of  mine ralisat ion of P0 (Cole e t  a l . ,  1 9 7 7 ) . 

In intens ive agricultural systems , the addit ion of  P fert i l is e r  and 

the presence of  la rge numbers of gra zing animal per unit a rea causes 

the cycle t o  become more complex . There have been very few studies 

that have t aken a holistic approach t o P cycling, i . e . ,  that have 

cons idered both the " above-" and "below-ground" component s o f  the P 

cycle,  �ecause such studies a re ext remely t ime-consuming and labour 

intens ive . 
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(Gill ingham et al . ,  1 9 8 4b )  was car ried out in orde r to ident ify 
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factors which could be manipulated to improve the ef fect iveness of 

nut r ient s in stimulat ing pasture growth,  and to reduce losses . Pools 

of P measured we re : Soil P (P0 , P I and ava i lable �, pasture P ,  l itter 

P,  and faecal P .  Los ses of P in runo f f ,  erosion, and anima l product s 

we re ca lculated from the l iterature . Although soil P accounted for 

more than 9 0 %  of the P in the system, "above-ground" components we re 

cons idered to have more potent ial for manipulat ion . It was concluded 

that more effic ient use of P could result from the deve lopment o f  

fert iliser po licies which recognise ine ffic ienc ies i n  the P cycle 

caused by seasona l and year to year va riabi lity in c l imate . 

A second approach to the problem of quant ifying the P cycle has been 

adopted by several workers ( e . g . , Wilkinson and Lowrey , 1 97 3 ;  

Hals tead and McKe rcher ,  1 9 7 5 ;  Til l ,  1 9 8 1 )  . By gathering information 

on spec i f ic areas of the P cycle f rom the literature a complete 

picture of the cycle can be built up . This approach was used to 

develop a dynamic model o f  P ut ilisation a s  a tool for identifying the 

sensit ive areas of the P cycle (Blair et al . ,  1 97 7 ) . The mode l was 

const ructed us ing data from a va riety of investigat ions that had been 

carried out on individual parts of the P cycle . The comment was made 

that although much o f  the data came from different count ries , the 

result s we re s imi lar in the well-documented areas (e . g . , 

respons iveness to P as indicated by the bicarbonate test ) . 

Unfortunately, some areas of the P cycle ( e . g . , availab i l ity of  P f rom 

litter and faeces ) have not been studied intens ively, therefore no 
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compa risons between count ries could be made . As c l imat ic variat ions 

are likely to affect the ava ilability of P in these P sources , 

appl icat ion of the model is restricted to specific c l imat ic zones . 

In the above mode l ,  plant response to P addit ion was identified as 

being the area whe re P fert i liser utilisation could be most improved . 

A sma l l  change in plant response in the mode l ( i . e . ,  a highe r growth 

rate of pasture at lower leve ls of avai lable soil  P )  re sulted in a 

large increase in annua l DM product ion . From this it was sugge sted 

that attempts should be made to develop plants capable of produc ing 

anima l forage of "accept able " qua lity unde r low P condit ions . 

The nat ive grass land model ( Co le et al . ,  1 9 7 7 )  and the gra zed pasture 

model (Blair et a l . ,  1 9 7 7 ) differ in that the forme r was more 

sensit ive to soil pa rameters than plant pa ramete rs , whe rea s  the latter 

was more sensit ive to plant than soil pa ramete rs . Blair et a l . ( 1 9 7 7 )  

conc luded that more work i s  needed t o  invest igate immobilisat ion and 

organic matter turnover rates in gra zed pasture systems . 

Investigat ions into t he effects o f  stocking rate and class  o f  animal 

on the redist ribution and subsequent recycling o f  nut rients we re a l so 

deemed neces sary . 

Comparison of  conclusions drawn from the nat ive gra s s land model ( Co1e 

et al . ,  1 97 7 )  and the grazed pasture model (Blair et a l . ,  1 9 7 7 ) shows 

that P0 turnover is considered to be an important factor in both,  and 

one t hat requires further research . However ,  whereas the nat ive 

gras s land model (Cole et a l . ,  1 9 7 7 )  is cons idered to be more sensit ive 

to "be l�w-ground" than " above-ground" factors , the posit ion i s  
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reve rsed for the gra zed pasture model . This is  a direct re f lect ion of 

the fact that the gra zed pas ture mode l was const ructed for a farming 

situation where anima l output is an important facto r . Howeve r ,  some 

of the di f ference in sensit ivities to the various components of the 

mode ls is  l ikely to be due to ( a )  the amount and type of data f rom 

which they we re const ructed, (b )  the fact that soil P status and plant 

P requ irements in the two systems were different , ( c )  a combination of 

both ( a )  and ( b )  . 

Recent ly,  mode l l ing has been used not only to de scribe P cyc l ing and 

to ident ify areas whe re resea rch is nece s s ary ,  but also for 

ca lculat ing P inputs requ ired to keep a system in equ i l ibrium unde r 

gra z ing, i . e . ,  for ca lculat ing ma intenance P requ irement s ( Bowden and 

Bennett , 1 9 7 5 ; Helyar and Godden, 1 9 7 7 ; Cornforth and S incla i r ,  

1 9 8 2 a ) . 

Most o f  the mode l s  have been deve loped us ing the Mit scher1ich equat ion 

as a bas is . The Mitscherl ich curve is gene ra l ly presented as 

where Y 

1 0 0  

B 

c 

X 

Y 1 0 0  - Be-ex 

re lative yield (%) 

maximum yie ld 

1 0 0  - p roduction without fe rtiliser 

respons e  factor 

fertiliser addit ion 
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This equat ion has the double advantage that it i s  relat ively easy t o  

manipulate mathemat ically and the pa rameters involved have conceptual 

s igni ficance in themselve s . 

In  orde r to characterise a Mits cherl ich curve it is  necessary to 

ident i f y  three points upon it . Wo rke rs have va ried in their decis ions 

as to which three points to choose , e . g . , 7 0 ,  85 and 9 6 %  of a maximum 

obta inable yield (Middlet on , 1 9 7 7 ) ; maximum yield, yield without 

fert i l i s e r ,  and a "mid-point " ( Bowden and Bennett , 1 9 7 5 ) ; and maximum 

yield, yield without fert i l iser ( a ssumed to be zero ) and yield at 9 0 %  

o f  maximum (Cornforth and Sinclair,  1 9 8 2 a )  . 

The data needed to calculate the chosen points on the curve a re taken 

from long-term field trial data . The long term f ie ld trials required 

to obtain the necessary constants involve a la rge numbe r of resource s 

and the data upon which the various mode ls a re built a re s ite 

specific . When the data base is  large , however,  as is  the case for 

the "De c ide " model ( Bowden and Bennett , 1 97 5 )  and CFAS mode l 

(Computerised Fertiliser Advisory Scheme ; Cornfort h  and S inclair,  

1 9 82b) , the model can be used for a large number o f  s ites . 

Although both o f  the above mode ls a re based on the Mit scherl ich 

equation , t hey differ in s everal ways , both in t he way in which they 

can be used and in their inherent weaknes ses . 

The CFAS mode l ,  developed in New Zealand, is based on a balance sheet 

approach originally s uggested by Karlovsky ( 1 9 6 6 )  . Karlovsky proposed 



that the maint enance P requi rement would depend on : 

( a )  ino rganic and organic "fixation" of P by soils and the 

downward movement of P in soils 

(b) the removal o f  P in anima l products and excretion of 

faeces outs ide the grazing area 

( c )  the leve l of pasture DM production . 
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On the ba s is o f  field t rials and laboratory studies it was suggested 

that the ma j o r  soil groups of New Zea land could be catego rised 

acco rding to their extent of P " f ixation" into high , medium, low and 

very low " P - fixing'' soils . Within each soil category , mowing t rials 

were establ ished to determine re lations hips between : 

( a )  P output and total pasture DM product ion 

( b )  P input and P output . 

The P ou tpu u pasture DM re lat ionship describes the amount o f  P removed 

from the soil  in pasture , corresponding to di fferent levels o f  pasture 

DM production,  i . e . ,  the relat ionship describes the way in which 

percentage P in pasture changes with pasture DM produced . 

The P input : P  output relat ionship desc ribes the amount o f  P input 

required to ma intain dif fe rent levels of P output from the system . 

This relat ionship also exhibits diminishing returns in that increas ing 

quant ities of P inputs a re required for succe s sive increments of P 

output . As these relationships are determined f rom mowing t rials 
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( with f u l l  return o f  c lippings ) ,  the di fference between P input and P 

output represents an estimate of soil P los s ,  which must be replaced 

by fert il iser, i . e . : -

Unde r zeroJ graz ing P input ( for ma intenance ) -P output soil P loss 

To calculate the losses o f  P from the system under gra zing Karlovsky 

as sumed the the level of pasture utilisat ion at any pasture product ion 

leve l was 8 0 %  of the grass  grown in a yea r,  that remova l of P in 

animal products amounted to 4 kg ha -1 at a production leve l of 5 0  kg 

ha- 1 P upt ake , and that losses of faecal P out s ide the gra zing area 

amounted to 1 0 % . Although not limited geographically within New 

Zea land, the Karlovsky model is static in that it can apply st rict ly 

only t o  graz ing systems where the as sumpt ions apply, i . e . ,  where PU 

8 0 % ,  anima l product losses amount to 4 kg ha- 1  and 1 0 %  faecal P is 

lost outs ide the graz ing area . Thus no flexibility for changing 

stocking rate exist s .  Furthe rmore ,  though it is pos s ible that losses 

of faecal P outs ide a s ingle paddock may not exceed 1 0 % ,  within a 

hill-country paddock the re will be pronounced t ransfer o f  faeca l P 

from steep-s lopes t o  camps ites (Gillingham et a l . ,  1 9 8 0 ) ; for a steep­

s lope losses will be greater than 1 0 % . Thus , ma intenance P fert i liser 

requirement s are l ikely to vary according to the s lope unde r 

cons iderat ion . 

The CFAS model was developed from that o f  Karlovsky . It requ i re s  that 

the farming s ituation under cons ideration be characterised in terms o f  
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( a )  Ymax which i s  the maximum average annual pasture DMY 

for the a rea under cons iderat ion . Ymax re fers to a 
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gra s s / legume pasture of "appropriate" botanica l composit ion 

for its s ituat ion whe re plant nut rients (except n it rogen)  are 

non- limit ing . 

Alternatively, carrying capacity ( CC )  can be used, where CC is 

the number o f  standard stock units ( SU )  that could be carried 

in a particular s ituat ion where : -

( i )  each SU requires 5 5 0  kg DM annually . 

( i i )  actual DMY is  95%  of Ymax 

( i i i )  pasture utili sation ( PU)  is 9 0 % . 

( b )  Pasture P ( % )  a t  9 0 %  re lat ive yield ( RY)  va ries with maximum 

ave rage annual pasture DMY for any given s ituation . 

( c )  Soil loss factor ( SLF) which i s  the P lost i n  t he soil,  

expres sed as  a fract ion of the P uptake in pasture when it is 

ma inta ined at 9 0 %  RY . 

(d) Animal loss factor ( ALF ) , which is the amount o f  P ( kg )  lost 

via animal product s and faecal t ransfer to non-graz ing a reas 

for each 550 kg of pasture DM consumed by livestock graz ing 

pasture with a P content of 0 . 3 5 %  and maintained at a pasture 

DM yield of 9 0 %  relat ive to Ymax . The ALF for a given farming 
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s ituat ion va ries according to the l ivestock product ion system 

and increases with land s lope due to increased " t racking" and 

" camping" . 

( e )  Stoc king rate ( SR) which is  expressed i n  terms of the S SU 

( l ike CC ) and is the SR for the area under cons ide rat ion . 

( f )  Pasture utilisat ion (PU)  which i s  the pasture eaten annually 

exp ressed as a percentage o f  total annua l DM product ion . 

Once the factors ( a )  to ( f )  have been chosen ( a s  appropriate to the 

farming s ituat ion ) ma intenance P fert iliser requirements can be 

calculated as follows : 

Maintenanc e  P ( kg ha- 1 ) = 

log1 0  � 1 0 0  V 1 0 0- ( 8 5 5 0 xS R )  ( ( CCxPU ) ) xCCx ( 0 . 0 0 5 x C C + 0 . 2 7 5 ) x ( PUxALFx0 . 0 30 1 -SLFx5 . 7 9 )  

The mode l then a l lows modif icat ions to the calculated maintenance P 

requ irement t o  be made according to the current P s t atus o f  t he s o i l ,  

a s  mea sured by t he Olsen test . 

From this it can be seen that although the Karlovsky and CFAS model 

operate f rom the s ame bas i c  premise ( i . e . ,  that P output i s  related 

both to P input and total pasture DMY) t he CFAS mode l ,  with its more 

complex s t ructure , can apply to far more farming s ituat ions than can 

the Karlovsky mode l . 
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The CFAS mode l is receiving widespread u s e  in New Zealand because it 

has been adopted by Ministry of Agriculture and Fisheries Advisory 

Officers . The re are ,  however,  inherent weaknesses within the model 

st ructure and problems associated with it s app licat ion . Furthe rmore , 

all appropriate field t rial data current ly ava ilable in New Zealand 

have been used in the const ruction of the mode l ,  which means that no 

data are ava ilable for it s validation . 

The five ma j o r  problems associated with the structure of the model are 

as follows : 

( 1 )  Soil  P loss i s  calculated as the difference between P input 

( for ma intenance ) and P output . This means that an error in 

measuring the P input or P output of a part icular system will 

lead to an e rror in the estimate o f  soil P los s ;  a lthough P 

input is re lat ively easy to measure ,  P output is not . 

Output of P is the amount of P removed in anima l p roducts or 

transferred in faeces . It depends not only on numbers and type 

of stock being gra zed in a system, but a l s o ,  as i ndicated 

earlier,  on the topography of that system . Quantifying P 

t ransfer from steeper s lopes to campsites involves measuring 

DM dist ribut ion o f  faeces and P concent ration o f  that faeces . 

Consequent ly , very little work has been done in this a rea and 

hence "P output " f igures included within the CFAS model can be 

regarded as preliminary estimates . 
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( 2 )  The CFAS mode l incorporates ALF ' s based on work on faecal 

t ransfer in hill count ry (Gillingham, 1 9 8 0 a ,  1 9 8 0b ;  

Gill ingham e t  a l . ,  1 9 8 0 ) . The anima l losses were ca lculated 

from data from only one la rge scale grazing t r ia l . It  i s  not 

known if any e ffects of trial des ign , paddock s i ze or graz ing 

management were incorporated inadve rtently . 

Modif ications to the CFAS model ( Cornforth and S incla i r ,  1 9 8 4 )  

have included the addit ion o f  reduced anima l losses for 

intens ive ly rotat ionally-grazed pasture . Howeve r,  the re is no 

experimental bas i s  for the modif ication a s  the t rial f rom 

which the original animal losses were ca lculated wa s a lready 

under an intens ive rotationa l gra z ing regime . 

( 3 )  As expla ined earlier, the CFAS model gene rates a response 

curve relat ing los ses of P to product ion levels . Assuming no 

product ion with zero fertiliser,  and taking maximum product ion 

f ield trial dat a ,  the other point required to generate the 

curve was chosen as 9 0 %  of maximum production . A la rge 

quantity of f ie ld t rial data wa s used to e s t imate the 

quant ities of  P lost in the soil,  and also due to the anima l ,  

a t  t h i s  point . The combinat ion o f  these two losses gives 

tot a l  P los s . For the remainder o f  the curve the model 

estimates total loss but makes no c la ims as to how this is 

apport ioned between animal loss a nd soil loss . 

In practice,  a f a rmer using the CFAS model will choose t he SLF 

for t he appropriate soil group and ALF f o r  the appropriate 

farming system regardless of  what level of p roduction he is 
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ma intaining . This means that i f  he is  ope rat ing at below 9 0 %  

RY SLF ' s and ALF ' s are l ikely t o  be overest imated and 

" surplu s "  P will be applied . Conversely, if he i s  operat ing 

at above 9 0 %  RY , " insufficient " P will be applied for 

ma intenance . 

( 4 )  The mode l gene rates a response cu rve for an area - either a 

part of or  a whole farm - in which a l l  pa rameters a re supposed 

to be constant . In  hill count ry , however ,  paddocks consist of 

an amalgam of land in different s lope categories . D i fferent 

s lopes may cont ain different soils which will have dif ferent 

product ion potent ials and di fferent responses to added P .  

Thus the ma intenance P requi rements of these di f ferent a reas 

are likely t o  be different . 

( 5 )  Whateve r rate o f  ma intenance fert iliser P i s  chose n ,  a l l  o f  

the P within i t  i s  a s sumed t o  become ava ilable within the year 

o f  application, i . e . ,  no res idua l value of fert i l i s e r  is 

incorporated within the model . As ove r  8 5 %  o f  P within 

superphosphate fert iliser is  water-s oluble ( During, 1 97 2 ) and 

is therefore like ly to be ava ilable for plant uptake within 

the yea r o f  applicat ion , the res idual value o f  this form of 

fert iliser is  likely to be small , a s suming, of course , that 

ma intenance rates a re being applied . I f ,  howeve r ,  a change in 

economy and/ or policy causes a di f fe rent and lowe r maintenance 

rate to be chosen,  then a t rue maintenance s ituation will not 

operate for a few years unti l  equilibrium is attained once 

more . During the yea rs o f  t ransition the res idual value o f  
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previous app l ications of fert iliser P may b e  o f  importance . 

There are trials in progress from which preliminary data have 

become available ( O ' Conno r et a l . ,  1 9 8 5 ) , the results of which 

will allow a modif icat ion of the CFAS model incorporating 

res idual fert iliser value ( S t -Pierre and S cobie , 1 9 8 5 )  . 

Accepting these inherent wea knesses within the mode l ,  there can be 

difficult ies in applying it . The mode l states t hat ma intenance P 

requirements are a function o f  soil los s ,  anima l los s ,  stocking rate,  

carrying capacity, and pasture ut ilisation . Although it is relat ively 

easy to select the correct ALF and S LF ,  e s t imat ing SR, CC and PU can 

be difficult ( Parke r ,  1 9 8 2 ) . 

A furthe r problem a ssociated with the CFAS model a s  a whole,  and its 

appl ication , i s  that it considers only ma intenance requirement curves . 

In contrast to the Aus t ralian "Dec ide " model (modif ied by Godden and 

Helyar,  1 9 8 0 ) no attempt is made t o  specify the input / output 

relat ionships involved when a product ion system is moving from one 

steady-state maintenance s ituation to another . As a result , the CFAS 

model is limited in t he extent to which it can be used in evaluat ing 

management strategies which a lter stock ing rate . 

The bas ic form o f  the Austra lian "Decide " model ( Bowden and Bennett ,  

1 9 7 5 )  i s  very s imilar t o  that o f  the CFAS mode l . Applicat ion o f  the 

"Decide " model requires estimat ion o f  t he parameters within the 

Mitscherlich equation and calculation o f  t he opt imum fert iliser input , 

assuming t here i s  no soil P currently available t o  plant s . 
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Subsequent ly,  howeve r ,  estimations o f  the current value o f  the 

previous yea r ' s fert iliser addition and the cont ribut ion of " native" 

soil P to current yield a re deducted from the amount first calculated . 

This is in cont rast to the CFAS mode l which incorporates a "modifying 

factor" according to the Olsen soil P test , used only for the final 

maintenance P ca lculat ion . 

Two areas o f  weaknes s  have been identified ( Godden and He lya r ,  1 9 8 0 )  

in the original "Decide "  model : 

( 1 )  Re s idua l fert iliser P is cons ide red to cont ribute t o  P 

availability in the fol lowing year only 

( 2 )  the mode l as sumes a steady-state balance between yield and 

applied fert iliser by cons idering past and present fert i l iser 

decisions . It does not , howeve r ,  a s s ist with the ques t ion as 

to whether or not the current steady- state balance i s  

appropriate .  

Modifications t o  the Decide Model ( Godden and Helya r ,  1 9 8 0 )  have 

overcome these weaknes ses . The modificat ions not only a l low res idual 

fertiliser to be inc luded for several years , but also attempt t o  take 

account of the three proces ses which occur when fert iliser P is added 

to a soil-p lant system, i . e . , those o f  increased production , increased 

removal of nut rients by animals , and organic and inorganic conversions 
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o f  ava ilable P t o  unavailable forms . The relat ionship between losses 

of P and product ion have been quanti f ied, depending on the state of 

the system, relat ive to three phases : 

( 1 ) development phase,  whe re the soil pool is being increased due 

t o  fert iliser P addition exceeding losses o f  P from the system 

( 2 )  steady- state ma intenance , whe re no change in the pool o f  P 

occurs over t ime ; that i s ,  losses from the system are balanced 

by furt he r  P applicat ion 

( 3 )  " run-down " phas e ,  where the soil P pool i s  depleted because 

losses f rom the system are greater than P fertiliser 

addit ions . 

Thus , by relat ing t rue ma intenance fertiliser rates to corresponding 

yields it is pos s ible to define ma intenance requirement curves (Godden 

and Helyar ,  1 9 8 0 )  . Maintenance requirement curves allow the 

economically opt imum choice to be made between building up or 

depleting s o i l  P via fert iliser P programme s . 

The Decide mode l ,  plus modi fication s ,  thus has far more flexibi lity 

than the CFAS model in that it  can be used for developing as well as 

developed f a rming s ituat ions , and it can,  therefore , be used to 

determine st rategy o f  fert iliser addition . 
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The P cyc le in grazed hill -count ry pa sture invo lves the uptake o f  P 

from soil by plant s ,  the intake of plant P by anima l s ,  and the return 

of P to the soil directly f rom the plant as litter or indi rectly via 

anima l faeces . In reality, the system is more complex than this 

because these gene ral soil , plant or an ima l compa rtments cont ain sub­

compartment s  which undergo complex interact ions . 

As the measu rement of transfer rates between some compa rtment s is 

dif f icult , studies have tended to focus either on part icular aspects 

of the P cyc le or on who le systems at or near equilibrium .  

Attempts t o  mode l the P cycle in grazed pasture with a view to 

predict ing P fert i liser requi rement s for ma intenance s ituations have 

been made recent ly . The mode l current ly in use in New Zea land was 

developed by combining data relat ing DMY with P fertiliser input f rom 

a la rge number of field t rials . 

The mode l states that maintenance P fert iliser input is equal to the 

sum of animal and soil los s e s ,  and supplies a range o f  animal and s o il 

loss factors from which the appropriate figure for pa rt icular farming 

systems ( des ignated by stock type , graz ing management and topography) 

and soil groups can be chosen . 

Many studies have been carried out in an attempt to relate DMY and 

uptake of plant P to soil P .  In most studies the soil P has been 

measured by t raditional soil test ing procedures which ext ract ill-
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def ined pool s  o f  soil P cons idered t o  be plant avai lable i n  the short 

term .  I n  some studie s , howeve r ,  the soil P pool was fract ionated so  

that informat ion on the chemical form o f  P being used by the plant wa s 

obtained . F rom these studies it would appear that P I , more 

part icula rly non-occ luded P ,  is likely to supply P to pasture in the 

generally s l ightly acid soil condit ions found in New Zealand hill 

count ry . Under pasture , deve lopment o f  soil P0 content will increase 

to a steady- state value and, with cont inued addit ions of locally 

produced superphosphate ( which has in the past been found to cont ain 

unreacted phosphate rock ) , calcium-bound P will a l so increase . It is 

not known what ef fect degree o f  land s lope will have on soil P 

fract ions . As hill  country comprises land in different s lope 

categories knowledge of the e f fect of s lope on change s  in the s i ze of 

soil P fract ions would inc rease understanding of the P cycle in hill 

count ry . This may be o f  importance when cons ide ring the magnitude of 

soil P losses a s  de fined within the CFAS model ( sect ion 2 . 8 )  with a 

view t o  calculat ing ma intenance P requi rements for a part icular s ite . 

Thus more detailed studies on the "below-ground" components o f  the P 

cyc le in New Zealand are required in order to validate the model 

current ly used to predict maintenance fe rt i liser P requi rement s . 

"Above -ground" component s o f  the P cycle have been studied in more 

deta i l  than "below-ground" components .  

Los s es o f  P f rom the system occur via surface runoff and in the 

graz ing anima l . Los s o f  P in surface runof f  is larger f rom s lopes 

than from flat a reas , due not only to ground angle but also to the 

fact that s wa rd den s ity is not as high on steep-s lope as on c amps ites . 
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Howeve r,  the amount o f  P lost from the system due t o  runof f  i s  

genera l ly ins ignif icant i n  agronomic terms . Loss o f  P via the graz ing 

anima l ,  due to retent ion of P within the body , amounts to about 1 0 %  of 

ingested P for a "typica l "  hill -count ry stock regime , i . e . ,  most o f  

the sheep are ewe s ,  and lambs are raised f o r  les s than s ix months o f  

the year . Losses of P via runo ff and via the gra z ing anima l 

cont ribute towa rds the soil loss factors and animal loss factors used 

within the CFAS mode l . 

P lant upt ake of P is  known to va ry not only with season and fert i liser 

rate , but also with degree of s lope . Maximum rates of P upta ke for a 

given fert iliser rate are likely to occur on campsites in late spring, 

whe reas minimum rates occur in winter on steep s lopes . P lant uptake 

of P increases with increas ing rate of fert i liser P addit ion . This 

may lead to increased anima l transfer o f  P at high rates of P 

fert i liser addit ion . 

Sheep have a ma j or effect on the P cycle in hill count ry because o f  

their tendency to camp on f lat areas . This can result in ma rked 

t rans fer of P in faeces to camps ites at the expense of s teeper area s . 

Thi s  P t ransfer, together with P loss in anima l product s ,  is used to 

calculate the anima l loss factors used within the CFAS mode l . 

The ratio of faecal P return to plant P uptake decreases a s  land s lope 

increases . The effect , if  any, of rate of fert iliser P addition and 

topography ( i . e . ,  the balance between easy and steep s lopes within a 

paddock)  on this ratio is not known . S ince maintenance P requirements 

are calculated not only to replace soil losses,  but also animal 
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losses , a change i n  the ratio o f  faecal P return t o  p lant P uptake 

could a f fect maintenance P requirement s .  This requires further 

invest igation to enable va l idat ion and, pos s ibly, refinement of the 

CFAS model . 

The plant availability of P in faecal material should be cons idered in 

the rat io between faecal P return and plant P uptake . In  the CFAS 

model it is assumed that faecal P w i l l  ultimately be as available as 

fert iliser P .  The t ime required for faecal P to become available , or 

equal to fert i l iser P is , however,  the sub ject of some debate . 

Laboratory leaching expe riment s indicate that some P I is  capable of 

being leached into the soil immediately after depo s it ion . Thus the 

plant ava ilabi lity of a portion of faecal P I will depend on rainfall 

and the l ikel ihood of root contact . The rema ining P I will  be more 

res istant . I n  wa rm condit ions , before t he faecal material dries out , 

net mine ra lisat ion of P0 and rapid phys ical breakdown o f  the material 

can occur . In  dry condition s ,  breakdown and mine ral is at ion are likely 

to occur only s lowly . In New Zea land h i l l  count ry, how rapidly or 

slowly these processes occur, and if there i s  any e ffect o f  land s lope 

on rates of decompos it ion , is not known . Furthe rmore , although work 

has been ca rried out on t he availability of faecal P us ing pot t rials 

and laboratory experiment s ,  there have been no studies carried out on 

the turnove r t ime for faecal P to become p lant P in  the f ie ld . This 

informat ion could be o f  importance when det e rmining P requi rements of 

a system . 

The animal loss  factors for hill count ry used within the CFAS model 

were calculated originally from only one grazing t ri a l ,  which involved 

rotat ionally-grazed sheep on steep h i l l  coun t ry . As the e f fect of  
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changes in graz ing management and in topography were predicted from 

this s ingle trial , rather than measured in separate t rials , the CFAS 

ALF ' s may be influenced by t rial des ign . This require s  invest igation, 

not only because the ALF ' s themselves require wider val idation , but 

also because soil loss in the model was ca lculated originally as be ing 

the difference between P fert i liser input and anima l loss . This means 

that any ove r- or under-e s t imat ion in anima l loss will cause an 

automatic unde r- or ove r-est imation in soil los s ,  and therefore 

influence ma intenance P requirement s .  

As suming a stoc king rate of 1 5 ,  carrying capacity of 1 8 ,  pasture 

ut ilisation of 8 0 %  and an SLF of 0 . 2 5 ,  the effect of inc reas ing the 

ALF from 0 . 5 0 to 0 . 7 0 ,  0 . 9 0 and 1 . 1 0 is  to increase ma intenance P 

requi rement s from 1 7  kg ha - 1  to 2 0 ,  2 3  and 2 6  kg ha - 1 , respectively . 

S imilarly,  holding the ALF constant at 0 . 7 ,  increas ing the SLF from 

0 . 1 0 to 0 . 2 5  and 0 . 4 0 will increa se maintenance P requ irement s from 1 4  

t o  2 0  and 2 5  k g  ha -1 , respect ively . Thus the e f fect o f  us ing the 

"wrong" ALF or S LF within the maintenance P calculat ion would be t o  

increase or dec rease recommended fert iliser P addit ions by 1 5  or  3 0 %  

respect ively . Given that the basis for dec iding the anima l and soil  

losses within the model has not been va lidated it is  clear that 

research needs to be ca rried out as an incorrect as ses sment of anima l 

and soil  losses could have se rious economic consequences .  
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CHAPTER 3 

" BELOW-GROUND " COMPONENTS OF THE P CYCLE AS 

AFFECTED BY P FERTILISER ADDITION AND S LOPE 

INTRODUCTION 

6 6  

The e f fect o n  soil P fract ions o f  adding P fert i liser t o  pasture has 

been invest igated by many workers . It has been found that o rganic p 

( P0 ) levels increase unde r pasture unt il a balance between 

immobilisation and mineralisation is ach ieved . This equilibrium is 

not greatly af fected by fert iliser rat e ,  but is pH dependent (Dalal,  

1 9 7 7 ; Rickard and Quin,  1 9 8 1 ;  Quin and Rickard, 1 9 8 3 ) . In  contrast , 

inorganic P ( P I ) doe s  increase with increas ing rate o f  fertiliser P 

addition ( S impson et al . ,  1 9 7 4 ;  Quin and Ricka rd, 1 9 8 3 ) . Most of 

this increase in P r occurs within the aluminium- and iron-bound P 

f ract ions but there is  evidence to sugges t  that addit ion o f  high rates 

of fert iliser P will result in an increa se in calcium-bound P ( Rickard 

and Qui n ,  1 9 8 1 )  . Howeve r ,  in  the latter study it was not clear 

whether the calcium-bound P accumulated as a stable react ion product 

or was due to unreacted rock phosphate in the fe rt il i se r . 

Trans fer o f  P ,  which is  known to occur f rom the ma j o r  p ropo rtion o f  

the gra z ing a rea onto comparat ive ly sma l l  camps ite a reas , w a s  not 

taken into account in any of the above s tudies . Limited work has been 

carried out to measure the e f fect of t ransfer on the immediately 

plant-avai lable P pool but it  is  wel l  accepted that with t ime , 
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tot a l )  at the expense of other areas in the paddock ( H i lde r,  1 9 6 4 ;  
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Saunders and Auld, 1 9 6 9 )  . In  hill country, this means that flat areas 

are enriched at the expense of steepe r s lopes (Gillingham and During , 

1 9 7 3 ; Lambert and Robert s ,  1 9 7 8 ;  Gill ingham et al . ,  1 9 8 0 ) . 

Work on the " above-ground" P transfer losses in New Zea land has 

yie lded quant itat ive informat ion in te rms of pasture P concent rat ion, 

degree of pasture utilisation,  and the camping behaviour of stock with 

its consequent effect on return of faeces (Gill ingham and During, 

1 9 7 3 ;  Gill ingham et al . ,  1 9 8 0 ) . However re sea rch into the magnitude 

of "below-ground" components of the P cycle has been limited . As the 

re lat ive cont ribut ions of plant litter P ,  faecal P and fert i liser P 

vary ma rkedly,  depending upon what a rea in a paddock is being 

cons ide red, the s i ze of the "below-ground" P poo l s ,  and the re lat ive 

rates o f  trans fer between them, might also be expected to vary . 

This has direct implications to the amount of fertiliser P that will 

be required to balance P losses on di fferent s lopes . With inc reas ing 

emphasis being placed on e f ficiency of fertil iser use , va riation in P 

demand according to s lope assumes impo rtance . 

The invest igat ion reported in this chapter was conducted to provide 

quantitat ive informat ion on the forms of P accumulat ing, or being 

depleted, in various "below-ground" P pools . It  was hoped that doing 

so would provide the necessary chemical  data to define soil P s tatus 

adequately, including any modif ications induced by s lope-related 

factors . 
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3 . 2  MATERIALS AND METHODS 

3 . 2 . 1  Trial s ite 

The trial a rea was at Whatawhat a Hill Count ry Resea rch Stat ion , 

lat itude 3 7 ° 4 8 ' S ,  alt itude 2 2 0  m a . s . l . , 2 2  km west of Hami lton in 

the North I s land o f  New Zealand . The ma j o r  trial s ite cons isted of 

twenty h i ll-count ry paddocks with a northe rly aspect . 

The soil wa s predominant ly a Kaawa hill soil ( B ruce , 1 9 7 6 ) , a northe rn 

ye llow-brown earth ( T ypic haplohumult ) derived f rom a rgil laceous 

greywacke . Some vo lcanic ash was present on ridge crests which were 

consequently more free draining and had a highe r P -s orpt ion capacity 

than the soil on the s lopes . Areas with a P -sorption capacity 

exceeding 8 0 %  were ident ified as a Dunmore yellow brown loam ( Entic 

dys t randept ) ;  a reas with a P-sorption capacity between 60 and 8 0 %  were 

ident ified as a Nai ke hill soil ( Typic haplohumult ) (Ga ry Orbe l l  pe rs . 

comm . ) .  

The pasture had been topdre ssed annua lly with approximately 

4 0 0  kg ha - 1 o f  s ingle superphosphate which had, at t ime s ,  included the 

nut r ient s molybdenum and potass ium . 

The t rial began in April 1 9 8 0 ,  and was concluded in February 1 9 8 4 . Of 

the twenty paddocks , ten were set stocked b y  wethe r hogget s ,  the 

numbers of anima l s  being adj usted t o  ma intain the standing dry mat ter 

(DM) at approximately 1 0 0 0  kg ha - 1 . The remaining ten paddocks were 

gra zed rotationally by ewe s ,  the graz ing period and growing pe riod 



being one to th ree days and four to six weeks , respectively, 

acco rding to gra s s  growth . Gra z ing on the paddocks was terminated 

once the pasture cove r had been reduced to 1 0 0 0  kg ha - 1 of DM . 
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The ten paddocks within each gra z ing t reatment were topdressed a t  five 

diffe rent rates of P addit ion : 1 0 ,  2 0 ,  3 0 ,  5 0  or 1 0 0  kg ha - 1 . Thus 

there were four replicate paddocks for each ferti l is e r  rate and four 

expe rimental blocks for the t rial ,  each block cons ist ing of five 

paddocks each receiving a diffe rent fertiliser  rate . 

3 .  2 .  2 .  Topographic survey 

A topographic su rvey (Appendix 1 )  p rovided a me asure of the 

relat ionship between surface s lope and a rea within each paddoc k .  

Surface s lope ( i . e . ,  as  the angle of depa rture f rom the horizont a l )  

was measured along ten t ransect s ,  located evenly across each paddock . 

On a l l  t ransect s ,  s lope was reco rded at one met re interva l s  to the 

nearest five degrees to give a total of four hundred point s pe r 

paddock . 

3 . 2  . 3 .  S o il s ampling s ites 

Within each paddock,  f ive a reas within each of two categories o f  

topographic s lope ( e a s y  ( 1 1 -2 0 ° ) and steep ( 3 1 - 4 0 ° ) )  were ident ified 

and marked with pegs . F o r  the final soil sampl ing in 1 9 8 4 ,  samples 

were also t a ken f rom camps ites ( 0 - 1 0 ° ) . 
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I n  one o f  the rotat ionally-grazed b locks o f  the t ria l ,  f ive areas 

within each o f  f ive catego ries of topographic s l ope were ident i f ied 

and marked with pegs , thus enabling a more det a i led study on the 

"be low-ground" compartments of the P cycle to be ca rried out within 

the more extens ive f ramework of the t rial . All  measurements on the 

soil  were made on s amples col lected f rom within the areas denoted by 

the pegs . 

The soil  was sampled prior to fert i l iser app l icat ion each summer . 

Four cores ( 2  cm diamete r )  were taken to a depth o f  1 5  cm from each of 

the a reas descr ibed previou s ly . The cores were sect ioned into 0 - 3 ,  

3 -7 and 7 - 1 5  cm depths in  order t o  investigate the effect of depth on 

changes in s o i l  P f ractions . Samples were then ai r-dried , pas sed 

through a 2 mm s ieve , bulked according to depth, and stored for 

analys i s . P rior t o  soil  P fractionation and analyses o f  total P ,  

subsamples o f  s o i l  from each o f  the five repl icate a reas within each 

slope were bulked . 

3 . 2 . 4  Soil analysis 

3 . 2 . 4 . 1  pH 

Soil pH was mea sured with a combinat ion e lect rode pH meter a f.ter 

s t i rring 1 0  g of soil in 25 ml o f  dis t i lled water and leaving to stand 

ove rnight before reading . 
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3 . 2 . 4 . 2 Phosphorus-sorption capacity 

Five g of ai r-dried soil ( <2 mm) were shaken for 1 6  h in 25 ml of 0 . 2 

sodium acetate solution containing 1 0 0 0  �g ml - 1 of P as KH2 P0 4 and 

adjusted to  pH 4 . 6 5 with glacial acetic acid . P -sorpt ion capacity was 

calculated from the amount of P removed from s o lut ion by the s o i l ,  

expres sed as a pe rcentage o f  the amount added originally ( S aunde r s ,  

1 9 6 5 ) . 

3 . 2 .  4 .  3 Olsen-extractable P 

Five g of  ai r-dried soil ( <2 mm) we re shaken with 1 0 0  ml of 0 . 5  M 

NaHco3 (pH 8 . 5 )  on an end-over-end shaker at 2 8  rpm at 2 0 °C for 3 0  min 

(Olsen et al . ,  1 9 5 4 ) . The suspens ion was then cent ri fuged at 1 0 , 0 0 0  

rpm for 2 min be fore f i lte ring . Inorganic P was determined 

colo rimet rica lly in an a liquot of the ext ract us ing the method o f  

Murphy and Riley ( 1 9 62 ) , absorbance being measured a t  7 1 2  nrn us ing a 

Pye Unicam SP 1 8 0 08 spect rophotometer . 

3 . 2 . 4 . 4  Water-extractable P 

The s ingle-water extraction method o f  S orn-srivichai ( 1 9 8 5 )  involves 

shaking 2 g of air-dried soil ( <2 mm) with 2 4 0  ml of distilled water 

at 2 0 °C for 1 h .  Inorganic P was determined in a filtered aliquot o f  

the sample as in section 3 . 2 . 4 . 3 .  
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3 . 2 . 4 . 5 Total , inorganic and organic P 

Two g samples o f  air-dried soil (<2  mm) were ignited at 5 5 0 ° C for 1 

h, then ext racted with 1 0 0  ml of 0 . 1  M H2 so4 for 1 6  h on an end-ove r­

end shaker ( Wa lker and Adams , 1 9 5 8 ) . Inorganic P was ext racted in the 

same way with 0 . 1  M H2 so4 f rom a compa rable sample of un ign ited soil 

and determined colorimet rically as described in sect ion 3 . 2 . 4 . 3 .  

Organic P was calculated by difference . 

3 . 2 . 4 . 6  Inorgani c  P fractionation 

Soil inorganic P was further sepa rated int o four fract ions ( eas ily 

so luble P ,  non-occ luded P, occluded P and calc ium-bound P )  us ing a 

modif ication o f  the method of Chang and Jac kson ( 1 9 5 7 ) . Eas i ly 

soluble P ,  which is thought to be soil solution P with some very 

loosely-bound P ,  was ext racted by shak ing t he soil in 1 M NH 4Cl for 3 0  

min . Aluminium- and iron-bound non-occluded P was ext racted after 1 6  

h shaking i n  a solution containing 0 . 1  M NaOH and 1 M NaCl ( the latter 

was included to facilitate cent rifugat ion ( Walker et a l . ,  1 9 67 ) ) .  

Reduct ant - soluble iron phosphate ( occ luded P )  wa s dis s olved us ing a 

cit rate dithionite ext raction . This involved adding 1 g s o l id Na2 s 2o4 

to t he soil s ample s uspended in 0 . 3  M tribas ic s odium c itrate 

(Na 3c 6H5o7 . 2 H20 ) . A water bath was u sed t o  keep the temperat ure of 

the s amples between 80 and 9 0 ° C and, a fter the s odium dithionite wa s 

added, the s amples were s t irred for 1 5  min . Samples were wa shed twice 

with saturated NaCl ( washings being added t o  the s odium dithionite 

extract ) . before extract ion of calcium-bound P by s haking t he samples 
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in 0 . 5  M HCL f o r  1 h .  The soil used was ground to pas s  1 5 0  � s ieve 

be fore analysis . All ext ract ions were carried out at a solut ion : s oil 

rat io of 4 0 : 1  in 50 ml polypropylene tubes , and samples were 

cent ri fuged and filtered ( < 0 . 4 5 �) between each step . Inorganic P 

was measured as  de scribed earlier . Colour was deve loped in the 

citrate dithionite ext racts a fter three days had elapsed . This 

allowed complete oxidation of any unreacted dithionite to occur, and 

prevented interference with colour deve lopment , (Will iams et a l . ,  

1 9 6 7 )  in the Murphy and Riley method . 

The fract ionat ion scheme is out lined in Fig . 3 . 1 .  

3 . 2 . 5  Statistical analys is 

Result s were subj ected to a statistical analysis of va riance where 

pos s ible . Howeve r,  the large numbe r of s amples collected each year 

necessit ated bu lking for some chemical analyses ( i . e . ,  analysis o f  

tot a l ,  o rganic,  and inorganic P plus inorganic P f ract ions ) .  F o r  

these analyses stat istical ana lyses we re pos s ible i n  the final yea r  of 

the t rial when soil s amples from campsite s ,  easy- and steep-s lopes 

were collected from a l l  paddocks within the t rial . 

3 . 3  RESULTS AND DISCUSS IONS 

As trends in result s in a l l  experiment a l  blocks were s imilar, detailed 

annual results a re presented only for the rotat ionally-grazed block in 

which intens ive soil sampling was ca rried out for a l l  years of the 

trial . No s igni f icant differences in any chemical parameter measured 
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Figure 3 . 1  S c hemat ic repr e s entat ion of c hemical frac t ionat ion of 

s o i l  P .  
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were found between 1 1 - 2 0 ° and 2 1 - 3 0 ° slopes o r  3 1 - 4 0 ° and 4 1 ° + s lope s ,  

s o ,  f o r  reasons o f  simplicity, res ults are given for camps ites , and 

easy- and steep-s l opes only . 

Analysis o f  total P and fract ionation o f  P 1 we re ca rried out i n  1 9 8 4 . 

Unfortunately, by this t ime some of the samp les collected in 1 9 8 1  had 

been de st royed, due to a misunderstanding between Rua kura Soil and 

P lant Resea rch Station,  What awhata Hill Country Re sea rch Stat ion and 

Mas sey Univers ity . 

Final year result s ,  which included more intens ive sampl ing on a l l  

paddocks , are discus sed f o r  the ent ire trial . 

3 . 3 . 1  pH 

Soil pH in the su rface 3 cm va ried from 5 . 7  to 5 . 9  on the flat 

camp s ites to 5 . 3  to 5 . 4  on the steep-s lopes ( Table 3 . 1 ) . The e f fect 

of s l ope on pH was s ignif icant , and decreased with depth ( 0 -3 cm 

P<O . O l ;  3 - 7  cm P< 0 . 0 5 ) . 

Variability in pH between yea rs was apparent . In  1 9 8 2 pH was 

approximately 0 . 4  units lower on all s ites than in 1 9 8 1  and in 1 9 8 3  it 

was about 0 . 2  unit s  lower than in 1 9 8 1 . S amples c ollected in 1 9 8 2  

were re -ana lysed a t  a later date as  a check against laboratory e rror . 

No di f ferences between readings at the t wo di fferent t imes were found . 
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'l'able 3 .  1 E f fect of  s lope , depth and rate o f  P fert iliser 

addition i kg ha -1 ) on pH in the first year o f  the trial . 

Data presented are from the five intens ive ly sampled 

paddocks . 

Rate of p fertiliser addit ion 
( kg ha - 1 ) 

1 0  2 0  3 0  s o  1 0 0  

S lope Depth (cm) 

0 - 1 0 ° 0 - 3 5 . 7  5 . 9  5 . 8  5 . 8  5 . 8  
3 -7 5 . 4  5 . 5  5 . 5  5 . 4  5 . 4  

1 1 -2 0 ° 0 - 3 5 . 7  5 . 8  5 . 7  5 . 7  5 . 7  
3 -7 5 . 4  5 . 6  5 . 6  5 . 5  5 . 6  

3 1 - 4 0 ° 0 - 3  5 . 3  5 . 4  5 . 4  5 . 4  5 . 4  
3 -7 5 . 2 5 . 4  5 . 4  5 . 3  5 . 3  
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3 . 3 . 2  P hosphorus -sorption capacity 

For s implicity,  P -sorption capacities are presented only for the five 

paddocks included in the more det ai led study de scribed ea rlier ( Table 

3 . 2 ) .  P - s o rption capacities tended to ( 1 )  be highe st on easy-s lopPs 

and lowest on steep-s lopes ( 2 ) increase with depth . Between paddock 

va riat ion wa s least on steep-slopes and greatest on camps ites . There 

was little or no change in P-sorption capac ity during the tria l . 

Most soil  P -sorption capacit ies fell into the medium range ( Saunders , 

1 9 6 5 )  . High P retentions indicated the presence of  vo lcanic ash on 

the campsites and ea sy-s lopes in the 2 0  kg ha - 1 and the easy-s lope in 

the 5 0  and 1 0 0  kg ha - 1  P paddocks ; this inf luenced interpretat ion of 

later re sults from these s lopes . 

3 . 3 . 3  Initial P s t atus 

Be fore fert i liser P t reatments were added in the first yea r ( 1 9 8 0 )  the 

init ial P status of the soil  was mea sured us ing the Olsen test . 

Although P levels for most o f  the paddocks were approximately the same 

( 2 0  �g g- 1 soil ) for camps ites a few paddocks had dist inctly highe r  

amount s of Olsen-ext ract able P ( 3 8  �g g- l soil ) ( Table 3 . 3 ) . To avoid 

confounding resul t s  at realistic P fert i l iser rates , the highest rates 

of fert i liser treatment were a s s igned to the paddocks which a l ready 

had a high P status . This influenced subsequent inte rpretation o f  

some result s .  
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Table 3 . 2 E f fe c t  o f  s l ope and rate o f  P fert iliser addit ion 

( kg h a- 1 ) on P-sorpt ion c apacities ( % )  in the f irst 

yea r o f  the t rial . Data presented a re f rom the f i ve 

intens ive ly sampled paddocks ( 0 -7 cm) . 

Rate: of P fertiliser addit ion 
( kg ha- 1 ) 

1 0  2 0  3 0  s o  1 0 0  

S lope Depth ( cm) 

1 1 -2 0 ° 0 - 7 52  9 0  NA 7 5  7 7  

3 1 - 4 0 ° 0 - 7 5 7  5 6  NA 6 9  4 9  

NA da ta not ava i l able 
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Table 3 . 3  E f fect o f  s l ope , depth and rate o f  P fert iliser 

addit ion ( kg ha - 1 ) on init ial Olsen P values . Data 

pre sented are from the f ive intens ively s ampled 

paddocks . 

Rate o f  P fertil iser addit ion 
( kg ha - 1 ) 

1 0  2 0  3 0  5 0  1 0 0  

Slope Depth (cm) 

0 - 1 0 ° 0 - 3  2 0  2 0  NA 2 1  3 8  
3-7  15  14  NA 1 6  3 3  

1 1-2 0 ° 0 - 3  1 8  1 7  NA 1 7 2 8  
3 - 7  9 8 NA 8 1 8  

3 1 - 4 0 ° 0 - 3 1 6  1 5  NA 1 3  1 9  
3- 7 9 8 NA 7 1 1  

NA data not ava ilable 
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3 . 3 . 4  Olsen-extractable P 

olsen P values increa sed on camps ites at a l l  but the lowest rate of 

fert i liser P addit ion , and on a l l  s lope s at high rates of  fert il iser P 

addition during the trial ( F ig . 3 . 2 ) . On campsites at high ( 5 0  and 

1 0 0  kg ha - 1 ) rate s  o f  P fert iliser addit ion most of  the increase 

occurred a fter the first app lication of fertiliser,  whe reas on steeper 

s lopes the increase occurred gradually ove r time . The ef fect of  

fert i liser on Olsen P became s ign ificant ( P < 0 . 0 1 )  in  the 0 - 3 cm depth 

after two years of di fferent ial fertil iser application . After three 

years of di fferent ial fert iliser application the ef fect of ferti liser 

was also s ign ificant at depth ( 3 -7 and 7 - 1 5  cm; P<O . O S )  ( F ig .  3 . 3 ) . 

As rout ine soil  testing i s  norma lly carried out on soil ta ken from 

0 -7 . 5  cm depth ,  it is clear that any e f fect on soil P of  changing P 

fert iliser addit ions will probably not become appa rent unt il at lea st 

two years have elapsed . 

At low to  medium rates o f  fert i liser P addition ( 1 0 ,  2 0  and 3 0  kg 

ha- 1 ) there was little change in Olsen P on campsites , except in the 

2 0  kg ha - 1 P paddoc k  in 1 9 8 4 .  Re-analys i s  of soil  s amples indicated 

that the large increase in this paddoc k  was rea l  and not due to  

laborato ry e rror . I t  i s  pos s ible that t he la rge increase is a 

combination o f  two factors . In  this paddock,  campsites occupy only a 

sma l l  a rea ( 9 % )  which means that return o f  faeces to  this a rea is 

intense,  leading to pre fe rential enrichment of the s o i l  beneath . A 

second factor is t hat in 1 9 8 4  soil  s amples were ground and s ieved 

mechanically, whereas s amples had been s ieved by hand in a l l  previous 

years . Hand s ieving enables remova l  o f  faecal material and 
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undisso lved fert i liser part icles during the proces s ;  machine grinding 

does not . It  is poss ible therefore that some faecal material was 

inc luded in the sample f rom the 2 0  kg ha- l P paddock . Howeve r,  

although this  could explain the increase in the surface soil  ( 0 -3 cm) 

it does not explain the increase in P in the 3 -7 and 7 - 1 5  cm depths . 

On ea sy- and steep-slope s at low ( 1 0  kg ha - 1 ) and medium ( 2 0  and 3 0  kg 

ha - 1 ) rates of fert i liser P a decrease in Olsen P was noticed over the 

pe riod of the trial . This suggests that , in the cycl ing P pool ,  P 

losses we re exceeding P gains re sult ing in depletion of  the s o i l  P 

poo ls . 

The e f fect o f  s l ope on Olsen P was significant ( P < 0 . 0 1 )  in a l l  years 

of the t rial at a l l  dept hs , inc luding the year be fore dif ferent ial 

rates of fert i liser were applied, which indicates that there a re 

inhe rent dif ferences in Olsen P values between s lopes . These inhe rent 

differences re flect , in part , the fact that the paddocks had been 

grazed by sheep for many years before the trial commenced . Camps ites 

had the highe st levels of  Olsen-ext ractable P within each fert i liser P 

rate and contained s ignif icantly more P than easy-s lopes which, in 

turn, had sl ight ly higher Olsen P values than steep-s lopes . 

During the period of  the trial it was noticeable that Olsen P 

increased more on steep-s lopes than on easy-s lopes at high rates o f  

fert iliser P addit ion . At low rates of  fert iliser P addi t ion, Olsen P 

decreased less on steep-s lopes than on easy-s lope s . Those changes are 

in part a ref lection o f  the balance between plant P uptake and faecal 

P return which will be dis cussed in full in chapter 5 .  
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During 1 9 8 2  and 1 9 8 3  there wa s a s light dec rease i n  Olsen P values on 

a l l  s lopes and at a l l  depths in the 1 0 ,  2 0  and 30 kg ha - 1  P rate 

paddocks . The decrease was most not iceable on intermediate s l opes and 

at 0 - 3  cm depths , part icularly in 1 9 8 3 . This t rend was not observed 

in other soil P f ract ions and could not be expla ined by laborat ory 

error or by unusual weathe r condit ions . 

The leve ls o f  Olsen P discussed previous ly in this section have been 

expressed as �g g- 1 soil and therefore ,  the compa rison between s lopes 

and rates are confounded by topography and soil  bu lk dens ity . That 

i s ,  because of the camping behaviour of sheep , the increase in some P 

fractions may depend on the area occupied by the s l ope under 

con s ideration in a part icular paddock and the bulk dens ity of the soil 

from that s lope . Bulk densit ies were measured by MAF research staff  

on repre sentat ive soil  from two s ites ( 0 -3 ,  3 -7 cm and 7 - 15  cm depths ) 

in the trial ( T able 3 . 4 ) . S ince the soils  di ffered in the ir 

respective volcanic ash content , P -sorpt ion capacities measured at 

these s ites were used to derive a s imple re lat ionship between 

P -sorption capac ity and bulk density at two depths . This relat ionship 

was then used to predict bul k  dens ities on other areas within t he 

t rial us ing data f rom Table 3 . 2 .  As bulk den s i t ies were not mea sured 

direct ly, only general t rends in result s will be discus sed . T o  obtain 

more informat ion on the increase in Olsen P in each paddock with time , 

the change between 1 9 8 2  and 1 9 8 4  in Olsen P values for each s l ope 

within each paddoc k  was ca lculated, c orrected f o r  bulk dens ity and 

area and summed to give an overall change in P ( kg ha- 1 ) for t hat 

paddoc k . The met hod involve s  s ubt racti on o f  large numbers t o  reveal 
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Bulk density at three soil dept hs f o r  two main s o i l  

components within the trial . Data presented a re the 

ave rage o f  results from North and South aspect s . 

Depth ( cm) 

Soil Type 

Ye llow-brown loam 

0 -3 

0 . 5 6 

0 . 6 4 

3 -7 

0 . 5 8 

0 . 9 0 

7 - 1 5  

0 . 7 9  

0 . 9 7 Ye l low-brown earth 
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comparat ive ly sma l l  differences and i s ,  therefore,  prone to 

variability . Furthermore ,  the di fferences be ing ident i f ied have 

occurred during a two-year period which is a comparat ively short time 

in terms not only o f  pasture development , but also o f  the sensit ivity 

of the Olsen P test . 

Despite this inhe rent variabi lity, trends in the data we re obvious 

( Fig . 3 . 4 ) . At low rates of fertiliser P addit ion a decrease in Olsen 

P was appa rent , whereas at high rates there was an increa se . I t  is 

interest ing to note that on a per paddock bas i s  the increase in Olsen 

P at the highest rate ·o f ·p addit ion wa s only 0 .  8 kg ha - 1 each year,  

which is les s  than 1%  of that fert iliser P added . 

3 . 3 . 5  Wat e r-ext ractable P 

Between 1 9 8 1  and 1 9 8 4 ,  water-ext ractable P inc reased on camps ites at 

all  rates of fert i liser addition and on easy- and steep-s lopes at the 

highest rate of fertiliser ( F ig . 3 . 5 ) . The re was a dec rease in P on 

the easy�s lopes in the 10 and 2 0  kg ha- 1  paddocks and on the steep­

s lope in the 1 0  kg ha -
1 paddocks . These results tend to sugges t  that 

at low rates of P fertiliser,  insufficient P was being applied to meet 

P losses and so water-extractable P was being depleted . The pattern 

was s imilar at depth ( Fig . 3 . 6 ) but the e ffect was less  ma rked . 

The e ffect s of fert iliser rate and. s lope on wate r  ext ractable P were 

s ignificant ( P < 0 . 0 1 )  in each yea r  of the trial . In general ,  P levels 

at h igh rate s  of fertiliser exceeded those at low rates and, within a 
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fert iliser rat e ,  campsite P levels exceeded those o f  easy-s lopes which 

in turn were highe r than steep-s lope P leve l s . 

The increase on camps ites was a result o f  P t ransfer, as  discussed in 

sect ion 3 . 3 . 4 .  The fact that the increase on steep- s lopes exceeded 

that on easy-s lope s ,  particularly at high rates of fert iliser P ,  wa s 

probably a funct ion o f  lower soil moistures on steep- than ea s y-s lopes 

(Gill ingham and Bircham, 1 9 8 5 ) , low P -demanding species growing on 

these steep-s lope s ,  and poor ut i lisat ion o f  the pasture by anima l s  

(Gillingham and During, 1 9 7 3 ) . With l ittle uptake from the soil,  

soluble P in  applied fert iliser would be expected to accumulate , 

part icularly at high leve l s  of appl icat ion . 

Except ions to these gene ral trends occu rred on the camps ites in the 1 0  

and 3 0  kg ha - 1 paddocks . Re -ana lysis indicated that these except ions 

we re rea l ,  but it is thought that the la rge increases appa rent in 1 9 8 4  

may have been part o f  the gene ral variability seen i n  this year a s  

discussed i n  the previous section . 

In the 1 0  kg ha- 1 paddock,  the l a rge increase seen in 1 9 8 2 i s  l ikely 

to have been a result of P t rans fer t o  an area not previously used as  

a camp s ite . Subdivision fencing o f  the t rial a rea in 1 9 8 0  of 

previously large paddocks meant that some of the new sma l l  paddocks , 

including the 1 0  kg ha- 1  P paddock,  did not contain established 

camps ites . The return o f  large amounts o f  faeces to the newly 

des ignated campsites would have meant a readjustment of the 

equil ibrium between mine ra l i s at ion and immobilis at ion, and an increase 

in water-ext ractable P .  
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High leve l s  o f  water-ext ract able P were measured o n  the camps ite in 

the 50 kg ha - 1 rate paddock in 1 9 8 2  and 1 9 8 4 . These h igh levels were 

also obt a ined at depth,  but were not present on easy- or steep-s lopes . 

At the 0 -3 cm depth ,  the level o f  water-ext ractable P was almost equal 

to that o f  Olsen -ext ractable P .  

Olsen-ext ractable P inc ludes water-ext ractable P and, a lthough both 

provide an estimate o f  plant -ava ilable P, that removed by water 

extract ion is li kely to be more readi ly ava ilable than P removed by 

the Olsen ext ract ion . The fact that in 1 9 82  and 1 9 8 4  the water-

ext ractable P accounted for nearly a l l  the Olsen P indicates that in 

those years most of the "plant -ava i lable" P in the soil  wa s in the 

readily-ava ilable form .  

I n  1 9 8 2 this may have been due t o  a dry Janua ry (Appendix I I ) . The 

soil in the 3 0  kg ha - 1  P rate paddock has a st ronge r yellow-brown 

earth c omponent and less ash influence than the other paddocks , as  

ment ioned in section 3 . 3 . 2 .  This means that the area has  a lower 

available moisture level and is the refore more drought prone than 

s ites with a larger volcanic ash influence (Gillingham et al . ,  1 9 8 4a ) . 

A dry Janua ry would mean a restrict ion o f  plant growth and o f  P 

uptake , and a consequent increase in soil solution P .  A s imilar 

increase in P levels during dry condit ions has been measured by Sorn­

s rivichai ( 1 9 8 5 )  . The phenomenon has been explained by Larsen ( 1 9 6 7 )  

and Wi lson ( 1 9 6 8 )  who cons idered that t he readily-available sources o f  

P were depleted during periods o f  rapid growth and then restored f rom 

s lowly-available sources during subsequent periods o f  s low growt h . 
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The high water-ext ractable P level i n  1 9 8 4  is part o f  the va riability 

shown in the data for that entire year . As discus sed in the preceding 

sect ion the fluctuation may be linked to the dif ferent prepa rat ion 

technique used . 

At the highest rate of  fert iliser P it i s  inte rest ing t o  note that 

wate r-extractable P leve ls on the steep-s lopes e xceed those on easy­

s lopes in a l l  years o f  the t rial . This indicates t hat mo re water­

ext ractable P was being added to the steep-slope soil  in fert iliser 

than could be used by pasture due to  other limit at ions t o  plant 

growt h ,  such as  low mo isture and nit rogen status . This occu rred 

despite the fact that addit ion of faecal P is minima l on steep-slopes 

and that litter return ( % )  was cons idered to be s imilar on a ll s lopes 

(Gillingham, 1 9 8 0 a )  . 

3 . 3 . 6  Total,  inorganic and organic P 

With one except ion, total P increased a t  all  fert il i se r  rates on all 

s lopes during the four years of  the trial ( Fig . 3 . 7 ) . The exception 

was at the lowest rate of fertiliser P on the steep-s l ope , where there 

was little change . 

As explained in section 3 . 2 . 5 no statistical evaluation o f  this dat a  

was pos s ible because t h e  la rge number o f  s amples made it necessary to 

bulk t hem prior t o  analys i s . However ,  after t wo years o f  dif fe rent ial 

fertiliser P app l ication it was clear (Fig . 3 . 7 )  that increas ing rate 
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of  fert iliser P addit ion was a s sociated with an increase i n  total P .  

This trend was interrupted in 1 9 8 4  ( a fter four years o f  different ial P 

fert iliser addit ion ) due to a very large increase in total P in the 2 0  

kg ha- 1 P paddock . This increase may have been an artefact connected 

with machine grinding, as  discus sed in sect ion 3 . 3 . 4 .  

Easy- and steep-s lope s showed s imilar trends in total P as  those shown 

in campsites . However, a lthough the actual increases we re s imilar,  

the yearly fluctuations we re not as  marked . Tot a l  P on camps ites 

exceeded that on steepe r s lopes and, in all but t he 10 kg ha - 1  p 

paddock,  easy-s lope soils conta ined mo r e  than steep-s lope soils . The 

comparat ive ly high P status of the steep-s lope in the 1 0  kg ha - 1 P 

paddoc k  was inhe rited at the beginning of the tria l . 

Inorganic P fol lowed the same pattern as  that o f  total P and wa s ,  in 

fact , responsible for mos t  of the increase in total P with increas ing 

rate of fertiliser P addition . Thus the increase in P I was greater at 

high rates of  fertiliser P than low ( F ig .  3 . 8 ) . S imilar increases in 

P I rather than P0 with increas ing rate of fertiliser have been noted 

by other workers ( e . g . , S impson et a l . ,  1 9 7 4 ;  Quin and Rickard, 

1 9 8 3 )  . 

Organic P showed a small increase with t ime ( Fig . 3 . 9 ) but was not 

greatly affected by rate of  fert iliser addition . The e ffect of  slope 

was apparent in that , for a given P fert iliser rate , P levels were 

higher on camps ites than on easy-slopes , which in turn , were h igher 

than on steep-s lopes . Also , f luctuations between years and fert il iser 

rates were more not iceable on c ampsites than on other s lope s ,  which 
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was probably related t o  faecal P return . As st ated earlier,  on easy­

and st eep-s lope s there wa s no effect o f  P fert i l iser,  but on 

campsites , the amount o f  P0 appeared to be inve rsely re lated to P 

ferti l iser rate du ring the later years o f  the trial . This may have 

been due to enhanced mine ralisat ion brought about by the greater 

inf lux o f  nutrient s to  the camp areas . The large inc rease in camps ite 

P levels on the 2 0  kg ha -l P paddock is probably a re f lect ion of the 

very sma l l  area o f  camps ites in the paddock,  as  explained in sect ion 

3 .  3 .  4 .  

Calculation o f  the e f fect o f  adding 1 0 0  kg ha - 1 o f  P to the 0 -3  cm 

depth ( i . e . ,  adjus ted for bulk dens ity) in the approp riate paddock 

indicates that an increase in P of 562 �g g- 1 soil might be expected . 

Ove r a four year period that would be an increase in P o f  2 2 4 8  �g g-
1 

soil . S imi larly the addit ion of 1 0  kg ha - 1 P in the re levant paddock 

would be expected to cause an increase in P o f  5 1 . 3  �g g- l soil , which 

would amount to 2 0 5  �g g- 1 soil over a four year period . All these 

increases are suff ic ient ly large to be measured . 

When average annual changes in total,  P I 
and P0 were calculated in 

terms of kg ha- 1 of P in each paddock ( i . e . ,  corrected for topography 

and bulk density as described in section 3 . 3 . 4 ) for the period of the 

trial it could be seen c learly (Fig . 3 . 1 0 )  that on a per paddock basis 

all three soil P pools increased with increas ing fertiliser rate . The 

effect on P0 was s l ight ,  but there appeared to be a direct 

relationship between increase in fert i liser P addition and increase in 

P
I . The overall e f fect on total P was a pos it ive relationship between 

increa sing fertiliser rate and increase in total P .  
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A comparison o f  the measured change in tot a l  P and ca lculated change 

showed that only a third of the expected increase in P occurred in the 

i o  kg ha - 1 paddock and only a sixth o f  the expected increase occurred 

in the 1 0 0  kg ha - 1 P paddock . 

3 . 3 . 7  Inorganic P fractionat ion 

3 . 3 . 7 . 1  Eas ily-soluble P 

Eas ily-soluble P did not exceed 4 �g g- 1 soil even after four years of 

exceedingly high rates of fert iliser P appl icat ion . Although there 

wa s a s light increase in easily-so luble P with increa s ing fert i l iser P 

rate and a dec rease with increas ing slope and depth , changes were 

ext reme ly small . 

3 . 3 . 7 . 2  Non-occluded P 

Non-occ luded P fo rmed the greatest propo rt ion of  P I in the soils . In 

each paddock ,  levels of  this form o f  P were highest on campsites and 

lowest on steep-s lopes ( Fig . 3 . 1 1 ) . Exceptions to this general t rend 

occurred in the 10 kg ha- 1 P fertiliser addit ion paddock where levels 

of  non-occluded P on steep-s lopes exceeded those on easy-s lopes in 

1 9 8 4  and both campsites and easy-s lopes in 1 9 8 2 . 

Non-occ luded P increased more at high rates of fert iliser P than at 

low rates , and was highest at the highest rate o f  fertiliser P 

addition on all s lopes . Non-occluded P was lowest at t he lowest 
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fert i liser P rate o n  campsites and easy-slopes ; the comparat ively high 

- 1 leve l o f  non-occluded P on the steep-s lope s in the 10  kg ha P 

paddock wa s inherited at the beginning o f  the t rial,  as  has been 

di scus sed in sect ion 3 . 3 . 6 .  

Examinat ion of the change in non -occ luded P (�g g- 1  s o i l )  between 1 9 82  

and 1 9 8 4  on  each s lope at each fert i liser rate ( F ig . 3 . 12 )  revealed 

that camps ite non-occluded P accumulated at low levels o f  fertiliser P 

addit ion . This was probably a re sult o f  P t ransfer in faeces . The 

la rge increase in campsite non-occ luded P in the 2 0  kg ha - 1 P paddock 

re flects intense faecal P return as discus sed throughout this chapte r .  

Although non-occ luded P did not increase on camps ites at high rates of 

fertiliser,  it did increase on easy-s lopes . This dif fe rence is  

bel ieved to be a consequence o f  ( a )  production potent ial being 

approached on camps ites and a near steady-state be ing reached ( i . e . ,  

at high leve ls o f  fertiliser P addit ion , high dry matter yield results 

in a high stocking rate and high returns of nitrogen in urine . On 

camps ites this means that fert iliser P can be utilised more 

efficiently than on areas where nitrogen is more limit ing) and ( b )  

enhanced product ion o n  easy-s lopes leading to increased grazing 

utilisat ion and faecal return on these a rea s . 

Calculat ion o f  the average annua l change in non-occluded P on a per 

paddock bas i s  ( 0 - 1 5  cm) ( Fig . 3 . 1 3 )  showed that this fraction 

decreased s light ly at low ( 1 0 kg ha- 1 ) to medium ( 2 0  and 30 kg ha-1 ) 

rates o f  P fert iliser, but increased markedly at the highest rate of P 

fertiliser addit ion . As the adsorbed and surface-precipitated P 
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compounds as sociated with i ron and a luminium {making up the non­

occ luded P f ract ion ) are cons idered to be sources of plant -ava i lable p 

in the weakly weathe red soils of New Zealand {Grigg, 1 9 6 8 ) , the 

changes seen { F ig .  3 . 1 3 )  indicate an overall dec rease in p lant ­

ava ilab le P at low and medium leve l s  o f  P ferti liser addit ion , and an 

increase in plant -ava ilable P at high leve l s . 

3 . 3 . 7 . 3  Occluded P 

As with other P fract ions , occ luded P wa s highe st on camps ites { Fig . 

3 . 1 4 ) . In  this f ract ion the re was ,  howeve r,  ve ry little change with 

either t ime or fert iliser rate . Occ luded P comprises P occ luded in 

iron oxides in a form bel ieved to be s imi lar to that of P in soil  

concret ions { Bauwin and Tyne r,  1 9 5 7 ) . Whe reas soil  conc ret ions tend 

to be dis c rete particles , occ luded-P compounds occur in the colloida l 

fract ion , either in mic ro-conc ret ions or  in surface coat ings on 

weathered s i licate s . Thus the amount o f  occluded P would not be 

expected to change ve ry much on a yearly bas is , unless the re was 

inadvertent grinding of soil  concret ions , leading to increased 

ext ractab i l ity o f  P conta ined within . 

On a pe r paddock bas i s  { Fig . 3 . 1 3 )  the ave rage annual change { 0 - 1 5  cm 

depth )  in  occluded P ,  which tended to increase with increas ing rate o f  

P fert i liser and which w a s  particularly apparent a t  t h e  highe s t  rate 

of P fert i l iser addit ion, was probably an artefact of the analys is 

technique . In the fract ionat ion scheme used ( sect ion 3 . 2 . 4 . 6 ) t he 

step removing occluded P was not buffered . This means that there was 
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the pos s ibility of  dis so lution of  some calcium-bound P i n  the 

unbuffered c itrate -dithionite reagent (Mehra and Jackson,  1 9 6 0 )  during 

ext raction . 

3 . 3 . 7 . 4  Calcium-bound P 

The resu lts were high ly va riable . Calc ium-bound P tended to be 

highest on camps ites and lowest on steep-slopes ( Fig . 3 . 1 5 ) . After 

two years of  di fferent ial fertiliser P applicat ion a ma rked increase 

in this fraction was apparent at high rates of P fert i liser addition 

on a l l  s l opes ( F ig . 3 . 1 6 ) . Only on steep-s lopes was there a 

con s istent pat tern o f  inc reas ing calcium-bound P with inc reas ing rate 

of fert iliser P addit ion . Va riability was not removed by cons ide ring 

the change in occ luded P and calc ium bound P together ( F ig . 3 . 1 7 ) . In 

fact , because of the ve ry large . decrease in occ luded P in the 30 kg 

ha- 1  P paddock variability appeared to be increased . 

Reanalysis o f  1 9 8 2  s amples did not change the results and it was clear 

that occluded P leve l s  in the 3 0  kg ha- 1 P paddock were cons ide rably 

higher than for othe r paddocks in the same yea r  or for the 30 kg ha- 1  

P paddoc k  in subsequent yea rs . 

This means that the potent ial for variabilit y  in results i s  

intens i f ied as ca lculation of the dif ference between t w o  level s  

involves two sets o f  ana lyses ( in this case those in 1 9 8 2  and 1 9 8 4 )  . 

Thus the s igni ficance o f  any e rror in the first o r  s econd measurement 

will be increased s imply because the "difference" being examined tends 
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to be o f  a sma l le r  amount than either o f  the t wo measurements f rom 

which the diffe rence is calculated . 

1 1 0  

Notwithstanding this problem, it can be seen ( Fig . 3 . 1 7 )  that whereas 

p increased on camps ites at low levels o f  P, there was an increase on 

easy-s lopes at high levels of P .  This ref lects changes that occurred 

in the non-occluded P fract ion , discus sed in sect ion 3 . 3 . 7 . 2 .  

The gene ral t rend for calc ium-bound P (with or without the addition of  

occluded P )  to  increase on all s lopes at high rates of fert i l iser 

tends to sugge st that this fraction is not playing a la rge role in 

cycl ing and so is accumulat ing at high rates of P addit ion . A simi lar 

accumulation o f  calcium-bound P at high rates of P addit ion was 

measured in a f lat- land trial ( Rickard and Quin, 1 9 8 1 )  . Howeve r,  as P 

tran s fe r  via faecal material was not a factor mea sured within their 

tria l ,  Rickard and Quin ( 1 9 8 1 )  were unable to determine whethe r the 

calcium-bound P was accumulat ing before or after ente ring the P cycle . 

The average annual change in calcium-bound P on a per paddock basis 

( 0 - 1 5  cm) increased with increas ing fertiliser rate ( Fig . 3 . 1 3 ) . The 

level s  of calc i um-bound P presented a re minimum estimates due to the 

possibility o f  dis s o lution o f  calc ium-bound P in the c it rate­

dithionite extract ion . 

If the calc ium-bound P and occluded P f ractions a re added ( a s s uming 

that both f ractions a re unavailable to plants in the medium to long 

term)  then it can be seen ( Fig . 3 . 1 3 )  that at the h ighes t  rate o f  

fert iliser twice a s  much P became available ( i . e . ,  w a s  measured i n  the 
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non-occ luded P poo l )  than became unavailable ( i . e . ,  was measured in 

the calcium-bound and occluded P fractions ) . In the 5 0  kg ha - l P 

paddock ha lf  as much became available as unava ilable . At lower rates 

of fertiliser the decrease in avai lable P was s l ight ly less than the 

increase in unava ilable P .  

However,  at mode rate rates o f  fertiliser P addition ( up to at least 3 0  

kg ha- 1 ) the applied P does not appear t o  be caus ing an increase in 

the plant -ava ilable P poo l  when the soil pro file to root depth ( 0 - 1 5  

cm) i s  cons idered . This indicates that P losses from the paddock as a 

whole are exceeding gains in available P in the 0 - 15  cm depth . 

3 . 3 . 8  F inal P s t atus 

Us ing data from a l l  twenty paddocks col lected in the f inal year o f  the 

tria l ,  a stat istical ana lys is was carried out for all  P f ract ions . 

After four years o f  different ial fert iliser P addit ion, inc reases in 

P I were s igni ficant ly related to an increase in fert i liser P rate 

(P<O . O l ;  Fig . 3 . 1 8 ) . In cont rast,  P0 did not increase with increasing 

rate of fert iliser P ( Fig . 3 . 1 9 ) . For a given rate of fert iliser P ,  

P I and P0 o n  campsites was s ignificant ly higher than o n  steeper
' '

s lopes 

(P<O . O l ) . 

Fract ionat ion of  P I showed that most o f  the increase in P I with 

ferti liser P was due to the non-occluded P fraction ( Fig . 3 . 2 0 )  and 

calcium-bound P f ract ion ( Fig . 3 . 2 1 ) , with only a small cont ribution 
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from occluded-P ( F ig . 3 . 2 2 ) . For a l l  three f ract ions the 

concent rat ions in the camps ite soils we re s igni f icantly (P<O . O l )  

higher than in soils f rom steepe r s lopes . 
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It i s  interest ing to note that the difference between campsites and 

steepe r s lopes wa s much greater for the non-occluded P fract ions than 

it was in e ither of the other two f raction s ,  part icularly for calc ium­

bound P .  This sugge sts that the non-occluded P f raction was playing a 

more act ive ro le in P cyc ling as sociated with nut rient trans fer from 

steepe r s lopes ont o camps ites . 

3 . 4  CONCLUS IONS 

Afte r three years of di f fe rent ial fertiliser P addition, total P was 

higher at high rates of fert i liser P than it was at low rates of  

fertiliser P .  This was the result of  an increase in the P I f ract ion 

rather than the P0 f raction . Organic P accumulation was greatest at 

low rates of P addit ion . This is presumably due t o  an increase in 

mineralisat ion rate and organic matter turnove r rate under the higher 

ferti lity condit ions induced by high rates of P addition . For both P I 

and P0 fract ion s ,  P levels we re s ignificantly h ighe r in campsite soils 

than soils f rom s teep- s lope s . This corrobo rate s  f indings by 

Gill ingham ( 1 9 7 8 ) on a s imil a r  hill -count ry s ite . 

Fract ionation o f  the s o i l  P I showed that non-occ luded P ,  calcium-bound 

P and, to a lesser extent , occ luded P, increased with increas ing 

fert i liser P rate . The increase in occ luded P may, howeve r, have been 

an a rtefact induced by an unbuffered cit rate-dithionite ext ract ion . 
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Non-occ luded P was the largest P I f raction and was markedly higher on 

campsites than on steeper s lopes . This suggests that this f raction is 

invo lved in act ive P cyc ling and P trans fer,  and provides f ield 

evidence to suppo rt Grigg ( 1 9 6 8 )  who concluded that non-occluded P 

(compris ing aluminium-P and iron-P ) is likely to be the plant ­

available form in the weakly weathered soils of  New Zealand . 

In cont ras t ,  the amount o f  calcium-bound P was more a f fected by 

fert iliser P rate than by s lope , which suggests that this f ract ion is 

les s act ive l y  invo lved in P cycling and is accumulat ing either as an 

insoluble res idue f rom fert iliser or a s  a stable react ion product 

after the addit ion of supe rphosphate . 

The soil type and environment al condit ions of  the present t rial are 

cons idered to be conducive to the dis s o lut ion of  phosphate rock (McKay 

et a l . ,  1 9 8 6 ;  Quin et al . ,  1 9 8 7 )  and are not , therefore , likely to 

favour the format ion of calc ium-bound P as a react ion product of  

superphosphate . Thus it seems like ly that calc ium-bound P is 

accumulat ing in the soil as an insoluble res idue . 

Inve s t igat ions into the changes in P f ract ions during a period o f  two 

yea rs confirmed the above result s . Cont inuing P application, whethe r 

by chemical fert iliser or anima l and plant returns , appears t o  have a 

ma j o r  e ffect on two P I fractions non-occluded P and calc ium-bound P ,  

with the larger increase occurring in the non-occluded P pool . Once 

again , calcium-bound P increased more evenly acro s s  a l l  s lopes , 

suggest ing that this form o f  P was not ente ring the cycling pool . 

These f indings have implications t o  the quality o f  s uperphosphate as  
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i t  would appear that less soluble calc ium-P compounds a re unlikely t o  

become plant available i n  the short or  medium term as  long a s  soluble 

fert i liser P addit ions are maint a ined . Although this fract ion could 

act as  a long term rese rve of P ,  it is  likely that there would be 

little change in it unt i l  othe r ,  more ava ilable P fractions we re 

depleted . Thus the P in any unreacted roc k  phosphate in 

superphosphate is  unlikely to become plant avai lable and is  not 

cons ide red to be "effect ive " . Superphosphate of poor quality 

cont a ining unreacted rock phosphate will have a sma ller " e f fective "  P 

content than high qua lity supe rphosphate though the total P content of 

the two fert i l isers may be the same . 

During the pe riod of this tria l ,  year to year variation in mean Olsen 

P leve l s  for a range of s lopes and rates o f  P fert i liser was marked . 

This va riation occurred despite the fact that sampling was carried out 

in a careful manner and that many replicates we re inc luded within the 

tria l . Thus it was not poss ible to te l l ,  at least ove r  a four year 

period, which , i f  any,  of the s lopes fert i l i sed at di fferent rates of 

P we re at equ i l ibrium .  This is impo rt ant because a prerequisite for 

dete rmining whether ma intenance condit ions exist in the Ministry of  

Agriculture and Fisheries ' Compute rised Fert i liser Advisory Scheme 

model i s  that the graz ing system be at equilibrium f rom yea r  to yea r  

as def ined b y  an unchanging Olsen P test . 

Furthe rmore , results from the present t rial indicated t hat t he e ffect 

of changing the rate of P fert iliser addition would probably not 

become s ignificant in the 0 -7 . 5  cm sampling depth unt i l  after t wo to 

three years of the new fert i l iser regime had passed . This has direct 
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imp lications to the application o f  the modifying factor within the 

CFAS model ,  used to calculate short term P requi rement s .  Whereas the 

modifying factor is relat ively sensit ive to changes in Olsen P ,  the 

latter is not a sensit ive measure o f  s o i l  P .  

Notwiths tanding the problem of year to yea r  va riation in the 

def init ion of equilibrium, results f rom the present t rial showed 

c learly that Olsen P values increased on s lopes at high rates of P 

fert iliser addit ion ( 5 0  and 1 0 0  kg ha- l ) and dec reased on easy- and 

steep-s lopes at medium and low rates of P fert iliser addition . On a 

per paddock bas i s  ( 0 - 1 5 cm depth )  Olsen P decreased s l ightly each year 

at  low rates o f  P fert iliser addit ion , but increased at high rates . 

These results indicated that the amount o f  P fertiliser requi red for 

ma intenance or equil ibrium of Olsen P was probably a round 30 kg ha - l 

at a stocking rate o f  nineteen . 

Having quant if ied the ma j o r  "below-ground" components of the P cycle 

and hypothes ised which of these components may be involved in act ive P 

cycling it is clear that further work invest igat ing the relat ionship 

between these soil  f ract ions and plant growth is required to dete rmine 

which soil  P f raction or f ractions is mos t  a f fected by plant P uptake . 

Thi s  would give information on the agronomic implicat ions o f  the 

changes in soil  P fractions observed in the present t rial . 
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CHAPTER 4 

P LANT AVAILABILITY OF P IN HILL-COUNTRY SOILS AS AFFECTED BY 

P FERTILISER ADDITION AND SLOPE 

INTRODUCTION 

12 1 

The inc reas ing cost of  on-ground fert il i sers coupled with lower 

product returns , has fo rced farmers to review their fert i l iser 

policies . In many cases the result has been a dra s t ic reduction in 

the amount of  fert i liser applied . Consequent ly, there is increas ing 

concern about the e f fect of withdrawa l of fert i liser on dry matter 

product ion and ava ilable soil P levels . 

Recent work in New Zealand by O' Connor et a l . ( 1 9 8 5 )  has shown that 

the e f fects of  withholding fertiliser on hill-count ry farms a re more 

immediate and severe than had been rea l ised previous ly . On soils with 

a moderate to low Olsen P value ( i . e . ,  < 1 5 )  and medium P retention 

( 5 0 % )  a 4 - 5 %  decline in pasture production was found in the first year 

without fert ilise r ;  i n  the second year the dec l ine was 2 0 -2 5 % . On 

soils with medium to high Olsen P values ( i . e . ,  > 1 5 )  and low to medium 

P retent ion there was no reduct ion in pasture production for two years 

after stopping fert i l iser and only a sma l l  reduct ion in the third 

yea r . From these results it was concluded that the e f fects of  

withholding fert i liser would be most not iceable on s o i l s  with low 

Olsen P value s ,  a high P retention and in the period of rapid growing 

condition s ,  i . e . ,  spring . The comment was made that the dec rease in 
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pasture produc t ion observed w a s  n o t  neces sarily accompanied b y  a 

dec rease in Olsen P .  The evidence suggested tha t ,  in the short term, 

Olsen P values did not re f lect accurately a dec line in ava ilable soil 

P s t atus as a result of stopping fert iliser applicat ion . 

The apparent insensit ivity of the Olsen P test is likely to be due to 

a combination o f  several factors . In common with most s o il-testing 

procedures the Olsen ext raction measures a varying proport ion of all 

the P compounds in the soil  which have e ither a high so lubility or 

high spec i f ic surface area ( Chang and Jackson,  1 9 5 7 ) , i . e . ,  it does 

not measure a s ingle chemical f ract ion of P .  Furthe rmore ,  a lthough 

Olsen P is a useful indicator for predict ing a po s s ible plant response 

to fert iliser P ,  it does not measure the total amount of plant ­

ava i lable P in the soil . Pe rhaps most impo rtant ly,  the Olsen P test 

is sub ject to sampling errors . These may assume disproport ionate 

importance re lat ive to the generally sma l l  s ize of the plant-ava ilable 

P pool measured by the Olsen extraction . Thus field va riabi l ity can 

render the detection of a s igni ficant change in Olsen value ext reme ly 

dif f icult . 

In the past there have been many attempts t o  characterise p lant ­

ava i lable P in soils  ( e . g . ,  Bowman et a l . ,  1 97 8 ;  Novai s  and Kamprath, 

1 97 8 ;  Adepoju e t  a l . ,  1 9 8 2 ) . Much o f  this work has been ca rried out 

in the glasshouse and laboratory ,  and mos t  studies have invo lved 

extract ing an a rbit rary f ract ion of P that correlated wel l  with plant 

response . Thus most o f  the studies have been concerned with 

predicting plant response t o  fert iliser P .  
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Bowman et al . ,  ( 1 9 7 8 )  conducted glas shouse trials on twenty-three 

high-P calcareous and neut ral soils from northern Colorado . P lant­

avai lable P wa s found to co rrelate wel l  with the amount s of 

exchangeable P,  resin-ext ractable P ,  Olsen P and Colwe l l  P in the pre­

cropped soil . S imi larly,  Adepo j u  et a l . ( 1 9 82 ) found that plant P 

uptake co rrelated we l l  with P ext racted by an anion-exchange resin,  

and by the Olsen reagent . 

In ne ithe r of these studies was any attempt made to invest igate the 

chemical fractions within the avai lable pool that we re being a f fected 

by plant P upt ake . In  contrast,  Novais and Karnprath ( 1 9 7 8 )  did 

invest iga te the changes in soil P fractions . They found that on 

weakly acid soils " a luminium-P "  (NH 4F-P ) and " iron-P " (NaOH-P ) were 

the ma in forms of P I a f fected by plant P uptake . The relat ive 

cont ribut ion of these two fract ions depend on soil type . Very little 

contribut ion to plant P uptake was made by calc ium-bound P .  This has 

been discus sed in more detail in sect ion 2 . 2 . 2 .  

In  Chapter 3 the e f fect o f  P t rans fer and fert i l iser P addit ion on the 

accumulat ion and deplet ion of soil P f ractions on different slopes in 

gra zed hill count ry was discussed . The t ria l produced a range of soil 

condit ions which va ried not only in P leve ls but also,  to some extent , 

in physical prope rt ies . In  this study the plant availability o f  the P 

fract ions measured in Chapter 3 ,  was a s sessed in an exhaust ive 

cropping study, carried out in the glas shouse . The measurement o f  

cumulat ive P uptake during t h e  t ri a l  enabled a direct comparison of 

the amount of P made ava ilable with t he depletion o f  the soil P 

fract ions measured . I n  this way it was cons idered that the e f fect of 
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P t ransfer and fert iliser P applicat ion on plant -availab le P could be 

evaluated more fully as results from this study would a l low further 

inte rpretat ion of results from Chapter 3 .  As we l l  as meas uring the 

ma in forms of soil P removed by c ropping, the e f fects of c ropping on 

extractable-P levels measured by common soil test ing procedures were 

determined . Thus the re lat ionships between changes in the ma in forms 

of s o i l  P and in water-ext ractable P and Olsen-ext ractable P could be 

invest igated . 

4 . 2  MATERIALS AND METHODS 

4 . 2 . 1  Soils 

Soil samples for the glas shouse study we re collected from three s lopes 

( camps ites , 0 - 1 0 ° ; easy, 1 1 - 12 ° ; steep, 3 1 - 4 0 ° ) in the paddocks in 

the ma j o r  trial des c ribed in section 3 . 2 . 1 .  

Topso i l  from a reas se lected according t o  Olsen P s tatus and P -sorpt ion 

capacity,  was excavated to a depth of 3 cm and the a rea beneath was 

excavated to a depth of 7 cm . This method o f  collection dif fered from 

that des cribed in the preceding chapte r  a s  large quant ities o f  soil 

were required . 

The paddocks had received dif fe rential  P fert iliser rates ( 1 0 ,  2 0 ,  3 0 ,  

5 0  o r  1 0 0  k g  ha- 1 ) f o r  four yea rs prior t o  sample collect ion . The 

samples were bulked on a depth bas i s ,  a i r-dried, and s ieved to pass 

through an 8 mm mesh . A portion o f  each soil was ground more finely 

(<2 mm) and was used subsequent ly to form a seed bed in the pots . 
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4 . 2 . 2 Soil  propert ies 

Phosphorus -sorpt ion capacit ies ( Saunders , 1 9 6 5 )  we re measured on soil 

samples before commenc ing the pot t ri a l . Measurement s o f  soil  pH , 

Olsen-ext ractable P (Olsen et  al . ,  1 9 5 4 ) , water-ext ractable P ( Sorn-

srivicha i ,  1 9 8 5 ) , total P ,  P 1 and P0 ( Walker and Adams , 1 9 5 8 ) , and 

non-occ luded P ,  occ luded P and calc ium-bound P ( Chang and Jackson , 

1 9 57 ) we re made before and a fter the pot tria l . All methods were as 

de sc ribed in section 3 . 2 . 4 .  

Soils we re prepa red for analys i s  after the t rial by air -drying , 

dividing each pot into qua rters , and s ieving a quarter of the soil to 

pass th rough a 2 mm or 0 . 1 52 mm mesh s ieve according to the analys is 

be ing performed . 

4 . 2 . 3  Glasshouse study 

The amount s o f  p lant -ava i lable P in the thirty samples o f  soil from 

the gra z ing trial were dete rmined in a glas shouse expe riment us ing an 

exhaust ive c ropping technique . P lant -uptake of P by plant tops was 

used in this study as a measure of plant -ava ilable P in the soil . The 

air dried soils ( 2 5 0  g; <8 mm) were hand packed int o pot s measuring 1 0  

x 1 0  x 9 cm . Fine r soil ( 5 0  g ;  <2 mm) of the appropriate type was 

spread on top to provide a seed bed; the total weight of soil  in each 

pot was 3 0 0  g .  F ive pots o f  each soil type ( four replicates plus one 

cont rol )  were prepa red . At this st age the soils were wate red to field 



1 2 6  

capacity . Perennial ryegrass ( Lolium perenne L . , Gras s lands "Nui'' ) 

wa s used as the test plant . Approximately thirty seeds we re sown pe r 

pot . 

A minus -P nut rient solution (Middleton and Toxopeus ,  1 9 7 3 )  was applied 

regularly . Ammonium nit rate in the nut rient solution was replaced by 

potass ium nit rate to reduce the acidity produced by nitrif icat ion of 

added ammonium-nit rogen . 

Moisture wa s ma inta ined at 9 0 %  field capacity by da ily ove rhead 

watering . Pots were completely randomised and we re repos it ioned each 

week to minimise any e f fects of uneven envi ronmental factors , such as 

light and temperature . 

Ten harvests were t aken at approximately five week intervals . P lants 

we re cut t o  a leve l  o f  1 0  mm above the soil surface . After drying at 

65° C for 2 4  h, the herbage wa s weighed and ana lysed for P by the 

method of Twine and Will iams ( 1 9 7 1 )  after a Kje ldahl-type digestion . 

One pot o f  each s o i l  received complete nut rient solut ion as a cont rol . 

I n  this way it was poss ible t o  determine whether or not the 

experimental pots were becoming P def ic ient and also whethe r there 

were any phys ical l imitat ions imposed by the different soils . 

The trial commenced in February 1 9 8 4  and was terminated in January 

1 9 8 5  after ten h a rvests had been tak�n . By this t ime the he rbage P 

concent ration f rom a l l  but two of the treatments had fallen below 0 . 2%  

( Table 4 . 1 ) . 
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S lope Depth 

0 - 1 0 ° 0 - 3  
3 -7 

1 1 - 2 0 ° 0 - 3 
3 - 7  

3 1 - 4 0 ° 0 - 3 
3 -7 

1 2 7  

E f fect of s lope , depth and rate of P fert iliser 

addition ( kg ha- 1 ) on  herbage P concent ration (�g g- 1 ) 

at harvest ten . 

( cm)  10  

1 6 4 9  
9 9 2 

1 0 2 9  
8 8 8  

9 5 7  
9 8 0  

Rate of P fert iliser addit ion 
( kg ha - 1 ) 

2 0  3 0  s o  1 0 0  

2 1 3 6  1 7 3 0  1 6 4 4  2 0 6 0  
1 1 4 8 1 1 6 0  1 1 4 2  1 6 2 6  

1 5 3 4  1 3 1 5  1 0 3 8  1 9 37  
7 4 6  9 1 9  9 0 2  1 2 7 8  

1 0 7 6  1 0 3 0  1 2 0 1  1 4 4 2  
7 7 3  9 5 6  9 7  8 9 1 5  
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4 . 3  RESULTS AND DISCUSS IONS 

4 . 3 . 1 Soil properties 

The effect of P fert iliser rate on soil P pools has been discussed in 

det a i l  in sect ion 3 . 3 .  Although the samples in this pot t rial were 

nece s s a rily collected in a di fferent manne r ( Sect ion 4 . 2 . 1 ) , trends in 

the results were s imilar . 

4 . 3 . 1 . 1 Phosphorus-sorption capacity 

Phospho rus -sorption capacities ( Table 4 . 2 )  tended to : 

( i )  

( i i )  

( i i i )  

be highest o n  easy-s lopes 

be lowest on steep-s lopes 

increase with depth . 

Between-paddock variat ion wa s lowest on steep-s lopes and highest on 

campsites . Most soil  P-sorption capacit ies fel l  into the medium range 

( Saunders , 1 9 6 5 )  . High P-sorpt ion capac itie s  indicated the presence 

of volcanic ash on campsites and easy-s lopes in the 2 0  kg ha- 1  P 

paddock and easy-s lopes in the 5 0  kg ha - 1  P paddock .  This influenced 

the interpretat ion of results f rom these soils . 
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Slope Depth 

0 - 1 0 ° 0 - 3  
3 -7 

1 1 -2 0 ° 0 -3 
3 - 7 

3 1 - 4 0° 0 - 3  
3 - 7  

12 9 

E f fect o f  s lope , dept h  and rate of P fert i l iser 

addit ion ( kg ha - 1 ) on  P -sorpt ion capac it ies { % )  o f  soil 

used in the glasshouse study . 

( cm) 1 0  

4 6  
4 9  

5 7  
5 9  

5 6  
6 4  

Rate o f  P fert iliser addit ion 
( kg ha - 1 ) 

2 0  3 0  s o  1 0 0  

7 9  s o  6 5  6 2  
8 7  55 6 5  7 0  

8 5  6 7  7 3  6 2  
9 2  7 0  7 6  7 0  

5 8  4 4  6 3 4 8  
6 1  4 9  6 7  5 3 
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4 . 3 . 1 . 2 pH . 

Initial pH va lues decreased with depth and with increas ing s lope but 

we re not a f fected by increas ing P fe rtiliser rate ( Table 4 . 3 ) .  In the 

ma j ority of treatments soil  acidity did not increase during the pot 

trial,  despite it s lengthy durat ion . 

4 . 3 . 1 . 3  Soil P fractions prior to the glasshouse trial 

All soil P fract ions decreased with depth and increas ing slope , and 

increa sed with increasing rate of P fert i liser addit ion . Differences 

between easy- and steep-slopes , particularly in the 3 -7 cm depth ,  were 

sma l l  at the lowe r rates of ferti liser ( Figs . 4 . 1  - 4 . 6 ) . 

The high leve ls o f  P in soils  from the camps ites and easy-s lopes ( 0 - 3 

cm depth )  from t he 2 0  kg ha - 1  P paddock a re thought to be a 

consequence of the very sma l l  area ( only 9 % )  occupied by camps ites in 

this paddock .  As explained in section 3 . 3 . 4  a sma l l  camps ite area 

implies intense faecal return to that area , with a consequent bui ld-up 

in P .  It is a l s o  l ikely that there is increased faecal return to 

adj acent easy-s lopes ( a  spil lover effect ) . 

The fact that the increase in P in the 2 0  kg ha-1 P paddock was only 

slightly apparent in the Olsen P fraction ( Fig . 4 . 1 ) and was not 

observed in results for water-ext ractable P ( Fig . 4 . 2 )  i s  thought to 

be a consequence o f  the higher P -sorption capac ity o f  the se soils  

( Table 4 . 2 ) . This is consistent with the results o f  Fox and Kamprath 



Table 4 . 3  

S l ope 

( a )  0 - 1 0 ° 

1 1 -2 0 ° 

3 1 - 4 0 ° 

(b )  0- 1 0° 

1 1 -2 0 ° 

3 1 - 4 0 ° 

1 3 1 

Ef fect of s lope , depth and rate of  P fert i liser 

addit ion ( kg ha -1 ) on pH measured before ( a )  and a fter 

( b )  the glas shouse study . Post st udy result s are the 

means of four replicates . 

Depth ( cm) 1 0  

0 - 3 5 . 6  
3 -7 5 . 4  
0 - 3 5 . 3  
3 -7 5 . 3 
0 - 3 5 . 2 
3 -7 5 . 2  

0 - 3 6 . 2 
3 -7 6 . 1  
0 - 3 6 . 0  
3 -7 5 . 3 
0 -3 5 . 6  
3 -7 5 . 5  

Rat e  of P fertiliser addition 
( kg ha- 1 ) 

2 0  3 0 5 0  1 0 0  

5 . 7  5 . 8  5 . 8  5 . 7  
5 . 3  5 . 4  5 . 5  5 . 3 
5 . 6  5 . 7  5 . 6  5 . 8  
5 . 4  5 . 5  5 . 5  5 . 5  
5 . 3 5 . 3 5 . 4  5 . 1  
5 . 4  5 . 3 5 . 4  5 . 0  

5 . 9  6 . 2  5 . 6  6 . 1  
5 . 4  5 . 9  5 . 6  5 . 9  
5 . 3 5 . 9  5 . 6  6 . 0  
5 . 3  5 . 7  5 . 5  6 . 1 

5 . 9  5 . 7  5 . 6  5 . 7 
5 . 4  5 . 6  5 . 3 5 . 7  
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( 1 9 7 0 )  who found that t o  reach a given level o f  solut ion P ,  larger 

quant ities o f  P would have to be added to soils with a high P - s o rption 

capacity than to soils  with a low P -sorption capacity . 

It is inte rest ing t o  note that the soil samples collected for the 

trial showed a dec rease in Po with increas ing depth and s lope , but no 

effect of fertiliser rate on P0 . Thus the increase in total P wa s a 

function o f  increas ing ino rganic P I , as di scussed in sect ion 3 . 3 . 6 .  

4 . 3 . 2  Dry matter yie�d 

At harvest ten , dry matter yield (DMY ) relat ive to cont rol pot s ( in 

which non -limit ing condit ions in terms of nut rient supply we re 

ma int ained) ( Table 4 . 4 ) ranged f rom 8 5 %  ( camps ite , 0 - 3 cm depth ,  1 0 0  kg 

ha- 1 ) to 1 1 %  (easy-s lope , 3 -7  cm depth ,  1 0  and 5 0  kg ha- 1 ) .  

In the 3-7  cm depth on a l l  steep-s lope treatment s and a l l  but the 1 0 0  

kg ha- 1 P t reatment o n  easy-s lope s ,  production was below 1 6 %  o f  the 

cont rol pots . This ma rked decrease in product ion was t a ken a s  an 

indicat ion t hat the plants were severely P deficient . 

In terms o f  DMY, campsites produced more than easy- or steep-s lopes at 

corresponding depths . I n  mos t  t reatment s ,  easy-s lopes ( 0 - 3  cm depth ) 

produced more than corresponding steep-s lopes ( Fig . 4 . 7 ) . This was 

not t he case for t he 10 and S O  kg ha-1 P fert i liser rates where 

product ion f rom the steep-s lopes exceeded that f rom tne easy-s lopes . 

Olsen-ext ractable P values f o r  easy- and steep-s lope soils ( 0 -3 cm 

dept h )  receiving SO kg ha- 1 P fert iliser were the s ame ( 22 . 6  �g g-1 



Table 4 . 4  

Slope Depth 

0 - 1 0 ° 0 - 3 
3-7 

1 1 -2 0 ° 0 -3 
3-7 

3 1 - 4 0 ° 0 - 3  
3 - 7  

1 3 9  

Ef fect of s lope , depth and rate of P fert i l i s e r  

addit ion ( kg ha - 1 ) o n  re lat ive dry matter yield ( % )  at 

harvest ten . 

( cm) 1 0  

3 1 . 4  
3 8 . 9  

1 7 . 3  
1 1 . 4  

3 0 . 5  
1 5 . 8  

Rate of P fert iliser addit ion 
( kg ha - 1 ) 

2 0  3 0  s o  1 0 0  

5 6 . 6  6 0 . 1  7 6 . 5  8 4 . 8  
3 9 . 2  2 8 . 3  4 5 . 6  5 3 . 0  

3 3 . 2  2 6 . 5  3 0 . 3  8 0 . 1  
13 . 4  1 5 . 1  1 1 . 4  2 7 . 3  

2 0 . 4  2 4 . 1  4 3 . 1  5 3 . 0  
13 . 1  1 4 . 4  1 1 . 5  1 5 . 7  
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so i l )  ( F ig .  4 . 1 ) . Howeve r ,  the p retent ion for the easy-s lope ( 7 4 % )  

was highe r than that for the steep-s lope ( 6 3 % )  ( Table 4 . 2 )  . Alt hough it 

has been sugge sted by Fox and Kamprath ( 1 9 7 0 )  that for soils with 

equ a l  Ol sen P values , the one with the highe r P - sorption capacity will 

have a la rge r ability to supply P to the plant , during this trial more 

P was made available to the plant by the soil with the lowe r P ­

sorption capacity . This obse rvat ion suppo rts work by During ( 1 9 6 8 )  

who found that the avai labi lity o f  fert i liser P for plant uptake wa s 

larger on soils with a low P-sorpt ion capacity than it was for soils 

with a highe r P - sorpt ion capacity at compa rable Olsen va lues . 

In  the 3 - 7 cm depth t reatments for all but the 3 0  kg ha - 1  P paddock ,  

steep-s lopes outyie lded easy- s lopes . This wa s probably a consequence 

of physical factors such as texture and structu re , and their ef fect 

upon other parameters , such as aerat ion , poros ity, and water-ho lding 

capacity, and is substantiated by evidence from cumulat ive dry we ights 

from cont rol plants which rece ived complete nut rient solution ( Table 

4 . 5 ) , i . e . ,  in the cases ment ioned, the cont ro l p lants grew better on 

the steep-s lope soil than they did on the easy-slope soil . As neither 

P nor any other nut rient was limiting growth in these pot s ,  and as all 

environmental factors were equal , the diffe rence in growth was 

probably due to the phys ical nature o f  the soil . 

In the 2 0  kg ha - 1  P fert iliser t reatment,  the yield f rom the camps ites 

and easy-s lopes at both depths was somewhat higher than might have 

been expected from the trends indicated by other t reatment s ( Fig . 

4 . 7 ) .  This is t hought to be due to high P levels result ing from 

intense P t rans fer, as  explained in section 4 . 3 . 1 . 3 .  



Table 4 . 5  

S lope Depth 

0 - 1 0 ° 0 - 3 
3-7  

1 1 - 2 0 ° 0 -3 
3 - 7  

3 1 - 4 0 ° 0 -3 
3 -7 

1 4 2  

E f fect o f  s lope , depth and rate o f  P fert i liser 

addit ion ( kg ha - 1 ) on cumulat ive dry matter yield (g)  

of cont rol pot s . 

( cm) 1 0  

2 0 . 0  
1 3 . 3  

1 4 . 9  
13 . 0  

1 7 . 0  
1 4 . 0  

Rate o f  P ferti liser addition 
( kg ha- 1 ) 

2 0  3 0  s o  1 0 0  

2 0 . 5  1 8 . 0  1 7 . 8  2 0 . 5  
13 . 5  1 5 . 1  1 5 . 1  13 . 0  

1 6 . 9  1 6 . 2  1 4 . 6  1 6 . 5  
1 0 . 9  1 0 . 7 1 0 . 6  1 1 . 2  

1 4 . 0  1 3 . 6  13 . 9  17 . 5  
13 . 0  9 . 4  13 . 7  12 . 6  
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D r y  ma tter yield wa s closely related to Olsen-ext ractable P ,  water­

ext ractable P ,  tot a l  P, P I and non-occluded P ( Table 4 . 6 ) . This is 

discussed further in section 4 . 3 . 3 .  

4 . 3 . 3  Tota l  P uptake 

Total P upt ake ove r ten harvests wa s highest at the maximum P addition 

rate for a l l  s lopes and both depths ( F ig . 4 . 8 ) . For each s lope within 

each fertiliser rate P upt ake wa s approximately twice as high from the 

0 -3 cm depth as it wa s from the 3 -7 cm depth ( P < 0 . 0 1 ) . P lants grown 

on campsites at both depths removed mo re P than f rom easy- or steep-

s lopes at the corresponding dept hs ( P < 0 . 0 1 )  In genera l ,  P uptake on 

easy-s lopes exceeded that on steep-slopes . Except ions to these trends 

have a l ready been di scussed in sect ion 4 . 3 . 2 .  

At the end of  the trial,  P uptake was only a sma l l  fraction of  that 

ma inta ined by plants growing in pot s receiving a complete nut rient 

solut ion ( Table 4 . 7 ) and the P concent rat ion in the he rbage had, in 

all but two t reatment s ,  fal len below 0 . 2 %  ( Table 4 . 1 ) . Consequently, 

it was believed that the pool of plant-avai lable P in most of the 

soils wa s nea ring exhaustion after forty-e ight weeks . In  soils o f  

high P statu s ,  howeve r, the pool wa s unlikely to have been exhausted 

completely . 

Tot a l  P uptake was st rongly related to water-ext ractable P in the 

soils ( Fig . 4 . 9 ; Table 4 . 8 ) . The high correlation support s the work 

of others who have found that water ext ract ion provides a good 
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Table 4 . 6  Correlation coefficient s for dry matter yield and 

various soil P fract ions . Results a re presented for 

t reatment s sepa rated according to depth { a )  and for all 

treatments ana lysed together ( b )  . 

Depth ( cm) 
a b 

Soil p fract ion 0 -3 3 -7 0 -7 

Olsen-ext ract able 0 . 8 1 0 . 8 9 0 . 8 6 * *  
Water-ext ractable 0 . 8 6 0 . 9 0 0 . 9 1 * *  

Tot a l  0 . 8 0 0 . 8 4  0 . 9 0 * *  
Inorganic 0 . 8 0 0 . 8 4  0 . 9 0 * *  
Non-occ luded 0 . 7 3  0 . 7 9 0 . 8 0 * *  

* *  All treatments we re s ign ificant a t  the 1 %  leve l . 
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Table 4 .  7 

S lope Depth 

0 - 1 0 ° 0 - 3  
3 - 7  

1 1 - 2 0 ° 0 - 3  
3 - 7 

3 1 - 4 0 ° 0 - 3  
3-7 

14 6 

E ffect of s lope , depth and rate o f  P fert iliser 

addit ion ( kg ha- 1 ) on relat ive P upt ake ( % )  at harvest 

ten . 

( cm) 1 0  

1 1 . 6  
1 1 . 4  

5 . 2  
3 . 1  

6 . 8  
4 . 8  

Rate o f  P fert i liser addition 
( kg ha - 1 ) 

2 0  3 0  5 0  1 0 0  

2 8 . 2  2 5 . 1  3 5 . 2  4 5 . 2  
1 6 . 4  8 . 7  1 7 . 3  2 5 . 1  

1 4 . 8  9 . 9  1 0 . 4  52 . 8  
3 . 8  5 . 1  4 . 5  12 . 0  

6 . 2 6 . 0  1 6 . 8  1 6 . 4  
3 . 2 4 . 2  3 . 3  4 . 2 
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Table 4 . 8  Regres s ion equat ions and co rrelat ion coe f ficients for 

cumulat ive P uptake (Y) and init i a l  amounts o f  various 

soil P fract ions ( x )  . 

Soil  p fraction Depth ( cm) Regres s ion equation r 

Olsen-ext ractable 0 -3  Y=0 . 6 6 X + 5 . 7 6 0 . 9 6 "' *"  
3 -7 Y=0 . 4 6 X + 2 . 7 1  0 . 9 6 � i(  
0 -7 Y=0 . 6 6 X + 2 . 0 8 0 . 9 3 � �  

Water-ext ractable 0 -3 Y= 1 . 1 7 X + 1 0 . 2 9  0 . 9 6 � ;,-
3 -7 Y=l . 5 0  X + 4 . 4 7 0 . 9 6 *" �  
0 -7 Y=1 . 2 9  X + 7 . 0 5 0 . 9 7 -1'- J<"  

Non-occ luded 0 - 3 Y=0 . 0 6 X + 8 . 4 0 0 . 92 * .,.. 
3 -7 Y=0 . 0 4 X + 4 . 3 7 0 . 8 9 " -,I(  
0 -7 Y=O . 0 5  X + 4 . 3 6  0 . 82 -+< -'k"  

Tot a l  0 -3  Y=0 . 0 3 X - 1 .  7 4  0 . 9 1 .,.. .... 

3-7  Y=0 . 0 3 X - 0 .  7 1  0 . 92 1<. -¥  
0 -7  Y=0 . 0 3 X - 3 . 5 6 0 .  92 *' *  

Inorganic 0 -3  Y=O . O S X + 8 . 5 6 0 . 9 3 � ')(  
3 -7 Y=0 . 0 4 X + 4 . 4 4 0 .  9 1  111 ,.,.. 
0 -7 Y=O . 0 5  X + 4 . 6 3 0 . 9 1 � �  



indication of P ava i lability in a wide range o f  soils and is not 

substantially a f fected by soil type (e . g . , Thompson et a l . ,  1 9 6 0 ; 

Ryden et a l . ,  1 9 7 6 ;  Luscombe et a l . ,  1 9 7 9 ;  Sorn-s rivichai,  1 9 8 5 ) . 

1 4 9  

Tot al P upt ake was also st rongly related to Olsen P (Fig . 4 . 1 0 ) , total 

P, P I and non-occluded P ( Table 4 . 8 ) . This means that , knowing the 

re lat ionship for a particular soil type , total P upta ke can be 

predicted from what are comparat ively s imple chemical soil  tests . The 

same is true for DMY , but as  this pa rameter does not a llow for 

va riat ions in P content between plant s ,  the re lat ionship is not as  

good as it  is for total P uptake . 

It is interest ing to note that , in cont rast to wate r-ext ract able P ,  

the regression equat ions for Olsen -extractable P and total P upt ake 

account for more variation if the two depths are cons idered sepa rately 

than if a l l  values a re cons idered togethe r .  Although the intercepts 

of the two lines a re not stat istically different , the s lopes are 

( P < 0 . 0 1 ) . This means that for a given Olsen va lue , the 0 - 3  cm depth 

soil is able to supply more P to the plant than is the 3 -7 cm depth . 

The disparity inc reases as  Olsen P increases . The present results 

suggest the Olsen test i s  a f fected by depth and consequent changes in 

organic matter,  s t ructure , and texture . 



713 

60 

521 / X 

X 

X -b.() 4 21  

s _.. 
Y = 0 .46 X + 2 . 7 1 

� I / � r = o . 9 6  * *  
� 321 � 

X 

Y = 0 . 6 6 X + !5 . 7 6  

r = o . 9 6 * *  

� I / � K e y :  
� 

221 

1 21  

21 
21 221 '1121 6121 

0 l s e n.  s o i l  P (J-.L g g - 1 ) 
8121 

x o - 3  e rn  

• 3 - 7  ern 

1 121121 

F igure 4 . 1 0 Eff e c t  o f  sam p l ing depth on t h e  r e l at i o n s h i p  between plant P uptake ( mg )  and i n i t ial l e v e l s of 

O l s en-extrac table P .  

1-' 
U1 
0 



1 5 1  

4 . 3 . 4  Changes in soil P fractions during plant growth 

4 . 3 . 4 . 1  Olsen-ext ractable P 

Measurement s  of Olsen P made after completion o f  the glas shouse trial 

showed that init ial t rends were still present ( F ig .  4 . 1 ) , i . e . ,  Olsen 

P increa sed with increas ing fertiliser P addition and decreased with 

increas ing depth and s lope . Howeve r ,  the amount o f  P was reduced by 

approximately 5 0 %  on camps ites at bot h dept hs and easy-s lopes at the 

0 -3 cm depth . On the steep-s lopes ( 3 -7  cm depth ) at low rates o f  

ferti liser P there w a s  little change . With the rema ining t reatment s 

Olsen P wa s reduced by approximately 3 3 % . 

At the end of the trial a lmost a third o f  the soils had Olsen P values 

decreased to a leve l below that thought to indicate respons ivenes s  to 

P ( During, 1 9 8 4 )  . All soils had Olsen P values o f  higher than 6 ,  

indicat ing that P wa s s t i l l  avai lable ( though under field condit ions 

it would be cons idered to be very low ) yet the he rbage P concent ration 

and dry matter yield indicated severe P deficiency . This would 

sugge st that at low levels of P ,  the Olsen-ext ract ion technique does 

not ref lect accurately the ability of plants t o  take up P under the 

conditions o f  high P demand generated in the glas shouse . 

4 . 3 . 4 . 2 Water-ext ractable P 

The e f fect o f  growing ryegras s  was t o  reduce water-ext ractable P 

values in soil where t hey had been high initially ( Fig . 4 . 2 ) . For 

soils with low water-extractable P t here was l it t le or no change . 



1 5 2  

This can b e  explained b y  t h e  shape of the sorption isotherm for P 

concent ration which indicates that at a high solution P concent rat ion 

a given amount o f  P uptake will cause a large reduction in solut ion P 

concent rat ion ( Ryden et a l . ,  1 9 7 7 ) . In cont rast , at a low s olution P 

concentration the same amount of P upt ake will result in a much 

smaller reduction in solut ion P concent rat ion . 

For some soils , particularly those with very low init ial wate r-

ext ractable P va lues , such as the steeper s lopes ( 3 -7 cm depth ) ,  the re 

appeared t o  be s light ly more water-ext ractable P in the soil after the 

glas shouse t rial than be fore . As the di f fe rences were very small 

(gene rally le s s  than 2 �g g- 1  soil ) they can probably be asc ribed to 

expe rimental e r ror . 

4 . 3 . 4 . 3  Tot a l ,  inorganic and organic P 

The e f fect o f  taking ten harvests of ryegrass from the soil was to 

reduce total P by 7 to 2 5 %  in the 0 - 3 cm depth t reatments and by 4 to 

2 3 %  in the 3 -7 cm depth t reatment s ( Fig . 4 . 3 ) . Reductions tended to 

be larger at t he higher rates of ferti liser P addit ion with f latter 

s lopes than at  t he lowe r  rates o f  fertiliser P addit ion and with 

steep-s lopes .  

The changes in total P ( Fig . 4 . 1 1 )  were s igni ficant for most 

t reatment s . The very large reduction in the 3 0  kg ha- 1 P t reatment 

was a consequence o f  a large drop in P0 content , as will  be discus sed 

later .  
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measured as the d ifferenc e in P leve l s  before and after 

the g l as s house tr ial . 
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At the lowest rate o f  fe rt i l iser P addit ion at both depths on the 

steep-s lope soils  there appea red to be more total P after the 

glas shouse trial than be fore . It is wel l  established that "total P "  

measured by a shing does not give a complete estimate o f  t ot a l  P in 

some soils ( Sherre l l  and S aunders , 1 9 6 6 ;  Sye rs et a l . ,  1 9 6 8 ;  O ' Connor 

and Syers , 1 9 7 5 ; Gillingham, 1 9 7 8 ) . Under condit ions of high 

production with daily wet t ing and drying cyc les , warm tempe ratures and 

intense exploration and exploitat ion of the soil by root s it may be 

poss ible that a fract ion o f  P not previous ly ext racted in 0 . 2 N H 2 s o 4 

became available . 

A second, and more plaus ible pos s ibility, is that the inclus ion of 

root material in the soil  a fter the glasshouse trial was respons ible 

for the inc rease . Gillingham ( 1 9 7 8 )  showed that va riat ion in soil 

organic matter accounted for approximately 3 0 %  o f  the variability in 

total P content measured by ashing . 

A third pos s ibility i s  that there was an init ial samp ling error . A 

thorough re-analys i s  and invest igat ion into experiment a l  procedures 

and analys is techniques ,  however, fa iled to reveal any expe rimental 

error . 

There were s igni f icant differences in P I between pre- and pos t ­

glasshouse t rial values ( Fig . 4 . 1 1 ) . Inorganic P was red�ced by 5 to 

33% in t he 0 - 3  cm depth s o i l s  and 3 t o  4 3 %  in the 3 - 7  cm depth 

t reatments ( Fig . 4 . 3 ) . The actual change in PI ( Fig . 4 . 1 1 )  was little 

a ffected by fert i l iser P addi t ion, even on camps ite soil s ,  but did 

show an e f fect of s lope and depth . 



1 5 5  

Organic P pre- and post- the glas shouse t rial was reduced b y  1 to 2 0 %  

for both depths ( F ig . 4 . 3 ) . The reduct ion was la rgest for the 3 0  kg 

ha - 1  P fe rtiliser addition f o r  all soils . The s igni ficance o f  the 

reduction at this fertiliser rate ( F ig . 4 . 1 1 )  p robably re f lect s the 

compa rat ively low P 1 leve ls in this paddock . The lack o f  s ignificance 

with mo st of the other t reatments is  due not only to the fact that 

changes were sma l l ,  but also to the fact that P 0  is measured by 

dif fe rence . This me ans that experiment a l  va riat ions in the 

me asurement o f  total P and P 1 can be compounded . The inc rease in P 0  

in some soils may be due to this expe riment al variation , o r  to the 

inc lus ion of root materia l ,  as  ment ioned earlie r . Although the soils 

we re sieved ( < 2  mm) be fore ana lys is , it is ext reme ly di fficult to 

remove all root materia l f rom the soil particula rly after a long-te rm 

glas shouse t rial whe re root explorat ion has been intense . 

4 . 3 . 4 . 4  Non-occluded P 

The effect on non-occluded P of ten ha rvests of ryegrass was to 

diminish this P pool by 7 to 5 0 %  for the 0 -3 cm depth and 9 t o  3 2 %  for 

the 3-7  cm depth ( F ig . 4 . 4 ) . Easy-s lope soils were less a ffected than 

camps ite or steep-s lope soils  except at the highest rate of P 

fert iliser addition where non-occluded P dec reased more for the steep­

s lope soils than easy-s lope soils . Reductions for most soils  were 

stat istically s ignificant ( Fig . 4 . 12 a ) . 

In general , the pattern o f  reduction in non-occluded P follows that o f  

total plant P uptake ( Fig . 4 . 8 ) and initial non-occluded P values 

(Fig . 4 . 4 ) . As discussed i n  sect ion 4 . 3 . 4 . 3  there was an increase in 
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total P on the steep-s lope at the lowest rate o f  P addit ion . The fact 

that the increase was not iced in two f ract ionation s chemes 

( f ract ionat ion of total P and f ract ionat ion o f  P r l subst antiates the 

hypothesis that analytical error was not respons ible f o r  the increase . 

The reduction in non-occluded P in this trial suppo rts conclus ions by 

Du P les sis  and Burger ( 1 9 6 6 ) , G rigg ( 1 9 6 8 ) , Ma rtens et al . ( 1 9 6 9 ) , and 

Nova is and Kamprath ( 1 9 7 8 )  that it is the non-occ luded P f ract ion 

within the total soil  P pool that supplies P for plant upta ke in 

weakly-acid soils . 

4 . 3 . 4 . 5  Occluded P 

After the glas shouse-tria l ,  occluded P had been reduced in soils from 

nearly all  slopes . These reduct ions we re s igni f icant at the lowest 

and highest rate o f  P fertiliser addit ion, which had comparat ively low 

and high init ial leve ls of occluded P ,  respect ively ( Fig . 4 . 1 2 b ) . 

At the lowest rate o f  P fert iliser addit ion othe r  "more avai lable" P 

pools ( e . g . , Olsen and water-ext ractable P )  were also low at the 

beginning of the glas shouse t rial,  and so  would have been exhausted 

rapidly . The intens ive growing condit ions and extens ive exp loitation 

of soils  by root s might have had an e f fect on the release o f  occluded 

P .  It is , perhaps , s igni ficant that the t reatment at this low 

fertiliser rate with t he highest levels of "mo re -availab le P "  ( i . e . ,  

campsite , 0 -3 cm depth )  did not undergo a reduct ion in occluded P 

during the t rial . 
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S igni f icant reduct ions in occluded P also occurred at the highest rate 

of fert i liser P whe re init ial level s  of occluded P were comparat ively 

high . It is pos s ib le that at this high rate o f  fert iliser ( 1 )  not all  

the non-occluded P was removed by the sodium-hydroxide ext ract ion and 

( 2 )  s ome P was present in hydrous ferric oxides which would have been 

removed during ext ract ion for occluded rather than non-occluded P ,  but 

would have been available for plant -uptake given the timespan of the 

trial . 

At moderate rates o f  fert iliser P addit ion there wa s very little 

change in occluded P .  This is consistent with the wo rk o f  Du P lessis 

and Burge r, ( 1 9 6 6 ) , Grigg ( 1 9 6 8 ) , Martens et al . ( 1 9 6 9 )  and Novais and 

Kamprath ( 1 9 7 8 )  which suggested that occluded P was not gene ra l ly 

plant-available . 

4 .  3 .  4 .  6 Calcium-bound P 

The amount s of calc ium-bound P after t he glas shouse t ri a l  were in most 

cases , s imilar to the init ial values ( Fig . 4 . 6 ) . The changes in 

calcium-bound P were sma l l  and, in a l l  but one case,  nons ignificant 

( F ig . 4 . 1 2 c ) . This support s the work of Grigg ( 1 9 6 8 )  who concluded 

that calcium-bound P is only slowly available for p lant P uptake . 

4 . 3 . 5  Plant-available P 

P lant -available P ( the amount o f  P t a ken up by plants per g o f  soil 

from each pot ) ranged from 15  �g g-1 soil  (easy-s lope , 3 -7 cm depth, 

2 0  kg ha-1 ) t o  2 0 8  �g g -1 soil ( camps ite ,  0 -3 cm depth ,  1 0 0  kg ha-1 ) .  
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Regre s s ion of plant -avai lable p aga inst changes i n  various soil  P 

fract ions measured as  the difference in the fractions be fore and after 

the glasshouse trial { Table 4 . 9 ) showed that plant-avai lable P was 

st rongly related t o  changes in Olsen-ext ract able P { F ig . 4 . 1 3 ) , non­

occluded P {Fig . 4 . 1 4 ) , P I { Fig . 4 . 1 5 )  and total P { Fig . 4 . 1 6 ) . 

Regre s s ion equations for these relat ionships { Table 4 . 9 ) show that , 

although a change in Ol sen-extractable P gave the highest correlat ion 

with pl ant -avai lable P ,  rathe r more P { 4  and 3 times as much P from 

the 0 - 3  cm and 3-7 cm depths , respectively)  was taken up by the plants 

than was indicated by change in Olsen P .  

Depletion of the P I fract ion almost equa l led total plant P upt ake , 

particula rly in the 0 -3 cm depth . When P r wa s fract ionated, most of 

the plant -avai lable P appeared to be de rived from the non-occluded P 

fract ion ; cont ribution from the other two fractions wa s not 

s ignif icantly related to plant-ava ilable P .  

Result s from this glasshouse t rial tend to confirm the sugges t ion 

{ Grigg, 1 9 6 8 )  that the NaOH ext ract ion for non-occluded P removes a 

poo l  o f  P r which is largely, but probably not totally,  plant­

avai lable . Non-occluded P is thought to comprise surface-bound 

"aluminium-P"  and " iron-P " {Williams et a l . ,  1 9 6 7 )  which are 

cons ide red to be p lant -availab le P compounds { Du P le s s i s  and Burger,  

1 9 6 6 ;  Martens et a l . ,  1 9 6 9 ;  Novai s  and Kamprath, 1 9 7 8 ) . However,  

due t o  smaller,  statist ically insignificant , cont ribut ions f rom other 

P I f ract ions , the total  change in P I gave a better indicat ion of  

plant -available P than did any s ingle P I fraction . 
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Table 4 . 9  Regression equations and correlat ion coe f ficeints for 

plant -avai lable P (Y) and changes in soil P fract ions 

( x )  measured as the di fference in the fract ions before 

and a fter the glas shouse t rial . 

Soil P fraction Depth ( cm) Regression equation r 

Olsen-extract able 0 - 3  Y= 4 . 1 3 X + 2 6 .  4 0 . 9 5 ,.. 1( 

3 - 7  Y= 3 . 1 7 X + 2 1 . 2  0 . 9 3 "' """ 
0 - 7 Y= 4 . 4 4 X + 1 7 . 3  0 . 9 8 ll' f(  

Tot a l  0 - 3  Y= 0 . 5 5 X + 3 5 . 6  0 . 7 6  11. 1t  
3 - 7  Y= 0 . 3 8  X + 2 2 . 4  0 .  7 2  1t it  
0 -7 Y= 0 . 5 8 X + 1 8 . 3  0 . 8 0 J< 'IC  

Inorganic 0 - 3 Y= 0 . 8 7 X + 2 7 . 3  0 . 8 5 1t +-
3 -7 Y= 0 . 6 9 X + 1 6 . 4  0 . 9 6 !le t(  
0 -7 Y= 0 . 9 6 X + 1 6 . 9  0 . 9 1 � *'  

Organic 0 - 3  Y= 0 . 5 9  X + 7 7 . 4  0 . 4 3  
3 -7 Y= 0 . 2 6  X + 3 3 . 3  0 . 2 7  
0 -7 Y= 0 . 5 4 X + 5 7 . 2  0 . 3 7 

Non-occluded 0 - 3 Y= 0 .  7 1  X + 1 8 . 3  0 . 9 2 � JI(  
3 -7 Y= 0 . 4 1 X + 1 9 . 0  0 . 8 5 .. ..... 

0 -7 Y= 0 . 6 8 X + 1 6 . 1  o .  n- -t- -t:  
Occluded 0 - 3  Y= 0 . 6 3 X + 8 3 . 9  0 . 47 

3 - 7  Y= 0 . 8 5 X + 2 7 . 8  0 . 37 
0 -7 Y= 0 . 7 5  X + 6 0 . 7  0 . 4 6  

Calcium-bound 0 - 3  Y= 0 . 6 3 X + 9 7 . 8  0 . 1 6  
3 - 7  Y= -3 . 2 4  X + 6 4 . 0  -0 . 2 5  
0 -7 Y= 0 . 5 5 X + 7 5 . 4  0 . 1 1  

Calcium-bound + 0 -3 Y= 0 . 5 0  X + 8 4 . 5  0 . 4 4  
occluded 3 -7 Y= 0 . 7 6 X + 2 4 . 4  0 . 3 3 

0 -7 Y= 0 . 5 9  X + 6 0 . 9  0 . 4 3 
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The ext reme ly high correlat ion o f  plant -ava i lable P with changes in 

Olsen P and P I is p romi s ing in terms o f  P model ling for poss ible 

fert i l iser P response as it means that plant -ava ilable P can be 

predicted from changes in Olsen P and P r , the reby c i rcumvent ing the 

need for measuring DMY and he rbage P concentrat ion . Howeve r ,  the 

techn ique is re strictive in that it requ i res the isolat ion of a 

port ion of soil so that the amount of soil  P before and a fter plant P 

upt ake can be measured . Of more use in te rms of P modelling are the 

regres s ion equations dis cus sed in sect ion 4 . 3 . 3 , whe re cumulat ive P 

cont ent wa s seen to be c losely related to an initial soil pa rameter 

rathe r than to a change . 

4 . 4  CONCLUS IONS 

The soil  P pool which most accurately p redicted total plant P upt ake 

was that pool measured by water ext ract ion . The water-ext ract ion 

method is be lieved to measure "more phys ically-sorbed P" and is 

thought to reflect both intens ity and capacity factors of  the soil 

( S o rn -s rivicha i ,  1 9 8 5 )  . Advantages o f  the wate r-ext ract ion method lie 

not only in the high correlat ion with total plant P upta ke and its 

appa rent independence o f  soil type , but a lso in the fact that it is a 

s imple technique to perform . 

P lant -available P was highly correlated with the change in Olsen­

ext ractable P measured as the difference in this pool before and a fter 

the glasshouse tria l . The fact that p lant -ava ilable P was four t imes 

l a rge r than the change in Olsen P in the 0 - 3  cm depth ,  and three times 
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larger than the change i n  Olsen P i n  the 3 - 7  cm depth suggests ( a )  

that P was cyc ling through the Olsen P poo l f rom a larger soil P pool 

to the p lant and ( b )  t hat the capacity of the soil to supply P to the 

plant was reduced by depth . 

Changes in P I and non-occ luded P were co rrelated not only with plant -

avai lable P but a lso with each othe r ( r  = 0 . 9 6 * * ) .  Thus it appea red 

that most of the P t aken up by the ryegra s s  was de rived f rom the non -

occluded P fraction . 

The posit ive ef fect o f  P t ransfe r and P fert iliser app lication on P I 

and non-occ luded P can be seen on camps ites and at h igh rates of P 

fert i l iser,  respectively . Results f rom this t rial indicate that 

plant -ava ilable P will a lso be high in these a reas . 

High levels of P0 a re a l s o  likely to be found on camps ites . Howeve r ,  

P0 is unlikely to make a s ignif icant cont ribution to P I ( and thus 

plant -available P ) , at least within the short term, as it made no \ 
cont ribution to P I in this study de spite the intense growing 

conditions in the pot and glasshouse environment . 

At present in New Zea land recommendat ions for rate o f  fert i liser P 

addit ion and advice for withholding P fert i l iser a re based to some 

extent on the Olsen P s o i l  test . Results from this glas shouse s tudy 

would suggest that wate r-ext ractable P was a s l ight ly better indicator 

of plant -available P than Olsen P .  For fert iliser P recommenda t ions , 

part icularly in the cases whe re farme rs a re t rying t o  s ave money by 
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withho lding fert i liser,  it i s  poss ible that an improved indicat ion o f  

plant-ava ilable P re se rves in the soil could be gained b y  us ing the 

water-ext ract able P test instead of the Olsen P test . 

Soil  P I could a l s o  be used as  a measure of plant -ava i lable P rese rve s 

in hill  count ry . The advant age of P I ove r Olsen P is that the forme r 

measures a complete P pool and is , therefore,  independent of soil 

type . The latter measu res a smaller P f ract ion through which P cycles 

to the plant . This  rate of cycling is af fected by soil  depth . 
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CHAPTER 5 

"ABOVE-GROUND " COMPONENTS OF THE P CYCLE AS 

AFFECTED BY P FERTILISER ADDI TION AND SLOPE 

INTRODUCTION 

1 6 8  

I n  pastoral systems , unde r ma intenance condit ions , applicat ions o f  P 

fert i liser are made to replace losses of  P due to anima ls and in the 

soil . 

Losses of  P in anima l product s  have gene rally been assumed to 

approximate 1 0 %  of  anima l P intake ( Karlovs ky, 1 9 6 6 )  . For flat 

paddocks c a lculat ion o f  animal los ses i s  relat ively s imple ; for hill­

count ry paddock s ,  compris ing land in different s lope catego ries , the 

problem is more complex because ( a )  P uptake by plants decreases with 

increas ing s lope (Gill ingham, 1 9 8 0 a ;  Lambert et a l . ,  1 9 8 3 )  and ( b )  

faecal P i s  not returned in proportion to the amount of  plant P 

removed f rom a part icular a rea . Although limited studies have been 

ca rried out on the s e  two a spects of the P cycle, it would seem that 

the short fall  between plant P uptake and remova l ,  and faecal P return 

increases markedly with increase in s lope (Gillingham et al . ,  1 9 8 0 ) . 

On a reas des ignated a s  campsite s ,  which a re usually f lat and occupy 

less than 1 5 %  of the tota l a rea within a paddock,  more P is returned 

than is t a ken up by pasture ( Gillingham et a l . ,  1 9 8 0 ) . Thus for hill 

country the maintenance P requirement to replace ' an ima l '  losses will 

be different for each s lope category under cons ideration . 
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From this it i s  clear that t o  ident ify ma intenance P requi rements in 

hill count ry a cons iderable amount of information is nece ssary not 

only on the ef fect of s lope on P upt ake by pasture and pa sture 

ut ilisation (PU)  by the gra z ing anima l but also on faecal distribut ion 

and the re lationship between plant P and faecal P .  With the except ion 

of the initial study of Gill ingham et al . ,  ( 1 9 8 0 )  few published data 

are ava ilable to enable estimates of maintenance P requ irements in 

hill country to be made . 

This chapter repo rts on some of the data col lected from the long term, 

la rge scale gra z ing trial at What awhata Hill Country Re search Stat ion 

described in Chapter 3 .  Re sults from measurements of dry matter yield 

(DMY ) , pasture P concent ration and PU are reco rded but are not 

examined in depth .  Instead, discus s ion will concentrate on results 

from measurements o f  dry matter product ion and on dist ribution of 

faeces and faecal P concent rat ion . Very litt le wo rk of this nature 

has been ca rried out previously . 
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5 . 2  MATERIALS AND METHODS 

5 . 2 . 1  Sample collection and analysis 

5 . 2 . 1 . 1  P asture dry matter yield 

Three methods of e s t imat ing DMY were used by the Minist ry o f  

Agriculture and F isheries a t  di fferent stages during the course of  the 

tria l . 

For the pe riod 3 March 1 9 8 1  to 2 6  January 1 9 8 2 ,  visual rat ing 

est imates of  standing pasture DM ( kg ha - 1 } we re made pre - and post­

gra zing on the pe rmanent sampl ing s ites in the rotationa l ly-grazed 

paddocks . Rat ings we re calibrated against 0 . 1 8 m2 quadrat s  of  pasture 

cut t o  ground leve l . 

On continuous ly-gra zed paddocks f ive cages per s lope were used to 

protect pasture f rom gra z ing . P asture growth a fter spelling wa s 

assessed visually within the cage s ,  and also in the unprotected 

paddoc k  on t wenty-five s ites per s lope prior to relocat ing cages for 

the next regrowth pe riod . 

From 2 6  January 1 9 8 2  to  9 June 1 9 8 3  the cage s ystem was used on 

rotational a s  wel l  a s  continuously-gra zed paddocks . The change was 

made in order to determine whether or not cage shelter e ffects were 

the cause of the h igher pasture DMY measured f rom the continuous ly­

grazed paddocks during the previous period . At the s ame t ime , s lope 
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categories on the rotationa lly-grazed paddocks were reduced from five 

to four ( 0 - 1 0 ,  1 1 -2 0 ,  2 1 -3 0  and 3 1°+ )  as no signif icant dif ferences in 

DMY , or pasture P concentrat ion had been found between the 

3 1 - 4 0  and 4 1 °+ s lopes . 

For the rema in ing harvests a trim system ( Lynch , 1 9 4 7 ) was used in 

both gra z ing regimes to c i rcumvent the problem of est imat ing negat ive 

growth rates which occurred in autumn and early winter when the dead­

matter decompo si tion rate was faster than pasture growth rate . This 

new sys tem involved visual asses sment of DM cover on twenty-f ive sites 

per s lope to then de rive and select an average cage s ite . Cages were 

pos it ioned after pre -t rimming and after a regrowth per iod the pasture 

was cut to meas ure DMY , which was taken as the mean of five 

measurements per s lope . Throughout the trial measurement s of DMY were 

made at each gra z ing for easy- ( 1 1 - 2 0 ° ) and steep-s lopes ( 3 1°+ )  and 

once each season on the other slopes ( campsites , and 2 1 - 3 0 ° ) . This 

was necessary to keep the workload to manage able propo rt ions . 

Annua l  pas ture product ion was measured on easy- and steep-s lopes as 

the accumulated difference per growth period between a post-grazed 

pasture level and the subsequent pre-gra z ing pasture level for yea rs 

one and two , and as the accumulated amount of DM cut at each harvest 

in year three . 

As only one asses sment o f  pasture growth rate was made pe r season on 

the camps ites and 2 1 - 3 0 °  s lope s ,  a somewhat different method of 

asses s ing annual production had to be employed . A graphica l 

interpolation method was used to connect the periods o f  actual 
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measurement and, at the s ame t ime , to preserve relat ivity with the two 

s lopes that were mea sured cont inuously . The annual product ion was 

then assessed as  the area under this pasture growth rate curve . 

Each growth period was four-s ix week s ,  according to season . 

consequently, measured DMY underestimated actual growth by the amount 

of DM that decomposed and dis appea red f rom the s wa rd during the 

regrowth pha se . This underest imat ion may have varied according to 

season and is  l ikely to have been largest in aut umn when wa rm, moist 

condit ions would have been conducive to decompo s it ion of  the large 

amount s o f  dead mate rial present in the sward du ring summe r and autumn 

( A . G .  Gillingham, pers . comm . ) .  In addit ion , du ring the f i rst two 

years of the tri a l ,  the technique used for the assessment of post­

grazed pasture included the litter which had been seve red f rom the 

plant during gra z ing but which had not yet decomposed . This inf lated 

the res idual DM . f igure a ft e r  each gra z ing and led to an 

underes t imat ion of the pasture accumulation during the next growth 

period . 

The methods o f  assess ing pasture growth during years one and two 

effect ively indicated the pasture eaten by stock rather than total 

production , a s  they discounted the litter component . In the third 

yea r  o f  the t rial the technique used would have approximated actual 

dry matter production more c losely, but it was not pos s ible to a s sess  

the degree pasture was ut i lised by anima l s . 
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5 . 2 . 1 . 2 P asture utilisation 

P as tu re utilisat ion ( PU )  was asses sed on easy- and steep-s lopes for 

each graz ing in the f i rst two yea rs o f  t he t rial as the dif ference 

between pre-gra zed DMY and post -gra zed DMY expressed as a proport ion 

of  the pre -gra zed DMY . The amount of  DM that grew during the graz ing 

pe riod of two to three days was not included in the calculat ion which 

means that , at each grazing "PU" would have been sl ight ly 

underest imated . 

It  must be st res sed that the method used in the f i rst  two yea rs of 

this st udy to assess pasture growth rates has , by de finit ion , an 

assoc i ated "PU" of  1 0 0 %  when accumulated ove r a yea r . Thus actual 

" PU "  in the norma l sense could not be measured . This inf luenced later 

int e rpretat ion of  result s (Chapter 8 ) . 

5 . 2 . 1 . 3  Pasture P concentration 

Subsamples of  pasture we re collected f rom the pegged or caged a reas 

for each measured pre - and post - gra zi ng pe riod . 

Samp les were bulked, oven-dried at 6 5° C and ground t o  pa s s  t hrough a 

2 mm s ieve before ana lys i s  for P us ing a modi f icat ion o f  the method of  

Twine and Williams ( 1 97 1 ) , following a K j e ldahl-type digest ion . 
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5 . 2 . 1 . 4  Faecal dry matter distribution 

We ight of  faecal DM within a 0 . 2 5  m2 quadrat posit ioned bes ide each 

peg a fter graz ing wa s assessed by eye and then calibrated to give 

faecal deposit ion on each s lope (g m-2 ) . The calibration invo lved eye 

asses sment then drying at 65° C of port ions o f  faecal matte r .  The 

calibrat ion procedure wa s not ca rried out in the vic inity of  soil  and 

pasture meas urement s ites . 

5 . 2 . 1 . 5  Faecal P concentration 

Faeca l  samp les for ana lys is of P concent rat ion were col lected direct ly 

from pastures at each gra zing during the f irst year of the trial and 

therea fter once pe r season, corresponding with pasture collect ion . 

Five f reshly-voided bulk samples were se lected at random from each of  

the ten experimental paddocks . Samples we re not collected from the 

pegged areas . 

Faeca l  samples were oven-dried at 65° C and ground to pass through a 2 

mm s ieve before analys i s . Tota l  P was mea su red on a 0 . 2 g subsample 

of prepared faeces ignited for 1 h at 5 5 0° C and extracted with 1 0 0  ml 

0 . 1  M H2 so4 for 1 6  h on an end-ove r-end shaker (Walker and Adams , 

1 9 5 8 )  . Inorganic P was ext racted by the s ame procedure on a 

compa rable sample o f  unignited faecal matter and determined 

colorimet rically in both s amples us ing the method of Murphy and Riley 

( 1 9 6 2 ) . Organic P was calculated by difference . 
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5 . 3  RESULTS AND DISCUSS ION 

5 . 3 . 1  Pasture 

5 . 3 . 1 . 1  D ry matter yield 

When the data from the five intens ive ly samp led paddocks were ave raged 

ove r three years , annual pasture DMY was found to increase with 

inc reas ing rate of fert i liser P addit ion and decrease with increas ing 

s lope ( F ig . 5 . 1 ) . On a l l  slope s ,  at a l l  rates of fert i l iser,  

approximately 4 0 %  of the annual total of DM wa s produced in spring . 

Summe r DMY exceeded that of  autumn wh ich, in turn , exceeded that of  

winter ( Table 5 . 1 ) . The se results co rrobo rate the findings of  

Gill ingham ( 1 9 8 0 a ) , Radcl iffe ( 1 9 82 ) and Lambert et  a l . ( 1 9 8 3 )  whose 

work was also ca rried out in New Zealand hill count ry . 

Howeve r ,  DMY' s in the present trial we re highe r,  part icularly on 

camps ites , than those reco rded by Gill ingham ( 1 9 8 0 a )  whose work was 

also ca rried out on What awhata Hill Country Resea rch Stat ion . 

Gill ingham ( 1 9 7 8 )  made the comment that as climatic condit ions we re 

ext remely favourable during the one year of his t ria l ,  the DMY' s 

achieved should be cons idered as being higher than ave rage . The 

higher DMY ' s achieved in the present trial probably ref lect the higher 

overall nut rient status which in turn , pe rhaps through improved 

nut rient cycling, is a re flect ion of the fact that whereas 

Gillingham' s trial took place on moderately steep hill  count ry, the 

present t rial was ca rried out on easy hill count ry . 
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Table 5 . 1  E f fect of season , rate o f  P fert iliser addit ion 

( kg ha - 1 ) and s lope on pasture dry matter yield . 

Results a re presented as  the average o f  three years 

dat a .  

Rate of P Fert il iser addit ion 
( kg ha- 1 ) 

Sea son s lope 
1 0  2 0  3 0  5 0  1 0 0  

Winter 0 - 1 0 ° 1 0 7 9  8 7 8  1 0  62 1 0 6 9  1 4 2 7  
1 1 -2 0 ° 8 2 0  9 7 5  1 0 6 5  8 8 9  1 3 0 7  
2 1 - 3 0 ° 9 0 1  7 5 4  1 0 5 4  9 3 2  1 1 4 0  
3 1°+ 6 2 2  3 7 0  7 6 8  3 0 4  6 1 9  

Spring 0 - 1 0 ° 5 1 6 9  6 5 5 4  5 8 2 3  6 0 1 3  6 5 4 5  
1 1 -2 0 ° 4 2 6 9  4 9 0 6  4 5 9 1  5 1 4 5  5 8 9 6  
2 1 - 3 0 ° 3 1 7 6  3 4 6 7 4 1 3 2  4 1 7 1  4 1 6 9  
3 1 °+ 1 9 9 1  2 3 4 5  3 0 9 4  2 97 8  2 8 3 3  

Summe r 0 - 1 0 ° 4 6 9 2 5 7 8 5  5 1 5 5  5 4 3 8  6 0 8 9  
1 1 -2 0 ° 2 9 6 7 3 1 7 5  3 3 9 2  3 8 6 9  4 0 3 8  
2 1 -3 0 ° 1 8 9 7  2 3 1 1  2 6 0 1  3 1 6 6  3 1 4 9  
3 1° + 1 2 3 8  1 4 1 0  2 7 3 9  2 3 8 2  2 0 3 7 

Autumn 0 - 1 0 ° 2 5 6 6  2 9 5 3  3 0 9 1  2 9 6 4  3 6 6 9  
1 1 - 2 0 ° 1 6 6 6  2 5 2 4  2 1 3 4  1 8 7 0  2 5 8 2  
2 1 - 3 0 ° 1 2 1 5  1 5 1 1  1 3 1 7  1 7 3 4  2 0 8 8  
3 1 °+ 9 0 1  1 2 6 1  1 2 1 3  1 5 4 2  1 0 1 6  

Annual 0 - 1 0 ° 1 3 5 0 6  1 6 1 7 0  1 5 1 3 1  1 5 4 8 4  1 7 7 3 0  
1 1 -2 0 ° 9 7 2 2  1 1 5 8 0  1 1 1 8 2  1 1 7 7 3  1 3 8 2 3  
2 1 - 3 0° 7 1 8 9  8 0 4 3  9 1 0 4  1 0 0 0 3  1 0 5 4 6  
3 1 °+ 4 7 52 5 5 1 5  7 9 0 7  7 6 4 0  6 7 5 1  
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It is interest ing that the DM response curve s  generated from DMY a t  

five di ffe rent rates of P fert i liser addit ion do not level o f f  o n  

campsites and easy-s lopes a t  high rates o f  fert iliser P addit ion . On 

the campsite s ,  which had high init ial Olsen P values ( >2 0 )  and which 

received large inputs of faecal P in addition to fert iliser,  this 

cont inuing response is surpri sing . It can , howeve r ,  be explained by 

cons ide ring the des ign of the t ria l . Unlike norma l fertiliser t rials 

in which di fferent ial rates o f  P are applied to adj acent plots o f  land 

of s imilar topography and aspect , in this trial the fertiliser rates 

were applied to who le paddocks . Slope catego ries we re then identified 

in each paddock and response curves constructed by comparing 

production on land of similar s lope but in dif ferent paddocks . In  

this  trial des ign production on a given s lope may be influenced not 

only by the rate of P fertil iser addition to that s lope but also by 

product ion on the rest of the paddock as  it influences P and nit rogen 

return to that s l ope in faeces and urine . For instance , clover growth 

on any one s lope group was much more vigo rous in the paddocks 

receiving high rates of P fert i liser (A . G .  Gillingham pers . cornrn . ) 

and, in time , this would have lead to increased nit rogen return to the 

campsites and easy-s lopes . It i s  this increased nitrogen,  therefore , 

which i s  likely to be responsible for the apparent P respons ive nature 

o f  campsite a rea s . From this it i s  evident that the convent iona l 

calibrat ion o f  Olsen P values ( i . e . ,  " low" ,  "medium" o r  "high" ) was 

carried out under lower nit rogen status than existed in this trial at 

high rates o f  P fertiliser addit ion . This may mean that Olsen P 

should be calibrated for assoc iated nit rogen status . Furthe rmore , 

cons iderat ion o f  the effect o f  s l ope relationships in a paddock 

influences interpretation o f  data f rom sma l l-s c a le f ie ld trials 



invest igat ing P response in hill count ry . The s igni ficance o f  any 

re sponse in e ither DMY or P uptake to fert i l i ser P app l icat ion may 

have a much large r inf luence on paddock product ivity than that 

as sessed from the trial s ite . 

1 7 9  

A second point of  interest concerning the OM response curves ( F ig . 

5 . 1 ) wa s that in some cases ( e . g . , the camps ite and easy-slope points 

for the 2 0  kg ha - 1 P paddock)  the fact that the DMY points we re 

sl ightly highe r than might be expected f rom trends exhibited in othe r 

paddocks can be explained by cons ide ring the topography of  the 

paddoc k .  The 2 0  kg ha - 1 P paddock had, as  discus s�d in Chapter 3 ,  a 

very sma l l  area of  camps ites (only 9 % ) in comparison with other 

paddocks . Thus , faecal P return wa s likely to be intense in this 

area , and there was also likely to be increased spil love r of faecal P 

to adj acent areas . These areas thus receive highe r input s o f  P than 

sugge sted by the fertil iser P rate,  and DMY was s l ight ly highe r than 

might be expected . 

From this it is clear that if  fencing is ca rried out to separate 

topographica l ly different a reas with the aim o f  stopping P t ransfer 

due to stock camping on f lat area s ,  the latter should probably occupy 

les s  than about 1 0 %  of the paddock .  As most easy h i l l  country 

comprises an inext ricable mixture of land in different s lope 

catego ries ,  it is unlikely that fencing to stop P t ransfer cou ld be 

carried out with e f fect . 

Statistical ana lys is  of DMY data was ca rried out on individual cut s . 

Statistical analysis of  annua l and seasonal data a re avai lable only 
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f o r  the final yea r  o f  the trial and only for easy- a nd steep-s lopes as 

the othe r slopes were not monitored cont inuou s ly . 

A pasture DM response to autumn applied fertiliser P wa s obse rved in 

each year of  the trial . Analysis of  the 1 9 8 4  data ( F ig . 5 . 2 )  

indicated that this response was statistically s ignificant ( P  < 0 . 0 5 ) . 

The response was large ly due to extra growth in late winter and early 

spring each year . Growth responses in these seasons we re 

statistically signi ficant for each cut in each yea r  of the t rial (data 

not presented) . 

Pasture DMY was higher on easy-s lopes than steep-s lope s  throughout the 

trial ( Fig . 5 . 3 )  and statistical asses sment in 1 9 8 4  indicated that the 

difference was signi ficant ( P  < 0 . 0 1 )  in all  seasons . D i f ferences in 

DMY between easy- and steep-s lopes tended to be les s  in autumn ( when 

soil moisture was lacking) and in winter ( when soil  tempe ratures were 

low ) . 

There was no consistent e f fect of  grazing regime on DMY in winter and 

spring during the three years of the trial ( F ig . 5 . 3  a and b ) . During 

the first summe r  of the t rial,  howeve r ,  product ion f rom cont inuous ly­

grazed ( CG )  paddocks was cons iderably greater than that achieved by 

rotat ionally-grazed ( RG )  paddocks ( Fig . 5 . 3c ) . This is cons idered to 

have been a result of an excess ively high gra z ing pressure on the RG 

paddocks ( A . G .  Gillingham pers . comm . ) .  With the onset o f  dry 

condit ions the over-gra zed pasture took a long t ime to recove r . In 

addition,  the harvest ing techniques used for the two graz ing regimes 

( Section 5 . 2 . 1 . 1 ) may have caused some of the diff e rence . In years 
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two and three of the t ria l ,  when RG stocking rates we re dec reased and 

the method of asses s ing DMY wa s the same for both graz ing regimes , 

production from CG and RG paddocks was s imil a r . 

P roduction from CG paddocks in autumn was consistently highe r than 

from RG paddocks during the three years of the trial ( F ig .  5 . 3d) . 

This may be a ref lection of shoot and root growth patterns . In CG 

paddocks pasture DM was ma int ained at approximately 2 ern pasture 

he ight . The dense ,  short s ward which developed wa s probably ba lanced 

by a sha l low root system ( Troughton , 1 9 6 0 )  . In contrast , in RG 

paddocks the highe r ,  more open pasture wa s likely to have been 

balanced by a deepe r root ing system .  This means that the root ing 

system in CG paddocks was better placed to take advantage of autumn 

rain showers than was the root ing sys tem in RG paddocks . Furthermore , 

as  a short dense sward has more ' growing point s '  than an open sward CG 

pasture has the potent ial to grow more quickly,  than RG pasture . As 

soil moisture i s  the ma j o r factor limiting production in late s umme r 

and early autumn , the proximity of the root ing system o f  CG pastures 

to the surface could explain the higher DMY . 

A s ignificant interaction ( P< O . O l )  on DMY was noted between graz ing 

regime and slope during winter and autumn in the final year of the 

trial ( Fig . 5 . 3 ) . I n  these seasons the difference in DMY between 

easy- and steep-s lopes wa s greater for CG than RG paddocks . The t rend 

was apparent in autumn in a l l  years of the t rial and is likely to be a 

reflect ion o f  relat ive ove rgra zing o f  easy-s lopes in RG paddocks in 

s ummer,  result ing in reduced DMY on those s lopes in autumn . 
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The interact ion between graz ing and s lope in the winter o f  the final 

yea r  was not adumbrated by a s imilar t rend in previous years . In  

cont rast to results from autumn , the difference in DMY between CG and 

RG paddocks was mostly on the steep- rather than easy-s lopes . This 

may reflect prefe rent ial graz ing o f  easy- rather than steep-s lopes in 

CG paddocks , which would a l low more pasture on steep- s lope s than on 

easy-s lopes to enter a reproduct ive phas e  in late spring and summer . 

This would have a carryove r effect in winter in comparison with RG 

paddocks because in the latter,  more cont rol led gra z ing should have 

kept pasture in the act ive ly growing vegetat ive phase . 

The relat ively sma l l  seasonal differences induced little cons istent 

difference in annual DMY between the CG system and the intens ively 

managed RG system . This does not suppo rt the findings of Lambourne 

( 1 9 5 6 )  and Lambert et a l . ( 1 9 8 3 )  who concluded that RG systems 

resulted in the production o f  more DM compared with CG systems . It 

does , however ,  s upport the work o f  Chapman et al . ( 1 9 8 3 )  who found 

that leaf production on an a rea basis was s imilar under both 

managements as  lea f and litter s i ze and lea f extens ion rates a re 

inversely related t o  t iller density . 

P roduct ion during the second yea r o f  the t ri a l  was less than for years 

one and three for most seasons , s lopes and grazing regimes . P a rt of 

the dif ference between years two and three may be att ributed t o  

dif fe rences in measurement technique ( section 5 . 2 . 1 . 1 ) but the re was 

probably also an e ffect due to reduced rainfall in year two , 

part icularly in late spring, in comparison with other years ( Appendix 

II ) • The fact that $teep-slope p roduct ion was more a ffected by 
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reduced late spring ra infall than product ion o n  easy-s lopes ( F ig . 

5 . 2b ) was probably a re f lect ion of the fact that steep-s lopes tend to 

dry out more rapidly than easy-s lopes ( i . e . ,  wate r-ho lding capacity is 

lowe r on steep-s lopes than easy-s lopes which is a re f lection not only 

of the higher ash component on easy- than steep-s lope s but also of the 

highe r organic matter status ) . 

5 . 3 . 1 . 2 Pasture utilisation 

The p ropo rt ion of total DMY which is consumed du ring a year is te rmed 

pasture u t i l i s a t ion ( PU )  . In any single gra z ing event PU may be only 

3 0 - 4 0 %  of the pasture on o f fer but , as pasture uneaten at one graz ing 

pe riod may be large ly consumed at the next , ove r a year PU may be 

equ a l  to 9 0 %  of grown pasture in an intensive ly managed system ( Scott 

et a l . ,  1 9 8 0 ) . 

In  this  trial PU was calculated at each gra z ing as  the difference 

between the level of pre -grazed pasture and the subsequent post -gra zed 

leve l on easy- and steep-s lopes as discussed in section 5 . 2 . 1 . 2 .  

Although this ut ilisation at each gra z ing could be summed ove r a year 

t o  give annual animal intake,  no  abso lute measure of DMY was  made 

( Section 5 . 2 . 1 . 1 ) and so annual PU could not be ca lculated . 

Theref o re ,  PU recorded on only easy- and steep- s lopes at each harvest 

during the first yea r  of the trial is cons ide red . 

Pasture ut ilisation at individual harvests t hroughout the year ranged 

f rom 5 %  ( s teep-s lope , 1 0  kg ha- 1 P paddoc k  in December)  to 7 1 %  ( steep-
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s lope , 1 0 0  k g  ha - 1  P paddock i n  October )  ( Table 5 . 2 ) . Except in the 

October harvest , PU was s ignif icant ly greater ( P< O . O l )  on easy- than 

on steep- s lope s ,  throughout the yea r ;  average P U  f o r  each harvest was 

5 8 %  and 3 6 %  on easy- and steep-s lopes , respectively . This is likely 

to be a re flect ion of  standing DM on these two s lopes . At most t imes 

o f  the yea r ,  DMY on easy-s lopes exceeds that on steep-s lopes . Given 

that sheep do not tend to gra ze below a cert a in level ( e . g . , 2 cm 

height ) ,  the potential exi s t s  for highe r  PU on easy-s lopes than on 

steep-s l opes . Differences in pasture type on the two s lopes also 

cont ributes to di f ference s in PU . As discus sed earlier in the study 

of  the "below-ground" component s of the P cycle (Chapte r 3 ) , easy­

slopes have a h ighe r soil nut rient status than steep-s lopes and 

support ryegras s -clover s wa rds rathe r than swards composed of lower 

fert i lity species such as  browntop, weeds and mo s s  (A . G .  Gillingham 

pers . comm . ) .  Sheep tend to gra ze more palatable and digestible plants 

select ive ly (Meye r et a l . ,  1 9 5 7 )  and so  are like ly to eat gra s s  from 

easy-s lopes in pre ference to that on steep- s lopes . 

Pasture ut ilisation generally inc reased with increas ing rate o f  

fert iliser P addit ion ( partly a s  a result of  increas ing standing DM as  

discus sed above ) but the e f fect was  s ignificant ( P<O . O S )  only at the 

October harve s t  during t he yea r . Examinat ion o f  results shows that 

the t rend of increas ing PU with increas ing P fert iliser addit ion wa s 

more apparent on the steep- rather than the easy-s lopes . This is a 

ref lect ion of  the improvement in pasture specie s ,  particularly in 

c l over levels , on  steep-slopes at high rates of  P addition . 
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The e f fect o f  graz ing regime o n  PU w a s  s igni f icant at seve ral t imes of 

the yea r ,  i . e . ,  November (P<O . O l )  and Septembe r ,  Decembe r and January 

( P < O . O S ) . On each of these occas ions PU for equ ivalent s lopes wa s 

higher on CG than RG paddocks . Howeve r ,  PU was very much an artefact 

of graz ing management in that stock were removed from RG paddocks when 

standing DM on easy-s lopes was gra zed to a he ight of approximately 2 

cm . Mo re "efficient " PU, on steep-s lopes could have been obt ained by 

allowing the stock to gra ze for longe r ,  but this would probably have 

been achieved at the expense of overgra z ing on easy-s lopes . At 

certain t imes of the year ( e . g . ,  summe r )  ove rgraz ing could prove 

ext reme ly det riment al to pasture growt h du ring subsequent weeks . 

The s ign i f icant interact ion obse rved between s lope and graz ing regime 

at several harvests  is  sub j ect to the same cavea ts as for gra z ing 

a lone . Notwithst anding this problem it is of interest that in June 

( P < O . O l )  and Janua ry ( P < O . O S )  the int e ract ion wa s due t o  poo r 

utilisation on steep-s lopes in RG paddocks . This indicates that easy­

s lopes had been gra zed to the pre-dete rmined level of DM be fore very 

much graz ing had occurred on steepe r s lopes . As discus sed earlier 

this is a result of differences in standing DM on the two slopes . 
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Table 5 . 2  E f fect of s lope and month of  harvest on pasture 
ut ilisation ( % ) . Data presented we re t aken from a l l  
paddocks in year one of the t rial . 

Rate of P ferti liser addition 
kg ha- 1  

X Stat 
Month Slope 1 0  2 0  3 0  5 0  1 0 0  c R F s G SxG 

of 
harvest 

June 1 1 -2 0 ° 47  52 5 3  6 1  5 8  5 1  5 8  NS * *  NS * 
3 1 - 4 0° 2 0  2 9  2 9  3 6  3 3  3 7  2 2  

Aug . 1 1 -2 0 ° 58  6 2  5 9  62 65 60 6 3  NS * *  NS NS 
3 1 - 4 0 ° 4 7  4 9  s o  s o  5 5  4 9  5 1  

Sep . 1 1 - 2 0 ° 55 5 1  5 6  5 6  5 6  5 8  5 2  NS * *  * NS 
3 1 - 4 0 ° 4 0  4 0  42 43 4 0  4 3  3 9  

Oct . 1 1 - 2 0° 62 6 5  62 6 6  6 6  6 9  5 9  * NS NS * *  
3 1 - 4 0 ° 5 4  6 4  62 7 0  7 1  5 7  7 1  

Nov . 1 1 -2 0° 4 9  4 8  4 9  4 6  4 3  5 6  3 8  NS ** ** NS 
3 1 - 4 0 ° 1 8  9 4 0  2 8  2 8  4 0  1 6  

Dec . 1 1 - 2 0 ° 4 7  5 9  6 2  5 6  6 1  6 5  4 9  NS ** * NS 
3 1 - 4 0 ° 5 3 7  4 8  3 3  3 6  4 2  2 2  

Jan . 1 1 - 2 0° 5 6  67  6 9  6 9  7 2  6 9  6 4  NS * *  * * 
3 1 - 4 0° 1 2  2 1  3 5  2 5  3 0  3 8  1 1  

Mar .  1 1-2 0 ° 5 1  5 3  5 1  5 7  5 4  6 1  4 5  NS ** NS ** 
3 1 - 4 0 ° 2 0  1 6  2 8  2 6  2 5  1 4  3 2  

x = means of  t reatments ;  F ,  fert i liser;  C,  continuous gra z ing; R,  
rotat ional graz ing . 
stat = statistical s ignificance of t reatments ;  F ,  fert i liser;  S ,  
s lope ; G ,  grazing . 
s X G ,  interact ion between s lope and grazing . 
NS = not s igni ficant .  
*= P < 0 . 0 5 
* * = P < 0 . 0 1 

- - - ---
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5 . 3 . 1 . 3  Pasture P concent ration 

Inc reas ing the rate of fert iliser P addit ion gene rally caused an 

increa se in past ure P concent ration (Fig .  5 . 4 ; Table 5 . 3 ) This 

ef fect was not s ignif icant in the first yea r  o f  the t r ia l ,  a lthough 

the pasture P concent ration in the 1 0 0  kg ha - 1  P paddock did reflect 

the large input o f  P in the autumn immediately a fter the first 

applicat ion of fe rtiliser ( F ig .  5 . 5a ) . After three yea rs of 

di ffe rential fert i liser addit ion the P response in pasture P 

concent rat ion was sign ificant (P<0 . 0 1 )  ( F ig . 5 . 5b ) . 

The seasonal fluctuations in P concent rations we re ma rked throughout 

the trial and have also been noted by McNaught et a l . ( 1 9 6 8 ) , 

McNaught ( 1 9 7 0 ) , S aunde rs and Metson ( 1 9 7 1 )  and Metson and S aunders 

( 1 9 7 8 ) . The fluctuat ions in this t ria l were large r at high rates o f  

fertiliser (Fig . 5 . 4 a )  than at low rates ( Fig . 5 . 4c ) , i . e . ,  the 

minimum pasture P concent rat ions were similar in dry seasons , but the 

maximum values inc reased with increas ing P ferti liser rate in wet 

seasons . 

Overa l l ,  P concentrat ions in summer were approximately half those in 

late autumn fol lowing annua l applicat ion of P fert iliser in autumn . 

Increas ing s lope within a paddock generally resulted in a dec rease in 

pasture P concent rat ion ( F ig .  5 . 4 ; Table 5 . 3 ) , which supports work by 

Gillingham et a l . ( 1 9 8 0 )  on s imilar hill count ry . I n  t he present 

t rial , howeve r,  pasture P concent rat ions were cons iderably lowe r  than 

those recorded by Gillingham et a l . ,  ( 1 9 8 0 ) . Gillingham' s t rial was 
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s lope 

0 - 1 0 ° 

1 1-2 0 ° 

2 1 - 3 0 ° 

3 1°+ 

Table 5 . 4  

Ha rvest 

Year 

1 

2 

3 
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E ffect o f  rate o f  P fert i l is e r  addition ( kg ha- 1 ) and 
s lope on pasture P concent rat ion ( % )  . Results are a 
production-weighted average o f  three years data . 

Rate of P fert iliser addition 
kg ha - 1 

1 0  2 0  3 0  5 0  1 0 0  

0 . 3 2 0 . 3 1  0 . 3 6 0 . 3 6  0 . 3 9 
0 . 2 8  0 . 2 9  0 . 32 0 . 3 3 0 . 3 7 
0 . 2 5  0 . 2 6  0 . 2 9  0 . 3 2  0 . 3 6  
0 . 2 8 0 . 2 8  0 . 2 7 0 . 3 3  0 . 3 5 

Ma in effect of gra zing regime on pasture P 
concent rat ion . Data are presented only for harvests 
whe re s igni ficant differences in ma in e f fect occurred 
or where the re was a s ignificant inte ract ion 

Pasture p concent rat ion S ignif icance 
% 

Month Cont inuous Rotational G SxG FxG 

August 0 . 3 8  0 . 3 4  * 

November 0 . 3 4 0 . 2 8  * *  

December 0 . 3 4 0 . 2 9  * *  

March 0 . 2 4  0 . 2 2  * *  

Septembe r 0 . 3 7 0 . 33 * *  

October 0 . 3 5  0 . 3 1 * 

Novembe r 0 . 2 7  0 . 3 1 * 

March 0 . 2 1  0 . 1 8 * *  * 

August 0 . 42 0 . 3 7 * *  * *  

Septembe r 0 . 4 5 0 . 42 * 

October 0 . 5 0  0 . 4 8 * *  

Janua ry 0 . 2 0  0 . 1 8 * *  

May 0 . 3 9  0 . 3 6  * *  
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run under condit ions cons idered t o  be non- l imiting f o r  P ( the pasture 

had been topdres sed annually with 3 1 5  kg ha - 1 o f  s ingle 

supe rpho sphate ) . Dry matter yie lds reco rded in his trial we re 

compa rative ly low ( a s  discus sed in section 5 . 3 . 1 . 1 ) and it appears 

that " luxury " P uptake was occurring, i . e . , mo re P was available to 

the plants than was actually necessary for growth . The effect of 

s lope was s ign ificant ( P < O . O l )  in winter each yea r  o f  the present 

t rial but wa s less cons istent in other seasons . It wa s ,  howeve r ,  

not iceable that the effect o f  slope was s ignif icant i n  a dry summe r 

( 1 9 8 2 ) , when the re wa s a very low level of P upt ake on the steepest 

slopes , pa rt icularly at the lowe st level o f  fertiliser P addition 

( F ig . 5 . 4 c ) . 

For a given fertiliser P rate , pasture P concent rat ion tended to be 

s l ight ly highe r in the CG paddocks than the RG paddocks ( Table 5 . 4 ) 

Differences were usually s ignificant in the ma in winter and spring 

cuts occurr ing each yea r ,  and also in Ma rch and January after a dry 

February or December ( Appendix I I ) . This may have been a result of 

repeated defoliat ion in CG pastures caus ing mo re root death than 

occurred in RG pasture . The increa sed root death in CG pasture would 

lead to more rapid P cycling (Evans ,  1 9 7 3 ;  T roughton,  1 9 8 1 )  and a 

resultant more shal low root explorat ion in a zone of highe r P status 

than deepe r soil . This e ffect was most pronounced at highe r rates of 

P fert iliser addition although on only one occas ion wa s the re a 

s ignificant interact ion ( P < 0 . 0 5 )  between fer t i l is e r  and graz ing . At 

low rates of P fertiliser addition the re was l it t le difference in P 

status with depth a s  dis cus sed in Chapter 3 .  
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An interact ion between s l ope and graz ing regime ( i . e . , the dif fe rence 

between RG and CG paddocks was greater on easy- than steep-s lopes ) was 

apparent du ring late wint e r  in the second and t h i rd years o f  the t rial 

and in summe r each year ( Table 5 . 4 ) . Remova l o f  more DM f rom e a sy­

than steep-slopes would mean the root death phenomenon discus sed 

earlier would be exaggerated . In  RG paddocks , whe re sheep a re mob­

stocked, graz ing pressure is such that prefe rential gra z ing of one 

s lope catego ry is reduced . The interact ion was s ignif icant in summe r 

when there was ve ry little DM on steep-s lopes to be consumed and in 

late winter when growth on ea sy-s lopes was both more abundant and more 

palatable than on steep- slope s ( A . G .  Gill ingham pe rs . comm . ) 

The P concent rat ion of post -gra zed pasture was s igni f icantly ( P < O . O l )  

related to P concent ration o f  pre -grazed pasture : 

Post-grazed pasture P %  0 . 9 2 pre-gra zed pasture P %  + 0 . 0 2 

r = 0 . 9 8 * *  

As indicated by the regre s s ion coefficient , p re -gra zed pasture 

gene rally had a higher P concent rat ion than subsequent post-grazed 

pasture . Howeve r ,  in late summe r ,  when pasture P concent rat ion fell 

below 0 . 1 6 %  ( Fig . 5 . 6 ) ,  post -gra zed pasture often had a h igher P 

concent rat ion than pre-gra zed pasture . This can be explained by 

cons idering seasonal growth patterns . In  summe r  month s ,  ungra zed 

pasture which has accumulated during the spring f lush tends to be in a 

" hayed-o f f "  state . With the ma j ority o f  the pasture in a mature 

state,  pre-gra zed pasture P concent ration will a l s o  be low . New 

shoots at the base o f  the s wa rd o r  c lover plants in a low-g rowing form 
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will have a higher P concent ration than t he rest o f  the pasture and, 

a fter graz ing has occurred, will make propo rt ionate l y  greater 

cont ribut ion to the rema ining DM concent ration . Thus post -gra zed 

pasture is l ikely to have a higher P concent ration than pre-gra zed 

pasture during dry t imes of the yea r ,  e . g . , late summe r  and early 

autumn . 

The s ign ificance of the re lat ionship between pasture P concent ration 

pre- and post -graz ing in terms of P intake and utili sat ion by sheep 

will be discus sed in Chapter 8 .  

5 . 3 . 1 . 4  Tot a l  plant P uptake 

Total plant P uptake (DMY x pasture P concent ration)  increased with 

increas ing rate of fert iliser P addit ion and decrea sed with s lope 

( F ig .  5 . 7 ) . This is  to be expected f rom the trends in DMY and pasture 

P concent ration discussed in preceding sections . 

Seasona l plant P uptake was greatest in spring and least in  winter .  

On a l l  s lopes P uptake in summer exceeded that in autumn ( Table 5 . 5 ) . 

As plant P upt ake i s  governed mostly by DMY ( Gi l lingham et a l . ,  1 9 8 0 )  

it i s  pos s ible that i n  a wet season , summe r P uptake could exceed that 

of spring . 

The t rends in P uptake found in this t rial were s imil a r  to those 

reported by Gillingharn et a l . ,  ( 1 9 8 0 ) . 
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Table 5 . 5  E ffect of s lope and rate o f  P fert iliser addit ion 

( kg ha - 1 ) on seasonal and annual P uptake ( kg ha- 1 ) .  

Data presented are the a ve rage s  o f  three years re sults 

from the five intens ive ly samp led paddocks . 

Rate o f  p fertiliser addition 
kg ha - 1  

Season s lope 
1 0  2 0  3 0  5 0  1 0 0  

Winter 0 - 1 0 ° 4 . 0  3 . 4  4 . 3  4 . 7  6 . 6  
1 1 - 2 0 ° 2 . 8 3 . 2  3 . 7  3 . 4  5 . 3  
2 1 - 3 0° 2 . 4  2 . 2 3 . 5  3 . 4  4 . 7  
3 1°+ 1 . 8  1 . 6  2 . 8  2 . 8  3 . 4  

Spring 0 - 1 0 ° 18 . 6  2 2 . 8  2 3 . 4  2 5 . 2  2 9 . 3  
1 1 -2 0 ° 13 . 9  1 6 . 3  17 . 4  1 9 . 7  2 4 . 2  
2 1 - 3 0 ° 9 . 3  1 0 . 3  1 0 . 2  1 5 . 0  1 8 . 9  
3 1 °+ 6 .  9 7 . 2 1 0 . 1  1 2 . 0  1 1 . 6  

Summe r 0 - 1 0 ° 12 . 9  1 4 . 4  1 5 . 3  1 5 . 3  1 9 . 4  
1 1 -2 0° 6 . 3  6 . 8  8 . 2 9 . 6  1 1 . 6  
2 1 -3 0° 3 . 9  4 . 5  5 . 9  7 . 9  9 . 2 
3 1°+ 2 . 5  3 . 3  5 . 2 5 . 7  5 . 3  

Autumn 0 - 1 0° 8 . 2 9 . 8  1 1 . 8  1 0 . 7  1 3 . 4  
1 1 -2 0 ° 4 . 4  7 . 3  6 . 7 6 . 3  9 . 5  
2 1 - 3 0 ° 2 . 5  3 . 9  3 . 4  5 . 5  6 . 7  
3 1°+ 2 . 1  3 . 3  3 . 3  4 . 9  3 . 4  

Annua l  0 - 1 0° 4 3 . 7  5 0 . 4  5 4 . 8  5 5 . 9  6 8 . 6  
1 1 - 2 0° 2 7 . 4  3 3 . 6  3 6 . 0  3 9 . 0  5 0 . 6  
2 1 - 3 0° 1 8 . 2  2 0 . 8  2 3 . 0  3 1 . 7  3 9 . 5  
3 1°+ 13 . 2  1 5 . 4  2 1 . 4  2 5 . 4  2 3 . 7  



1 9 9  

5 . 3 . 2  FAECES 

5 . 3 . 2. 1  Distribution o f  faeces 

A study of  the tot a l  amount of  faeca l mate rial depos ited on each s lope 

was ca rried out during the first year o f  the trial . Subsequent ly, 

faecal col lections we re made at one gra z ing per season . These 

me asurements of  faecal DM dist ribut ion were made by MAF research staff  

and statistical ana lyses o f  the re sults are not avai lable . 

Inc�eas ing s lope re sulted in a decrease in depos it ion of  faecal 

material ( Table 5 . 6 ) . The amount of  faeces ( kg ha - 1 ) on a slope was 

reduced by at least half by moving from one s l ope category to the next 

in order of increasing steepnes s .  The 2 0  kg ha - 1 P paddock had the 

sma l lest area of camps ites ( 9 % )  and easy-s lopes ( 2 9 % )  and these areas 

had the highest rate of faecal DM return . Apart f rom this , however,  

there appea red to be no close relationship between faeces depos ited on 

each s lope and the area occupied by each s l ope in the paddock . This 

lack of relat ionship is thought , to some extent , to have been an 

artefact of trial des ign in that all areas 0 - 1 0 ° in s lope were 

des ignated camp s ites . I n  earlier studies ( Hilde r and Mottershead, 

1 9 6 3 ;  Gill ingham and During, 1 9 7 3 )  campsites we re found to occupy 

less than 1 0 %  of the paddock . In this trial it is likely that s heep 

camped within the 0 - 1 0 ° a reas and that where the 0 - 1 0 ° s lopes formed a 

large part o f  the paddock,  only a port ion was actually used by sheep 

as camps ites . This means t hat in relat ively flat paddocks the 
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Table 5 . 6  The e f fect o f  s lope and a rea occupied by that s lope ( a s  

% o f  tot a l  paddock a re a )  on the amount o f  faecal 

material ( kg ha- 1 ) depos ited on each s lope in the first 

year o f  the trial in the f ive intens ive ly monitored 

paddocks . 

Slope Area of s lope Amount of faecal Av faecal 
( % )  material for each slope 

( kg ha - l ) ( kg ha - 1 ) 

0 - 1 0 ° 2 6  1 1 8  
9 1 2 3  

1 3  8 6  
1 7  9 2  
1 8  9 3  1 0 2  

1 1 -2 0° 4 2  3 6  
2 9  4 2  
4 7  3 5  
3 6  3 8  
3 3  4 8  4 0  

2 1 - 3 0° 1 6  2 0  
3 3  2 1  
2 9  2 1  
2 8  1 6  
2 5  2 3  2 0  

3 1 - 4 0 ° 1 1  1 3  
1 8  9 

9 7 
1 3  5 
1 8  8 8 

4 10+ 5 4 
1 1  5 

2 2 
6 5 4 
6 3 



measured amount o f  faecal material retu rned may not be a t rue 

reflect ion of intens ity of deposit ion on actual campsites . 

2 0 1  

I n  this t rial approximately 6 0 %  o f  the tot a l  faecal material depos ited 

in a paddock was found on flat a reas which occupied , on ave rage , 1 7 %  

o f  the paddock . This is a less intense retu rn than that reco rded by 

Gillingham ( 1 9 8 0 a ) , who found that 8 8 %  of the total faecal material 

was retu rned to 2 0 %  of the paddock and may be a re flect ion of the fact 

that paddocks in this trial were genera l ly less  steep than those used 

by Gill ingham ( 1 9 8 0 a ) . Furthermo re , whe reas Gill ingham ( 1 9 8 0 a )  

reco rded eight times a s  much faecal material retu rned t o  2 5° s lopes as 

4 5 ° s lopes , in this trial only five times as much faecal material was 

returned to 2 1 - 3 0 ° s lope s as 4 1 °+ s lopes . The significance o f  the 

more uniform faecal dist ribution measured in this trial will be 

examined mo re fully in sect ion 5 . 3 . 3 .  

Ana lys is o f  the amount of faecal materia l depos ited on a part icular 

s lope within each paddock as  a percent age o f  the total amount o f  

faecal material depos ited within the paddock revealed a dist inct 

relationship with the area occupied by that s l ope within the paddock 

( F ig .  5 . 8 ) . This relat ionship was different for each slope . From the 

re lat ionships gene rated it is possible to predict the proportion o f  

faec a l  material ( a s  a percentage of the tot a l  depos ited i n  the paddock 

under conside rat ion ) that will fall on any particular s lope group from 

the a rea the s lope occupies within the paddock . With the exception o f  

easy-s lopes the variance accounted f o r  by those relationships i s  quite 

high ( r2 = 0 . 8 8 - 0 . 9 8 ) . 
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5 . 3 . 2 . 2 Faecal P concentration 

The total P concent rat ion of faeces increased s ignificant ly (P<O . O l )  

with increa s ing rate o f  P fertiliser addit ion ( Fig . 5 . 9a ) . S imi lar 

trends have been noted by Bromfield ( 1 9 6 1 ) , F loate ( 1 9 7 0 a )  and Floate 

and Torrance ( 1 97 0 )  in that faecal material f rom improved pasture has 

a highe r P content than that collected from un improved pasture . 

Seasona l va riation in faecal P concent ration ( F ig .  5 . 9 ) re flected the 

seasona l va riat ion in pasture P concent ration ( F ig . 5 . 4 ) . The changes 

were , however,  more ma rked . 

At most harvests faecal P concent rat ion wa s s ignificantly highe r 

(P<O . O l )  from CG paddocks than RG paddocks ( F ig .  5 . 9b ) . This 

re flected the higher pas ture P concent rations in CG than RG paddoc ks . 

Faec al inorganic P ,  as  a propo rt ion of total faecal P ,  increased as 

the tot a l  P content increased, and fol lowed the s ame annual pattern as 

total faecal P .  Organic faecal P, ca lculated as  the difference 

between inorganic and total P ,  did not appear to be a f fected by 

fert i liser rate or gra z ing regime . It did, however,  tend to be 

s l ight ly higher in late winter and ea rly spring t han in autumn ( F ig .  

5 . 1 0 ) . Thus changes in total P level occur predominant ly a s  a result 

of changes in the inorganic P fract ion . This f inding has a l s o  been 

reported by Bromf ield ( 1 9 6 1 )  and Barrow and Larnbourne ( 1 9 62 ) . 
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F igure 5 . 9 Effe c t  o f  P fertil iser addi t ion ( a )  and graz ing regime ( b )  

on f ae c al P c onc entrat ion ( % )  m e as ur e d  over the per iod 

o f  the trial . 
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5 . 3 . 2 . 3  Faeca1 P distribution 

Faec a l  P dist ribut ion was ca lculated f rom measurements o f  DM a nd 

faec a l  P concent rat ion . As no statistical ana lyses ,  were ava i l able 

for faeca l DM dis t ribut ion ( Section 5 . 3 . 2 . 1 ) , no statistical ana lyses 

were carried out for faecal P distribut ion . For  each s l ope , total  

faecal P return tended to increase with inc reas ing rate of fe rtil iser 

P addit ion ( Table 5 . 7 ) . For each fe rtiliser rate, total faec a l  P 

=eturn dec reased with increas ing s lope . As faecal P concent rat ion wa s 

not a f fected by s lope , this dec rease was a result o f  a reduct ion in 

faeca l  depos i t ion on s teepe r s lopes . 

On a pe r paddock bas i s , measured faeca l P ret urn va ried f rom 7 6 %  to 

1 0 6 %  o f  plant P uptake ( Table 5 . 8 ) . The ave rage figu re o f  8 6 % is only 

s l ight ly less than that of 9 0 %  sugges ted by Kar lovsky ( 1 9 6 6 )  . 

The appa rent import ing of nut rient s at  the lowest rate of fert i l iser P 

addit ion ( 1 0 6 % o f  plant P uptake was retu rned a s  f aecal P )  occurred 

despite precautions t a ken in graz ing sheep on pre-t reatment paddocks 

and means that e ffect ive P addit ion to  that paddock was s lightly 

highe r than 10  kg ha- 1 . 

Although on ave rage only 1 4 %  o f  plant P upta ke was lost on a per 

paddoc k  basis , losses for individua l s lopes ( greate r  t han 1 0 ° ) were 

much h igher and increased with steepnes s  ( Table 5 . 8 ) . This was 

because return o f  faecal P was not spread uniformly acro s s  the paddock 

but was concentrated on the f latter c ampsite a reas . 
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Table 5 . 7 E ffect of rate o f  fert iliser P addit ion ( kg ha- 1 ) and 

s lope on t he annual ba lance between plant P upt ake and 

faecal P return ( kg ha - 1 ) .  Data presented are averages 

of three years results from the f ive intens ively 

sampled paddocks . 

Rate of fert i l iser p addit ion 
kg ha- 1 

S lope p poo l 
kg ha - 1  1 0  2 0  3 0  5 0  1 0 0  

0 - 1 0 ° P lant 4 3 . 7  5 0 . 4  5 4 . 8  5 5 . 9  6 8 . 7  
Faeces 6 1 . 5  7 3 . 5  6 9 . 0  7 8 . 3  9 4 . 7  
Surplus 1 7 . 8  2 3 . 1  1 4 . 2  2 2 . 4  2 6 . 0  

1 1 - 2 0 ° P lant 2 7 . 4  3 3 . 6  3 6 . 0  3 9 . 0  5 0 . 6  
Faeces 2 5 . 2  2 8 . 0  2 6 . 0  3 3 . 3  4 3 . 6  
Deficit -2 . 2 -5 . 6  -1 0 . 0  -5 . 7  -7 . 0  

2 1 -3 0 ° P lant 1 8 . 2  2 0 . 8  2 6 . 3  3 1 . 7  37 . 9  
Faeces 1 2 . 4  12 . 4  1 4 . 4  1 2 . 7  2 1 . 1  
Deficit -5 . 8  -8 . 4  - 1 1 . 9  - 1 9 . 0  -1 6 . 8  

3 1°+ P lant 1 3 . 2  1 5 . 4  2 1 . 4  2 5 . 4  2 3 . 7  
Faeces 5 . 9  5 . 0  4 . 4  4 . 4  7 . 3  
Deficit -7 . 3  - 1 0 . 4  - 1 7 . 0  -2 1 . 0  - 1 6 . 4  

Whole P lant 2 7 . 9  2 5 . 6  3 4 . 0  3 7 . 3  4 4 . 2  
P addock Faeces 2 9 . 5  2 0 . 3  2 5 . 9  2 9 . 7  38 . 5  
( adj usted Surplu s /  
f o r  de ficit 1 . 6  -5 . 3  - 8 . 1  -7 . 6  - 5 . 7  
t opography ) 
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Table 5 . 8  E f fect o f  s lope and rate of P fert iliser addition 

( kg ha- 1 ) on faecal P return expre s sed a s  a percentage 

of plant P upt ake . Data presented are ave rages of  

three years results from the f ive intens ively sampled 

paddocks . 

Rate of p fert i l i se r  addit ion 
( kg ha- 1 ) 

S lope 
1 0  2 0  3 0  s o  l O O  

0 - 1 0 ° 1 4 1  1 4 6  1 2 6 1 4 0  1 3 8  
l l - 2 0 ° 9 2  8 3  7 2  8 5  8 6  
2 1 - 3 0 ° 6 8  5 9  5 5  4 0  5 5  
3 1 ° + 4 5  3 2  2 1  1 7  31 

whole paddock 
( ad j usted for topography) 1 0 6  7 9  7 6  8 0  87 
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5 . 3 . 2 . 4  Rel ationship between faecal P and pasture P 

concentration 

A close,  linear relationship wa s found to exist between the P 

concent rat ion of faeces and the overall mean pasture P concentrat ions 

on o f fer in each paddock (Fig .  5 . 1 1 ) : 

faecal P concent ration 3 . 1 9 MPP - 0 . 0 9 ;  r 0 . 9 4 * *  

where MPP = mean pasture P concent rat ion . The latte r was calculated 

us ing topograph ica l data ( i . e . ,  the % area of each paddock occupied by 

each s lope catego ry ; Appendix I ) , dry matter on offer within each 

s lope category ( kg ha - 1 of DM , Table 5 . 1 ) , and the pre -gra z ing P 

concent ration of that pas ture ( Table 5 . 3 ) , i . e . , 

MP P % =  (DM1 x P conc 1 % x a rea 1 % )  + (DM2 x P conc2 % x a rea2 % )  + . . . 

( DM1 x a rea 1 % )  + ( DM2 x a rea2 % )  + 

This relationship does not take into account any e f fect of differences 

in leve l s  of PU by sheep , which occurred on cont rast ing s lopes . From 

discuss ions in section 5 . 3 . 1 . 2  it is known that PU on steep-s lopes 

tends to be lowe r than on easy-s lope s . This means that the pasture P 

concent rat ion on steep-s lopes , which is gene rally lowe r than that on 

easy-s lopes , will make less of a cont r ibution t o  faecal P than that of 

easy-slope s . Howeve r ,  the relationship derived a s s uming PU to be 

equal on a l l  s lopes appea r s  to account for a cons iderable proportion 



f . C5 

1 .4-

1 . 2 

-� .._., 

� 1 . 0 
0 •.-4 � «< 
M � 
� o . e  

cu (.) 
� 0 (.) 

� 0 , 6  

-«< (.) cu «< � 0.4 

0 . 2  

/ 

/ . • 
• • 
• 

• 

I • • 
• 

• • • • • • 

/. . : • • • • • • • 
• 

• • • • 
• • 

: . /• 

• • 

• • 

• • 

• / 
Y = 3 . 1  9 X  - 0 . 0 9  

r = o . 9+ * *  

�--L-------�----------�------------�----------�------------L----------� 
0 . 1 0 . 2  0 . 3  0 . 4  o . s  0 . 6  

P a s t u r e  P c o n c e n t r a t i o n  ( % )  

Figure 5 . 1 1 Relationship between fae c al P c o n c ent rat i o n  ( % ) and p a s t u r e  P c o n c e n t r at i o n  ( % ) . 
N ...... 
0 



of the va riat ion { r2 
= 0 . 8 8 ) , and as  PU' s for camps ites and 2 1 - 3 0° 

s lopes were not measured in the trial attempts at ref ining the 

relat ionship a re un likely to imp rove it . 
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A second point to cons ide r  i s  that the above relat ionship does not 

allow for the fact that in RG pasture , P concent rations of res idual 

post -gra zed pasture a re gene rally lowe r than in pre-gra zed pasture , 

due to the highe r propo rt ion of stem and dead mater i a l  found at the 

base of the s wa rd { Section 5 . 3 . 1 . 3 ) . This means that the pasture 

actua l ly ingested by sheep has a s l ight ly highe r P concent rat ion than 

the pasture on offer in each paddock .  The true relat ionship, 

the refore , probably has a s l ightly lower slope . Howeve r ,  s ince the P 

concent ration in pre-gra zed pasture is  a more easily measured factor 

the relat ions h ip establi shed is of more pract ical value . 

5 . 3 . 3  Phosphorus balances 

5 . 3 . 3 . 1  Effect o f  P fertiliser addition and s lope on 

" above-ground" P balances 

At a given s ite the propo rtion of P taken up in pasture that is 

returned to that s ite depends on the degree of PU and the amount of 

faecal P return . The latte r is a f fected by the degree o f  retent ion of 

ingested P by the graz ing anima l and by factors affect ing the phys ical 

distribut ion of faeces . Ba rrow and Larnbourne ( 1 9 6 2 )  have found that 

the proportion of ingested P retained by sheep varies acco rding to 
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pasture P concent rat ion . Below a pasture P concent ration o f  

app roximat ely 0 . 2 2 %  sheep w i l l  excrete mo re P than they ingest due to 

endogenous supplement ation . Though pasture P concent rat ion can fall 

below this critical leve l during summe r months , part icularly on steep­

s lope s ( Fig . 5 . 4 ) on an annual bas is pasture P concent rat ions we re 

above this leve l even at the lowest rate o f  P fert i liser addit ion 

( Table 5 . 3 ) . It is thus cons idered unlikely that stock would be in 

negat ive P balance for very long when gra zing pasture on New Zealand 

soils . Thus faecal P return is dependent solely upon factors such as 

topography and graz ing management which a f fect the dist ribut ion of  

faeces . 

I n  this tria l ,  for a given fert iliser rat e ,  the " short f a l l "  between 

plant P upt ake and faecal P return ( which mus t  be compensated for in a 

ma intenance P s it uat ion by addit ion o f  fert i l iser P )  increases with 

increas ing slope ( Table 5 . 7 )  as was de f ined by Gillingham et al . ,  

( 1 9 8 0 )  ( T able 5 . 9b ) . 

The short fall ( o r  surplus on camps ites ) tends to increase with 

increas ing rate of P fert i l iser addit ion . This is  due to the 

increased stock numbers necessa ry at h igher rates of DM production and 

a l s o  to the higher P concent rat ion in herbage at h igh rates of P 

addit ion . 

When faecal P return is expressed as a percentage o f  plant uptake 

( Table 5 . 8 )  the dec rease with slope is  still apparent but the 

fert i liser e ffect is no longer present . This indicates that P loss 
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( a )  

( b )  

E f fect of s lope o n  faeca l P return expressed as  a 

percent age o f  plant P uptake . Data presented in ( a )  

2 1 3 

a re the ave rage returns to each slope from a l l  rates of 

P fert i liser additon ( Table 5 . 8 ) . Data in ( b )  is 

recalculated from results presented by Gill ingham 

( 1 9 8 0b )  . 

s lope Faecal p return ( % )  

0 - 1 0 ° 1 3 8  
1 1 -2 0° 8 4 
2 1 - 3 0 ° 5 5  
3 1 ° + 2 9  

s lope 

0 - 1 5° 2 4 4  
2 5 ° ( 1 5 - 3 5 ° ) 3 9  
4 5° ( 3 5° + ) 7 



2 1 4 

via animal t ransfer is not a funct ion o f  rate o f  P fert iliser addit ion 

and so will not be increased by increas ing product ivit y .  

The proportion o f  plant P returned t o  campsites i n  this study wa s 

somewhat less than that recorded by the one study ca rried out on 

s imi lar hill count ry (Gill ingharn, 1 9 8 0 a  and b ;  Gill ingham et al . ,  

1 9 8 0 ) . A comparison o f  f igures ( Table 5 . 9 ) shows that whereas return 

to campsites was les s  in this study than that carried out by 

Gill ingharn ( 1 9 8 0b )  the reve rse was t rue for steepe r s lopes . The range 

of plant P upt akes in Gill ingharn' s t rial was encompa s sed by that 

obt a ined in the present t rial . It would seem, therefore , that in the 

present t rial faecal P dis t r ibut ion was mo re uniform than that 

measured by Gi l l ingharn.  The significance o f  the mo re uniform faecal P 

di stribut ion recorded in this trial is that animal t rans fer losses 

f rom steepe r s lopes to campsites will be reduced . The importance of  

this will  be discussed in det ail in Chapter 8 .  

5 . 3 . 4 . 2  Effect o f  P fert iliser addition and s lope on 

" above - "  and "below-ground" P balances 

Combining results f rom the preceding section with those f rom the study 

on "below-ground" changes in the P cycle ( Chapte r  3 )  it was pos s ible 

t o  e xamine the total e f fect o f  s lope and fert i liser P addit ion on the 

"above- " and "below-ground" component s o f  the P cycle . 

The difference between faecal P return and s o i l  and plant P "uptake" 

was calcu lated for each s l ope at each rate o f  P fert iliser addit ion . 

I n  theory, this "difference"  should be equal t o  the amount o f  
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fert iliser  P added, the reby providing a s imple method for val ida t ing 

ana lys is techniques used within the t rial _ In  practice it can be seen 

( Table 5 _ 1 0 )  that a lthough on s lope s other than campsites the measured 

de ficit did approximate the amount of P added, on campsites resul t s  

were high ly variable . Most of this variation appea red to be occurring 

in the soil  pool . (An internal " check "  on the " above -ground" 

component s was provided by the fact that on a pe r paddock basis faecal 

P return plus expected los ses , balanced the amount of P consumed by 

the gra z ing anima l )  . Soil samples we re bulked for analysis of total P 

which meant that it was not pos s ible to estimate fie ld variability in 

this poo l . It  was known , howeve r ,  that field va riabi lity in Olsen P 

wa s part icula rly high on campsites ( A . G .  Gil lingham pers . comm . ) hence 

the la rge numbe r of repl icates used in the t rial as expla ined in 

Sect ion 3 . 2 . 3 .  I t  can then be inferred that field variabi lity in 

total P would have been high . 

On s lope s other t han campsites the fact that the annual P de ficit in 

the sum of the " above - "  and "be low-ground" P pools approximated the 

appropriate fe rtiliser P input was taken as  an indicat ion that the 

various sampling and ana lys is techniques used within the t rial did not 

contain any ma j o r  systemat ic e rrors . 
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Table 5 . 1 0 E f fect o f  s lope and rate o f  P fert i l iser addit ion on 

the annua l short fa l l  ( kg ha- 1 ) in the sum of the 

"above-" and " below-ground" component s of the P cycle . 

Data presented are annua l ave rages o f  the results from 

the five intens ively s ampled paddocks . 

Rate o f  p fert i l i ser addit ion 
kg ha- 1 

s lope P pool 
( kg ha -1 ) 1 0  2 0  3 0  5 0  1 0 0  

0 - 1 0 ° Soil 1 2 4 . 8  1 0 9 . 1  5 4 . 2  8 0 . 5  6 8 . 8  
P lant 4 3 . 7  5 0 . 4  5 4 . 8  5 5 . 9  6 8 . 7  
Faeces 6 1 . 5  7 3 . 5  6 9 . 0  7 8 . 3  9 4 . 7  
De ficit - 1 0 7 . 0  - 8 6 . 0  - 4 0 . 0  - 5 8 . 1  - 4 2 . 8  

1 1 -2 0 ° Soil 5 . 9  1 1 . 1  1 5 . 7  6 7 . 4  9 3 . 5  
P lant 2 7 . 4  3 3 . 6  3 6 . 0  3 9 . 0  5 0 . 6  
Faeces 2 5 . 2  2 8 . 0  2 6 .  0 3 3 . 3  4 3 . 6  
Deficit - 8 . 1  - 1 6 . 7  -2 5 . 7  - 7 3 . 1  - 1 0 2 . 5  

2 1 -3 0 ° Soil  
( interpolated) -2 . 6  1 4 . 8  12 . 3  52 . 0  7 7 . 2  
P lant 1 8 . 2  2 0 . 8  2 6 . 3  3 1 . 7  3 7 . 9  
Faeces 12 . 4  12 . 4  1 4 . 4  12 . 7  2 1 . 1  
Deficit -3 . 2  -2 3 . 2  -2 4 . 2  - 7 1 . 0  - 9 3 . 9  

3 1°+ Soil -1 1 . 1  1 8 . 4  8 . 9  3 6 . 6  5 8 . 8  
P lant 1 3 . 2  1 5 . 4  2 1 . 4  2 5 . 4  2 3 . 7  
Faeces 5 . 9  5 . 0  4 . 4  4 . 4  7 . 3  
Deficit +3 . 8  -2 8 . 8  -2 5 . 9  - 5 7 . 6  -7 5 . 2  
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5 . 4  CONCLUSIONS 

Re sults of this s tudy on the " above-ground" component s of the P cycle 

in a hill -country gra z ing system indicate clea rly that a reas in 

di fferent s lope categories within a paddock may have diffe rent P 

ma intenance fert i l iser requi rement s due to  differences in P demand 

(plant P uptake ) and P supply ( faecal P return ) . Whether or  not 

fert i l i ser requ i rement s a re different will depend to a great extent on 

the ef fect of s lope on soil P loss . This will be invest igated in 

Chapter 8 .  

The di sproport ionate return of faecal P to camps ites means that P is 

not a l imit ing factor in these areas . In cont rast , insufficient 

faecal P is retu rned to steeper s lopes to compensate for plant P 

upt ake and remova l .  This means that these a reas a re dependent upon 

fe rtiliser P input in o rde r to ma intain product ion . The s ignif icant 

t ransfer of P f rom steepe r s lopes to camps ites expla in s ,  to a great 

extent the widely recognised fact that in many hill-count ry pasture s ,  

improvement b y  topdre s s ing c a n  b e  a s low proces s  (During, 1 9 7 2 ) . 

I n  ma intenance condit ions where , as  defined by the MAF CFAS mode l ,  

fert iliser P input s a re made to compensate for losses o f  P i n  animal 

products and the s o i l ,  the ava ilability of P in faeces is o f  

importance . The model a s sumes that a unit o f  faecal P has the same 

u lt imate va lue a s  a unit o f  fertiliser P ;  results f rom the lite rature 

vary widely in t he i r  indicat ions of the t ime scale of avai lability . 

I n  this t rial the fate o f  faeca l P could be interpreted to some extent 

in con j unction with result s f rom Chapters 3 and 4 .  
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On camp s ites , whe re large amounts of faeca l  matter were depos ited, an 

increase in soil P0 was measured ( sect ion 3 . 3 . 6 ) . The increase 

appea red to be larger at low rates of fert iliser P addition than at 

h igh . This is thought to be a re f lect ion of the highe r amount s of 

nit rogen returned via urine at high levels of P addit ion (as a result 

of increa sed stock numbe rs ) and a consequent s t imulat ion of  the P 

cycle re sult ing in increa sed mine ra l isat ion . Organic P was found to 

be large ly unava ilable du ring the period of the glas s house study 

( section 4 . 3 . 4 . 3 ) . This means that at low rates of P ferti liser 

addit ion much of the added P became unava ilable . At high rates of 

fert i l iser P addition the unava ilable poo l was tending t o  increase 

more on easy-s lopes than on campsites , partly because of higher 

addit ions of n it rogen to camps ites and part ly because of more uniform 

gra z ing in these paddocks ( sect ion 5 . 3 . 1 . 2 ) . F rom this it can be 

concluded that in a l l  paddocks t ransfer o f  P was occurring via the 

medium o f  faeces from an ava ilable form on steeper s l opes to a less 

avai l able form on easier s l opes . The addit ion of nit rogen in urine 

appea red to prevent some of the faecal P immobilisat ion . Recent work 

( Ledgard et a l . ,  1 9 8 7  in pres s )  has revealed an increase in C : N  with 

increasing s lope . 

From these results it would appear that whether faecal P does or does 

not have the s ame "ultimat e "  value as fert il iser P depends upon where 

the faecal P was depos ited plus the general level o f  fertility of the 

paddock . On campsite s ,  where the biological activity is  l ikely to be 

h igher than in t he rest o f  the paddock , the balance between 

immobilisat ion a nd mineral i s at ion appea rs to depend, at least to some 
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extent , on the return of  nit rogen . At high rates o f  P fert i liser 

addit ion , with as sociated higher nit rogen return to campsites and, 

poss ibly, easy-s lopes , immobilisation appeared to be reduced in 

comparison with that occurring at low rates of P fertiliser addit ion . 

Thus , mo re faecal P was rema ining in an available form at high rates 

of  P fe=t iliser addition than at low rates of  P ferti liser addit ion . 

On easy- and steep-s lope s ,  the amount of  faecal P deposited wa s 

cons ide =ably le s s  than on camps ites , but the increase in organic P 

reco rded in Chapter 3 ( F ig 3 . 9 ) was only s l ight ly less in many cases . 

As litte r was not me asured in this tria l ,  it is not pos sible to say 

how much faeca l P became available or unava il able . Howeve r ,  if it is 

a s s ��ed that annual PU ( % )  was approximately unif orm throughout the 

paddock ,  for which there is some evidence (Gillingham, 1 9 7 8 ) , then it 

can be seen that proport ionately more faecal P is rendered unavailable 

with inc reas ing s lope . This is likely to be due in part to a dec rease 

in soil mo isture with increas ing s lope , a f fect ing not only faecal 

breakdown but also mobility of  faecal P .  

From this it would appea r  that more faecal P become s available in the 

areas whe re P uptake is high ( i . e . ,  camps ite s )  than in areas where P 

uptake is low ( i . e . ,  steep-s lopes ) .  Howeve r ,  the time span of  the 

"ultimate" availability of faecal P cannot be dete rmined from this 

work . In  orde r to va lidate the CFAS assumpt ion that faecal P and 

fert i liser P have the s ame ultimate va lue det a iled studies of the 

phys ical and chemical breakdown of faecal material are neces s a ry . 
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Ove ra l l ,  results f rom this trial would tend t o  suggest not only that 

dif fe rent s lope groups within a paddock may have different fert i liser 

P requi rements but also that true maintenance equilibrium on a paddock 

scale ( a  condit ion required for the maintenance definit ion of the CFAS 

mode l )  will be impos s ible to obtain . The latter is a coro l l a ry of the 

former given that aerial topdressing doe s  not a l low for the addit ion 

of dif fe rent rates of fert i liser to sma l l  a reas within a paddock .  The 

implicat ions of this s lope dif ference in paddocks will be discussed 

further in Chapter 8 .  
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- --· -- -------

CHAPTER 6 

RELEASE OF P FROM SHEEP FAECES AS AFFECTED BY 

SLOP E ,  SEASON AND FORM OF FAECAL MATERIAL 

INTRODUCT ION 

The re turn of P to the s o i l  in faeces is , as di scussed in sect ion 

2 . 5 . 1 , an important pathway in the P cycle in gra zed pas ture . Two 

pieces of informa t ion are requ ired before this pathway can be 

quant i f ied : 

( 1 )  How much faecal P i s  retu rned to the s o i l ?  

( 2 )  How qu ickly does this  faeca l  material decompose and the P 

become available for plant uptake? 

The f i rst quest ion has been researched in Chapter 5 .  This chapter 

addresses the second quest ion . 

2 2 1  

Studies o f  the phys ica l breakdown o f  faeces have been ca rried out in 

Britain ( White,  1 9 6 0 )  and Aus t ralia ( Bromfield and Jones , 1 9 7 0 ;  Rixon 

and Zo rin , 1 9 7 8 ) . Result s of the British trials , performed in the 

Pennines , showed that the faecal material depos ited on moorland 

decomposed less rapidly than that depos ited on gra s s land, and that at 

each site,  samples depos ited in summer remained longer than those 

depos ited in winter . Breakdown in summer was att ributed a lmos t  



2 2 2  

ent i rely to ea rthworm activity, wherea s  i n  winter,  when animal 

act ivity is at a minimum, wind and precipitat ion we re believed to be 

respons ible for removal of 3 0 -5 0 %  o f  the f aeces . 

In the drier conditions of Aust ra lia , Bromf ield and Jones ( 1 9 7 0 )  found 

that a 4 0 %  weight los s f rom faecal samples occurred over the two year 

period of their t rial . Rixon and Zorin ( 1 9 7 8 ) found that a fter twenty 

months , 5 0 %  of the faecal s ample in an irrigated locat ion rema ined, 

whe reas 5 4 %  of the faeca l  material placed between bushes in sa ltbush 

range land, and 62 % of the material placed unde r bushes was still  

present . They concluded that the rate o f  loss of dry we ight from 

faeces in the dryland location was not grea t l y  inf luenced by climat ic 

condit ions , and that the regular addition of moisture at the irrigated 

locat ion did not result in a substant ial increase in the rate o f  

dis appea rance o f  faecal materia l .  

The poss ibility that chemica l decompos ition occurs before phys ical 

dis appea rance of the faecal material in the field was invest igated by 

both groups of Aus t ra l ian workers . In s equent ial leaching 

experiment s ,  Bromfield ( 1 9 6 1 )  showed that a proportion o f  total 

inorganic P could be removed by extens ive leaching . Further work by 

Bromfield and Jones ( 1 9 7 0 )  s howed that the total amount o f  P leached 

depended on t he number o f  leaching s ,  not the intervening incubat ion 

t ime ,  and that the amount of P released dec reased during succes s ive 

extractions . A field investigation showed that over two years , total 

I 
P concentrat ion o f  faecal s amples dec reased by 6 0 % . S imilarly,  Rixon 

and Zorin ( 1 97 8 )  noted a dec rease of 5 0 %  in the initial P 

concent ration in samples placed under bushes in the s altbush range land 
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f o r  twenty months . The dec rease wa s 7 0  and 8 0 %  for faecal samples 

placed between bushes and on irrigated pasture respectively . The re 

has been litt le comparable wo rk done in New Zealand . 

The t rials de scribed in this section we re conducted to provide 

information on the ef fect of surface a rea , init ial P content , s lope 

and sea son on the release of P f rom sheep faeces . 

6 . 2  MATERIALS AND METHODS 

The t r i a l  si te has been described in sect ion 3 . 2 . 1 .  

6 . 2 . 1  Winter trial 

This study invest igated the influence of s lope whe re deposition 

occurred ( camps ites ( 0 - 1 0 ° ) ,  easy-slopes ( 1 1 -2 0 ° ) ,  or  steep-s lopes 

( 3 1 - 4 0 ° ) ) ,  surface area ( pads or pel lets , )  and initial P concent rat ion 

on physical and chemical decompos ition of faecal samples . 

F reshly voided faecal pads ( low surface a rea ) and pel lets (high 

surface a rea)  were collected direct ly f rom pasture on soils o f  known 

and varied P content ( Table 6 . 1 ) . The pads and pel lets we re bulked 

separately and then subsampled . The initial wet weight o f  the pe llet 

s ubsamples was 2 5  g ( 7 . 8  g dry weight f o r  low P samples and 6 . 4  g dry 

weight for high P samples ) and of the pads was 2 0  g ( 4 . 4  g dry weight 

f o r  low P samples and 4 . 2  g dry weight for high P samples ) .  



Table 6 . 1  

P content 

High 
Low 

2 2 4  

Initial total P concentrat ion o f  faecal samples used 

in the winter tria l . 

1 0 1 3 0  
6 7 5 0  

1 1 8 1 0 
8 0 5 0  



2 2 5  

Each s ubsample was sealed i n  a mesh bag ( 1 0  x 1 5  cm) made from woven 

po lyethylene . The mesh holes ( approximately 4 x 3 mm) were 

sufficient ly la rge to a llow access by sma l l  insects and soil­

inco rpo rat ing fauna , and ready pas sage of fragment s of faeca l  material 

into the underlying soil ( Rixon and Zorin , 1 9 7 8 )  . 

The bags we re pegged out on each s ite at the beginning of Augus t  1 9 82 , 

and four replicates of each t reatment we re collected a fter each ma j o r  

ra infall event during the six weeks which followed . Sufficient bags 

we re pegged out to a l low s ix collect ions of pe llets and seven of pads . 

Daily rainfa l l  wa s recorded nearby . Soil mo isture was measured 

gravimet rically at each col lect ion date ( Table 6 . 2 ) ; two bulked 

samples were taken from within each t rial a rea and the mo isture was 

determined for the 0 - 3  cm s o i l  depth .  

6 .  2 .  2 Summe r t rial 

This t rial was established a t  the beginning o f  March 1 9 8 3 . 

Modi f icat ions included increas ing the number o f  replicates at each 

sampl ing t o  s ix ,  t aking soil s amples from beneath the mes h  bags , and 

us ing faeces of only one P concent rat ion . As breakdown was s lower 

than in winter,  sampling was ca rried out on an increas ing elapsed t ime 

scale so that at the last collect ion the material had a lmost o r  

totally disappeared . The last collect ion was made one hundred and six 

days a fter the start o f  the t rial . 
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6 . 2 . 3  Phosphorus analys is 

Analys is of tot a l ,  inorganic and o rganic P has been de sc r ibed in 

section 5 . 2 . 1 . 5 .  Wat e r-ext ractable P in faeca l samples from the 

summe r t rial wa s determined on duplicate 1 g samples subj ected to four 

success ive ext ractions with 4 0  ml di s t i l led wate r . The samples we re 

s haken for a total o f  6 h ( 2  x 1 h and 2 x 2 h shaking pe riods ) and 

we re centri fuged and filtered between each succe s s ive ext ract ion . 

Tot a l  dis s o lved P was det e rmined in a sulphuric-pe rchloric acid dige st 

of the ext racts ( Envi ronment a l  P rotection Agency, 1 9 7 1 ) . Dissolved 

ino rganic P was determined directly on the extract , and dissolved 

o rganic P wa s ca lculated by dif ference . 

6 . 2 . 4  Soils 

In an attempt to fol low the movement of dis s olved ino rganic P f rom 

faecal material into the soil  du ring the summe r t r i a l ,  cores were 

t aken at 0 - 3 cm depth f rom the s o i l  unde rlying the mes h  bags after 

the i r  remova l .  F ifteen soil samples f rom a reas between the bags we re 

t aken at the same time and used a s  cont rols . The cores were bulked, 

s ieved to pass through a 2 mm mesh,  and a i r-dried . S amples ( 2  g )  of 

the a i r-dry soil we re s haken in 2 4 0  ml dist i l led wate r  on an end-over­

end s haker for 1 h .  D i s s o lved inorganic P was measured 

colorimet rically us ing t he method o f  Murphy and Riley ( 1 9 62 ) . 
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6 . 3  RESULTS AND DISCUSS ION 

6 . 3 . 1  P hys ical decomposition 

Under winter condit ions , faeca l samples underwent rapid phys ical 

decompos it ion . Pellet samp les decomposed completely within twenty 

days ( F ig . 6 . 1 ) , whe reas some pad samples rema ined for approximately 

thi rty days ( Fig . 6 . 2 ) . The rate of dis appea rance of the samples from 

the bags va ried depended upon : 

( 1 ) surface a rea - i . e . ,  pe llets decomposed at a faster rate than 

pads ; and 

( 2 )  s lope - i . e . ,  samples on camps ites dis integrated faster than 

those on easy-s lope s ,  which in turn dis integrated faster than 

those on steep-slopes . 

Unde r summer condit ions the faecal material pe rsisted for ove r  

seventy-five days . Pellets decomposed ma rgina l ly faster than pads , 

and material on campsites disappeared at a faster rate than that on 

the steeper slope s . The difference s ,  particula rly between pel lets and 

pads , we re less ma rked than in the winter t ria l ,  pos s ibly because 

pe rs istent rain , c loudy condit ion s ,  and high soil  moi sture during 

winter prevented the faecal s amples f rom drying out . I n  their mo ist 

state they would have been suscept ible to phys ical b reakdown f rom 

ra indrop impact ( consequently the surface a rea of the s ample would be 

important ) and to biological action ( faster breakdown on camps ites 

probably reflected the higher biologica l  act ivity observed in those 
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mean s  o f  f our and s ix s amples for the winter and summer 

trial r e s pe c t ively . 



70 

+' 
.r: 50  

30  

20 

1 0 

1 1 
I I 

I I I I I 

1 1 I 
I I I 
I I I I I 

I I I 
I I I 
1 I ; 
I I 

I ' I 
I I I 

I I ; . 
I I "" 

I l j' � 
I I 
I I 
I I 

I I 
1 I 

[ 

winter 

LSD ( 1 %) d 

Key: 

winter summer 
A- - -- -A o - 1 o· .A .l 

• - -- .... 1 1  - 20" • • 

._ - - -11 31 - 40° I • 

1 0 20 30 40 50 60 70 80 90 1 00 1 1  0 

Days from beginning of trial 

2 2 9  

Figure 6 . 2  C hange ( % )  i n  dry we ight  o f  f ae c al pads a s  a fun c t i o n  of 

t im e  under w i n t er and s ummer c on d i t ions . Values ar e 

t h e  means of four and s ix s ampl e s  for t h e  w i n t er a n d  

s umme r  t r i a l , resp e c t ively . 
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a reas in comparison with steepe r s lopes ) . Total rainfall was higher 

during the summe r trial than the winter t ria l ,  but the days with rain 

were fewe r ,  soil moisture was lowe r ( Table 6 . 2 )  and condit ions were 

more conducive to the drying out of the faecal samples . 

The appa rent increase in soil mo isture content in the latter half of 

the summer trial is a result of the samp ling procedure used . Faecal 

samp les and soil cores were collected immediately after heavy rainfall 

event s .  As the soil  had not had time to dra in , the soil moisture 

content measured at each collect ion date was higher than at t imes 

between collect ions . 

Once the samples had dried they appea red to be more res istant to 

phys ical brea kdown . This , coupled with lowe r act ivity o f  ea rthwo rms 

under dry condit ions ( Sharp ley and Syers , 1 9 7 7 ) , was probably o f  ma jor 

impo rtance in the s lowe r rate of breakdown o f  samples during the 

summe r trial . Pad material rema ined almost twice as long as that in 

the winter tria l ,  and pe l let materia l three t imes a s  long . 

6 . 3 . 2 Chemical decomposition 

6 . 3 . 2 . 1  Total phosphorus 

Faecal s amples collected during each t rial showed no s ignificant 

change in total P concentrat ion with t ime ( F ig .  6 . 3 ) . Thus the 

dec rease in t he amount o f  total P contained in t he bag with t ime ( Fig . 

6 . 4 )  was caused by phys ical ,  not chemical decomposition . As dat a  for 

pads and pel lets were s imilar,  pad data a re not presented . 



Table 6 . 2  

Season Days 
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Soil mo isture at 0 - 3 cm depth ,  measured during faecal 

sampl ing . Values given are the means of two 

replicates . 

Soil mo isture ( %  dry we ight ) 

S lope 

from 0 - 1 0 ° 1 1 -20 ° 3 1 -4 0° 

initiat ion 

Wint er 0 7 7 . 1  7 7 . 2  47 . 1  
3 7 7 . 3  7 3 . 3  5 1 . 1  

1 1  8 3 . 5  7 5 . 8  4 8 . 4  
1 4  82 . 3  7 2 . 0  4 2 . 0  
17  7 5 . 4  6 5 . 0  3 7 . 2  
22 7 4 . 5  52 . 7  3 1 . 1  
2 8  82 . 3  67 . 6  3 8 . 1  
3 8  7 6 . 4  7 0 . 5  3 3 . 3  

Summe r 0 2 0 . 4  1 9 . 3  1 3 . 9  
8 4 3 . 1  3 6 . 1  2 6 . 1  

1 4  52 . 4  4 2 . 4  2 8 . 6  
2 7  67 . 8  5 7 . 3  4 2 . 8  
5 9  7 1 . 2  8 1 . 2  4 4 . 6  
7 8  68 . 5  5 8 . 4  3 8 . 9  
92 8 3 . 4  8 7 . 8  4 5 . 4  
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These results cont radict the f indings o f  Bromf ield and Jones ( 1 9 7 0 )  

and Rixon and Zorin ( 1 9 7 8 ) . However,  in the former study , 4 5 0  g air­

dry samples we re used and observed over a two yea r  period during which 

1 0 9 2 mm rain fell . In the latter study , 4 0  g samples o f  air-dry, 

faecal pellets we re used and collected ove r a period of twenty months 

in an area with an annual rainfall of 3 3 5  mm . Thus the sample s i ze 

was much larger and rainfall was much lowe r  than in the present study , 

and, most impo rtant ly,  both studies used ai r-dry samples . 

6 . 3 . 2 . 2  Sequential ext ractions o f  faecal s amples 

Cons iderable dissolved inorganic P was extracted from both pad and 

pel let faecal material by sequential extraction ( Table 6 . 3 ) The 

dissolved inorganic P content of the fourth ext raction was 

apprec iable , indicat ing that furthe r P re lease was probable if  the 

ext ract ion procedure had been cont inued . 

The cumulat ive disso lved inorganic P ext racted from both pad a nd 

pel let samples , expres sed a s  a proport ion of the total inorganic P 

leve l ,  was 6 1 %  on ave rage . I n  contrast the amount o f  dissolved 

organic P ext racted, expressed as a proport ion of the total organic P 

leve l ,  was 2 1 % for pads and 1 0 %  for pel lets ( data not presented) . The 

amount of dissolved organic P in the fourth ext ract was very low,  

suggest ing that muc h  faecal organic P is not wate r  soluble and so 

res ists leaching . This supports the findings o f  Bromf ie ld a nd Jones 

( 1 97 0 )  and Rixon and Zorin ( 1 9 7 8 )  . 
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Table 6 . 3  Water-ext ractable P removed by repeated ext ract ions 

(2 x 1 h and 2 x 2 h )  from faecal pe l lets exposed to 

the element s for increas ing pe riods dur i ng summe r . 

Va lues given a re the means o f  s ix repl icates . 

Water-ext ractable P (�g g-1 , 

Days from Slope Ext ract 1 Ext ract 2 Ext ract 3 Extract 4 Total 
initiat ion 

0 9 5 0  4 4 0  3 5 0  2 2 0  1 9 6 0  

8 0 - 1 0 ° 9 9 0  4 7 0  3 6 0  2 1 0  2 0 3 0  
1 1 -2 0 ° 1 1 1 0  4 7 0  3 8 0  2 2 0  2 1 8 0  
3 1 - 4 0 ° 1 0 1 0  4 6 0  3 7 0  2 3 0  2 0 7 0  

1 4  0 - 1 0 ° 1 2 8 0  3 2 0  3 5 0  2 2 0  2 1 7 0  
1 1 -2 0 ° 1 0 9 0  3 7 0  3 7 0  2 4 0  2 0 7 0  
3 1 - 4 0 ° 1 1 2 0  4 4 0  3 6 0  2 4 0  2 1 6 0  

2 7  0 - 1 0 ° 1 0 2 0  3 4 0  3 4 0  2 0 0  1 9 0 0  
1 1 - 2 0 ° 1 2 7 0  3 1 0  3 7 0  2 5 0  2 1 7 0  
3 1 - 4 0 ° 1 3 4 0  3 1 0  3 5 0  2 4 0  2 2 4 0  

5 9  0 - 1 0 ° 7 3 0  2 6 0  2 7 0  1 5 0  1 4 1 0  
1 1 -2 0 ° 6 9 0  2 7 0  2 7 0  1 6 0  1 3 9 0  
3 1 - 4 0 ° 7 2 0  3 1 0  3 4 0  2 2 0  1 5 9 0  

7 8  0 - 1 0 ° 8 4 0  2 9 0  2 5 0  1 8 0  1 5 6 0  
1 1 -2 0 ° 7 9 0  2 7 0  2 6 0  1 6 0  1 4 8 0  
3 1 - 4 0 ° 8 3 0  3 1 0  2 9 0  1 8 0  1 6 1 0  
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Although large quant ities o f  inorganic P c a n  be leached f rom prepared 

faeca l  samples unde r  laboratory condit ions , there was only a 

relat ively sma l l  dec rease in the concent ration o f  inorganic P in 

samples which had been exposed to f ield condit ions for increas ing 

pe riods of time ( Table 6 . 3 ) . This cont rasts with findings of 

Bromfield and Jones ( 1 9 7 0 )  and Rixon and Zorin ( 1 9 7 8 ) . 

6 . 3 . 3  Soil analysis 

Ana lys is of soil collected from unde r  the f aeca l s amples during the 

summer t rial showed no cons istent change in wate r-ext ract able P 

concent rat ion with time ( Table 6 . 4 ) . Ca lculation of P input to the 

soil from the f aecal samples and uptake from the soil  by pa sture 

indicated a P surplus of about 8 0  �g g- l for pellets and 6 0  �g g- l 

for pads . A surplus o f  this orde r should have been detect able i f  it 

had rema ined in a water-ext ractable form .  

I n  cont rast,  Rixon and Zorin ( 1 9 7 8 )  repo rted a rapid increase in the 

amount o f  Truog P in t he soil  under faeces on irrigated pasture ,  the 

increase being c losely related to the rapid dec rease in inorganic P in 

the faecal s amples during the first s i x  months o f  the t ri a l . 



Table 6 .  4 

Days f rom 
Init iat ion 

0 

8 

1 4  

2 7  

5 9  

7 8  

9 2  

2 3 7  

Water-ext ractable P removed f rom soil s ampled at a 

depth of  0 - 3  cm under bags of  sheep faeces at t he t ime 

of  collection of t he bags . Values a re for s ingle 

determinat ions on bulked samples . 

Water-ext ractable p ( Jlg g - 1 ) 

Slope Cont rol Pellet Pad 

0 - 1 0 ° 2 8 . 0  
1 1 -2 0 ° 1 3 . 9  
3 1 - 4 0 ° 1 9 . 4  

0 - 1 0 ° 3 6 . 6  2 8 . 2  32 . 9  
1 1 -2 0 ° 2 0 . 0  1 5 . 0  2 1 . 0  
3 1 - 4 0 ° 2 3 . 8  2 0 . 5  2 2 . 4  

0 - 1 0 ° 3 0 . 6  1 8 . 3  2 3 . 1  
1 1 - 2 0 ° 1 6 . 9  17 . 7  1 9 . 4  
3 1 - 4 0 ° 1 9 . 1  1 7 . 5  2 5 . 8  

0 - 1 0 ° 3 6 . 0  4 0 . 5 3 6 . 2  
1 1 -2 0 ° 1 3 . 7  1 8 . 7  1 8 . 9  
3 1 - 4 0 ° 1 4 . 6  1 5 . 8  1 5 . 6  

0 - 1 0 ° 3 4 . 9  2 2 . 1  7 . 8  
1 1 -2 0 ° 2 3 . 9  1 6 . 7  2 4 . 8  
3 1 - 4 0 ° 1 3 . 9  1 9 . 2  1 3 . 9  

0 - 1 0 ° 1 1 . 8  1 2 . 8  1 1 . 4  
1 1 -2 0 ° 1 1 . 5  6 . 3  8 . 8  
3 1 - 4 0 ° 1 3 . 8  1 2 . 7  1 1 . 7  

0 - 1 0 ° 2 8 . 1  2 2 . 3  3 8 . 6  
1 1 -2 0 ° 1 3 . 1  1 7 . 7  1 8 . 6  
3 1- 4 0 ° 1 8 . 5  2 4 . 7  2 0 . 0  



6 . 4  CONCLUS IONS 

Faeces depos ited on hill-count ry pasture in s umme r dis appeared 

comp letely within 1 0 6  days ; 2 5  and 1 3 %  had gone from campsites and 

steep-s lopes respect ively after 5 8  days . I n  winter,  the ave rage 

pers istence of the samples was 1 0  days on camps ites and 17 days on 

steep-s lope s . These results indicate that the rate of loss of dry 

we ight from faeces is greatly influenced by c l imat ic condit ions , 

presumably by rainfal l .  Earthworm act ivity i s  influenced by soil  

moisture and soil  temperature ( Sharpley and Syers , 1 9 7 7 )  and this  

would a f fect the incorporat ion of faeces into the soil . 

2 3 8  

Re sults o f  the present study s uppo rt t rends i n  faecal decompos it ion 

obse rved in the tempe rate c l imate of Brit a in ( Whit e ,  1 9 6 0 )  but are in 

marked contrast to those recorded in the much drie r c l imate of 

Aust ra l ia ( B romfield and Jones ,  1 9 7 0 ;  Rixon and Zorin,  1 97 8 ) . In  

these repo rt s ,  faeces we re cons idered to decompose at a linear rate 

whe rea s  results from this trial indicate that the rate of decay is 

exponent i a l . 

The relat ively s low breakdown o f  faeca l  materia l during summer means 

that there is  little input o f  P from faecal matte r .  During winte r  

when breakdown is  rapid, the plant -available P poo l will  b e  supplied 

with faecal P from the breakdown of recent ly depos ited faeces as well 

as that depos ited in previous seasons . In a reas where de faecation 

occurs f requently, such as  camps ites , t he s o i l  should have a P 

surplus . The magnitude o f  the deficit or  surplus will  vary not only 

according t o  season , but also according to s l ope whe re deposition is 
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taking place . The P de ficit on steep-s lopes will be greater than on 

flatter areas not only because less faecal material is depos ited the re 

but also because the rate o f  decompos ition is  s lowe r . This  will 

modify interpretat ion of the estimates o f  P losses and ga ins reported 

by Gill ingham et a l . ( 1 9 8 0 ) . 

The fact that phys ical dis integrat ion o f  faeces occurs so rapidly 

unde r New Zealand condit ions suggests that there is little chance for 

prior chemical decompos it ion to occur ,  thus the retu rn of faecal P to 

the soil  is directly re lated to the phys ical breakdown of the faecal 

materia l . 
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CHAPTER 7 

PLANT UPTAKE OF P AS AFFECTED BY SLOP E ,  SEASON AND 

SOURCE OF P 

INTRODUCTION 

2 4 0  

The cont ribut ion o f  sheep faeces and urine t o  the ma intenance o f  soil 

fert ility and the yield of high producing pastures has been studied 

extens ively in both New Zealand and Britain . 

Under h ighly intens ive gra z ing condit ion s ,  Sears et a l . ( 1 9 4 8 )  found 

that as much as 9 0 %  o f  the phosphorus ( P )  in pasture was retu rned in 

faeces . The rate was high and equivalent to 7 0 0  kg ha - 1 of 

superphosphate per annum . 

Many o f  the studies by Sears and eo-wo rke rs ( e . g . , Sears and Newbo ld, 

1 9 42 ; Sears et a l . ,  1 9 4 8 ;  Melvi l le and Sears , 1 9 5 3 ; Sears , 1 9 5 3 a ,  

1 9 5 3b a n d  1 9 5 3 c ;  Sears and Evans , 1 9 5 3 )  showed that , under intens ive 

gra z ing, withholding o f  faeces and urine from pastures resulted in 

lower yields and nut rient uptake , and a dec l ine in the amounts of soil 

nut rient s . Thes e  workers did not , however,  draw any conclus ions about 

the actual contr ibut ion to the nutrit ion of the pasture of the large 

amount o f  P being returned in faeces . 

In  some studies ,  withholding excreta for up t o  four years did not 

dec rease yield ( Sears and Thurston, 1 95 3 ; Wheeler,  1 9 5 8b )  nor a f fect 
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the amount o f  readi ly-ext ractable soil P ( Wolton , 1 9 5 5 ) . This has 

lead to the conclus ion by some workers (Anderson and McLachlan , 1 9 5 1 ;  

Wo lton , 1 9 5 5 )  that P in faeces is of little immediate value t o  the 

pasture . 

In  orde r to meas ure the plant avai lability of faecal P ,  compa red with 

that of ferti liser P ,  several glas shouse studies invo lving 

incorpo ration o f  the P sou rce with soil have been carried out 

(McAuliffe et a l . ,  1 9 4 9 ,  Bromf ield, 1 9 6 1 ;  Gunary, 1 9 6 8 ; Batten,  1 9 7 6 ) . 

Re sults showed that the inorganic P fract ion in faeces was as  

available , or nearly as  available , as that in supe rphosphate . 

Gunary ( 1 9 6 8 )  inve st igated the difference in avai labi lity o f  faecal P 

when incorpo rated into the soil , as opposed to surface application . 

He concluded that the usefulness to crops depended on the probabi lity 

of cont act between plant roots and faecal P ,  and commented that the 

speed with which contact occurs could be important . 

A study o f  seasona l net P balances in grazed hill-count ry pastures in 

New Zealand ( G i l lingham, 1 9 7 8 ) showed that the largest propo rtion of 

the net total P losses f rom s lopes occurred in spring and summer . The 

net total P surp lus on camps ites accumulated large ly during the same 

period, but was a lso high in autumn . 

These ca lculation s  were based on the assumpt ion that the P returned in 

litter and faeces became available for plant upt ake within the season 

under cons ide ration . I f  a three month delay in ava ilability was 

a s sumed instead, t he est imated seasonal net P balances were found to 
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a lter cons ide rab ly . On campsites there was a net P loss in spring, 

with autumn being the season of largest net P surplus . On 2 5° s lope s ,  

net P losses occurred i n  spring and summe r ,  but a P surplus occurred 

in autumn and winte r .  I n  contras t ,  4 5 ° s lopes were little a f fected by 

the modified calculat ion . 

F rom the above discuss ion it can be seen that the rate of turnove r of 

P f rom faeces to pasture is dependent not only on the rate of 

incorpo rat ion of faeca l P into the so il , a s  discus sed in Chapte r  6 ,  

but also on the rate at which the faecal P becomes ava ilable again for 

plant uptake . How quickly these two proce sses occur is the sub j ect of 

much debate . Various attempts have been made at measuring turnover of 

faeca l P with the use of radioact ive t racers (McAuliffe et al . ,  1 9 4 9 ;  

McAuliffe and Bradf ield, 1 9 5 5 ;  Gunary, 1 9 6 8 )  Studies have invo lved 

labe l l ing P sources such as faecal P and superphosphate P (McAuliffe 

et  a l . ,  1 9 4 9 ;  McAuli ffe and Bradfield, 1 9 5 5 )  and labe l l ing the soil 

( Gunary, 1 9 6 8 ) . Although the latter is relatively easy to achieve in 

that uniform physical dist ribut ion of radioact ive material can be 

obtained by tho rough mixing of soil plus radioact ive P source , uniform 

labe l ling o f  faecal P is  more di f ficult . A study by McAulif fe and 

Peech ( 1 9 4 9 )  revealed t hat organic P in faeces was difficult t o  l abel 

even when sheep were fed with radioact ive KH2
32Po4 . Labelling was 

even less successful when faeces we re incubated with radioact ive 

Notwithstanding these problems , a ma j o r  drawback of the aforement ioned 

s tudies was that they were not carried out under field condit ions . In  

glasshouse studies (McAu l i f fe et  a l . ,  1 9 4 9 ;  Gunary, 1 9 6 8 ) , 
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environment a l  condit ions are l ikely t o  be opt imised for rapid growth 

of plants and mine ra l i s at ion of faecal P .  Thus results f rom these 

t ri a l s  should not be ext rapolated di rectly to the f ield . S imi l a rly,  

though the study by McAu l i f fe and Bradf ield ( 1 9 5 5 )  ( which invo lved 

cattle manure ) was carried out in field condit ions , it involved 

disturbed s o i l  in la rge containers and, therefore,  can not be 

cons ide red to fully s imu late f ield condit ions . 

For a f ield t r ia l ,  as  in a pot expe riment , uniform labe l l ing of  either 

the added P source or  of soil  P is requi red so that the source of 

plant P can be ident ified . Un iform labe ll ing of  faecal P is , as 

discus sed earlier,  dif ficult to obt ain (McAu l i f fe and Peech , 1 9 4 9 )  

I t  is probable that more uniform labe lling o f  faecal P could be 

obt a ined by feeding sheep with uniformly labelled pasture . Howeve r ,  

to grow s u f ficient pasture f rom seed i n  a radioactive medium would 

take a cons ide rable amount of  both time and radioact ive isotope . 

D i f f iculties such as the relat ively sho rt half - life of  32P and the 

high cost of 3 3P rende r this technique impractica l . Due to the 

problems a s soc iated with non-uniform labelling of faecal P it is 

gene ra lly prefe rred to label soil P, and so  use the inve rse isotope 

di lut ion technique ( Larsen and Sutt on , 1 9 6 3 )  which has been s hown to 

be superior to other methods (Mekhael et a l . ,  1 9 6 5 ) . Howeve r ,  this 

technique involves disturbing the soil pro f i le and although operable 

for pot t ri a l s ,  does not lend itself to field expe riments .  

The recent development o f  an isotope in j ector ( Hedley and Tillman ,  

1 9 8 7 )  ove rcomes some o f  these problems a s  i t  a llows the soil profile 

t o  be l abel led in s i t u  via the spat ially uniform in jection o f  
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radioact ive source . 

The ob j ect ive o f  this t rial was to compare plant P uptake f rom surface 

applications of two P sources (monocalc ium phosphate and sheep faece s )  

in t he f ield us ing the technique of inve rse isotope dilut ion . 

Inve s t igat ions we re also made into the e f fect on plant P upt ake of 

factors associated with increas ing s lope ( i . e . ,  decreased bio logical 

act ivity and moisture and nut rient status , plus consequent changes in 

pasture sward compos it ion,  all of which re sult in dec reased pasture 

growt h )  . 

7 . 2  MATERIALS AND METHODS 

7 . 2 . 1  Trial s ite 

This h a s  been des cribed in section 3 . 2 . 1 . 

7 . 2 . 2  Trial design 

7 . 2 . 2 . 1  Autumn 

This t rial was e stablished at the beginning o f  February 1 9 8 5 . Thirty 

cylinders , 15 cm in diameter and depth ,  were hammered into the soil on 

two s lope sites ( camp ( 0 - 1 0° ) and easy ( 1 1 -2 0 ° ) ) . An isotope in jector 

was then used to label fifteen of the soil core s  on each s lope with 

3 2P .  
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The in j ector ( Hedley and T i l lman , 1 9 8 7 ) consisted o f  a series o f  

f i fteen needles located evenly across a met a l  disc o f  1 5  cm diameter . 

A temp late with similarly posit ioned probes was used to prepare the 

soil be fore insert ion of the more fragile needles . S low withdrawal of  

the needles from the soil was  ef fected us ing a screw mechanism; as  

withdrawa l occurred, carrier- free 3 2 P  wa s in j ected into the vacated 

needle space . The 3 2 P  was then free to exchange with soil P .  Thus 

the soil core was labe l led with minimum dis turbance to the prof ile . 

Alt hough this technique resu lted in uniform inj ection of  radioactive 

materia l on a physical or spatia l ba s i s ,  it is pos sible that uniform 

chemical label ling was not achieved, i . e . , some P fract ions within the 

soil ma y have equil ibrat ed more rapidly than others . It wa s hoped 

that this prob lem could be overcome to some extent by a l lowing an 

equilibrat ion pe riod ( Larsen , 1 9 5 2 )  . 

After one month ,  the rema ining fifteen cores on each s lope were 

in j ected with 32 P .  At the same time , 2 0  g samples of faeces 

( conta ining 7 4  mg inorganic P )  were placed on one third of the cores 

and samples o f  monocalc ium phosphate containing the same amount of 

inorganic P we re placed on another third of  the cores . 

I n j ections o f  is otope were ca rried out at two t imes in orde r to 

invest igate the effect on mine ralisat ion o f  the presence of fresh 

f aeces . It was thought poss ible that fresh faeces could enhance ( or 

"prime " )  the mineralisation o f  soil organic P .  I f  this had happened, 

plant uptake from the " o riginal "  soil inorganic P pool would have been 

diluted, leading to false conclus ions regarding the availability o f  
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faecal P .  In the event , condit ions were too dry for substant ial 

mic robia l  act ivity to occur . 

Pas ture was trimmed from the plots before each inject ion to encourage 

new growth and minimise the ef fect of P a l ready present in the p lant . 

Ha rvests we re taken seven and seventeen weeks after emplacement of p 

sources . 

7 . 2 . 2 . 2  Spring 

This trial was establi shed at the end of Septembe r  1 9 8 5 . Because of  

lack of time , no equ i l ibrat ion pe riod was  inc luded in this  st udy and 

this enabled the number of cores on each s lope to be halved to 

fi fteen . 

After in j ect ing 32 P into the cores ( a s  desc ribed in the preceding 

sect ion ) ,  30 g samples of faeces each cont aining 8 3  mg inorganic p 

we re placed on one third of the cores . Samples of monocalcium 

phosphate containing the s ame amount o f  inorganic P a s  in faece s ,  were 

placed on another third of the cores . 

Trimming of the plots prior to in j ection was not necessary as there 

had been litt le regrowth s ince the last graz ing event seve ral weeks 

earlie r .  One harvest was t aken eight weeks a fter the trial commenced . 

This t ime pe riod was neces s a ry to a llow breakdown o f  faecal material 

and growth o f  pasture in what were , init ially, poor growing condit ions 

due to mo isture l imitations ( Appendix I I )  . 
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7 . 2 . 3  P asture P analysis . 

Pasture samples were dried at 65° C for 2 4  h ,  we ighed and, a fter 

k j e ldah l  digestion,  samples we re ana lysed for P by the method of Twine 

and Wi l l iams ( 1 9 7 1 ) . 

For scintillat ion counting, 4 ml a l iquots of the digest ( which had 

been diluted to 25 ml ) were t rans fe rred to via l s  cont ain ing 

scint i l lat ion cocktail (P atte rson and Green,  1 9 6 5 ) . An external 

st anda rd was used with an automatic quench co r rect ion to ensure that 

a l l  samples exhibited similar counting eff iciencies . 

7 . 3  RESULTS AND DI SCUS S ION 

7 . 3 . 1 Dry matter 

Within-t reatment dry matter (DM)  product ion was highly va riable 

( standard deviat ions of up to 4 9 % we re reco rded) . This was due in 

part to the relat ively small surface area o f  the cores ( only 1 7 6 . 7  

cm2 ) ,  and the non-uniform nature o f  hill-count ry pasture . It i s  

pos s ible that va riability could have been reduced i n  the s econd t rial 

by increas ing the s ize of the cores being sampled or by increas ing the 

numbers of replicates . Unfortunately, the former was impos s ible as 

the isotope in jector was des igned for 1 5  cm cores only, and the latter 

was not ca rried out due to lack of t ime . It was hoped that the 
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improved growing condit ions likely t o  be encounte red i n  spring would 

re sult in a more uniform pasture growth . In  the event , the reduct ion 

in va riability was margina l .  

During the autumn t ria l ,  conditions were very dry ( Appendix I I ) , wh ich 

resulted in ve ry low DM product ion (Table 7 . 1a ) . I n  genera l ,  faeces 

t reated plots yielded more than the fert i liser plots or controls , and 

campsite plots yielded more than easy-s lope plot s . 

Wet condit ions during the latter hal f  o f  the spring trial resulted in 

a much higher DM yield ( Table 7 . lb )  than in autumn . Camps ite 

t reatment s yielded s ignificantly more than easy-s lope t reatment s 

( P < O . O l ) , which is consistent with the results dis cus sed in sect ion 

5 . 3 . 1 .  The low yield on the campsites control plots is thought to  be 

a re f lect ion o f  small plot s i zes and experimental error in t rial 

layout . The Olsen P leve l s  for this a rea were high ( approximately 2 0 )  

and s o  a response t o  addit iona l P wa s unlikely . 

7 . 3 . 2 Pasture P concent ration 

Pasture P concent rations at harvest one in the autumn t rial ranged 

from 0 . 2 2 %  ( cont rol ,  easy-s lope s ) to 0 . 3 6 %  ( fert i liser t reatment , 

camps ite ) ( Table 7 . 2 ) . Thes e  value s  a re within the norma l  range for 

hill-count ry pasture (Gillingham, 1 97 8 ;  During, 1 9 8 4 ) . Although there 

was no s ignificant effect o f  P source,  camp s ite pasture P 

concent rations were s igni f icant ly higher ( P< O . O l )  than easy-s lope 

pasture P concent rations . 
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Table 7 . 1  E f fect o f  P source (monocalcium phosphate or faeces ) 

and s lope ( 0 - 1 0 ° or 1 1 - 2 0 ° ) on pasture production 

(g  DM) in autumn and spring . 

Harve s t  I n j e ct ion S lope 

( a )  T r i a l  1 ( autumn ) 

1 1 0 - 1 0 ° 

1 1 -2 0 ° 

2 0 - 1 0 ° 

1 1 -2 0 ° 

2 1 0 - 1 0 ° 

1 1 -2 0 ° 

2 0 - 1 0 ° 

1 1 - 2 0 ° 

( b )  T r i a l  2 ( spring) 

* Duncan' s lettering ( Duncan, 
harve st and inj ect ion , s l opes 
are s ignificant ly different . 
difference at the 1 %  leve l o f  
s ignificant di fference at the 

Cont rol 

2 . 7A* 
1 .  SA 
2 . 0AB 
1 . 3AB 
1 . 2A 
1 . 7A 
1 .  7A 
1 .  7A  

7 . SAB 
7 .  OAB 

T reatment 

Faeces 

2 .  2A 
1 .  BA  
1 .  9A 
1 .  SB 
1 .  BA 
2 .  OA 
2 . 2A 
2 . 0A 

9 . 2A 
5 . 8 8 

Fert iliser 

1 .  BA 
1 . 1A 
2 . 1AB 
1 . SAB 
1 .  SA 
1 . 3A 
2 . 1A 
2 . 1A 

9 .  BA  
6 . 48 

1 9 S 5 )  . For comparisons within a given 
wit hout a common letter ( e . g . , A or B )  
Capital letters indicate a s igni ficant 
probability;  small let ters indicate a 
5 %  leve l of probabi lity . 
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Table 7 . 2 E f fect o f  P s ource (monocalcium phosphate or faece s )  

and s lope ( 0 - 1 0 ° and 1 1 - 2 0 ° ) o n  pasture P concent rat ion 

( % )  in autumn and spring . 

Harvest I n j ect ion S lope 

( a )  Trial 1 ( autumn ) 

1 1 0 - 1 0 ° 

1 1 -2 0 ° 

2 0 - 1 0 ° 

1 1 - 2 0 ° 

2 1 0 - 1 0° 

1 1 - 2 0 ° 

2 0 - 1 0 ° 

1 1 -2 0 ° 

( b )  Trial 2 ( spring ) 

Treatment 

Cont rol Faeces Fert i l iser 

0 . 3 4A* 
0 . 2 5B 
0 . 3 3A 
0 . 2 2B 
0 . 4 0A 
0 . 3 4 B  
0 . 3 8AL 
0 . 3 1B j  

0 . 3 9A 
0 . 3 3A 

0 . 3 4A 
0 . 2 5B 
0 . 32A 
0 . 2 3 B  
0 . 4 2A 
0 . 3 3B 
0 . 42Ahi 
0 . 3 1 B j  

0 . 3 7A 
0 . 3 6A 

0 . 3 6A 
0 . 3 0 B  
0 . 3 4A 
0 . 2 8B 
0 . 4 8A 
0 . 3 7 B  
0 . 4 5Ai 
0 . 3 8Bk 

0 . 3 4A 
0 . 3 6A 

*Duncan ' s  lette ring (Duncan , 1 9 5 5 ) . For compa risons within a given 
harvest and inject ion ( 1 )  s lopes without a common letter ( i . e . ,  A or 
B) a re s ignif icant ly di fferent ( 2 )  treatments without a common lette r,  
( i . e . ,  h ,  i,  j or  k)  are s ignificant ly different . Capital letters 
indicate a s igni f icant difference at the 1 %  leve l  o f  probabilit y ;  
sma l l  letters indicate a s ignificant di fference at t h e  5 %  leve l o f  
probability . 
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The fact that the cont rol plots were s ignificantly different between 

the two s lopes suggests that there is an inhe rent di f fe rence in 

pasture species composition on the two slopes , due to di ffe rences in 

mo isture and nut rient status . This was visible at the time of ha rve st 

in that the easy-s lopes had a much higher proportion of weeds and 

poore r-p roducing specie s ,  such as browntop and yarrow ( which tend to 

have low P concent rations ) than the campsite a reas . The latter 

suppo rted a predominant ly ryegra ss -clover swa rd which tends to have a 

high P concent ration . Aga in , this corrobo rates findings discus sed in 

section 5 . 3 . 1 . 3 .  

Dif ferences in pas ture P concentrat ion for the second ha rvest we re 

signif icant for s lope ( P < 0 . 0 1 )  and P source ( P < O . O S ) . On both s lopes , 

the monocalcium phosphate plots had s ignificantly highe r P 

concent rat ions than the cont rol plots ; on the easy-s lope , pasture P 

concent rat ions on the monocalcium phosphate plots were also 

s ign if icantly highe r than on the faeca l  P plots . 

Pa sture P concent rat ions in the spring t rial ( Table 7 . 2b )  ranged from 

0 . 3 3  to 0 . 3 9 %  ( cont rol plot s ,  campsite and easy-s lope s ,  respect ively) . 

There we re no obvious t rends in the dat a . 

7 . 3 . 3  Pasture P uptake 

Within t reatment pasture P upt ake was ext reme ly variable in both 

t rials . On the campsite plot s ,  at both ha rvests and both in j ection 

t imes in t he autumn t ri a l ,  plant P uptake was generally higher than on 

the faeces and fertiliser treatments t han on the control plots 
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( Table 7 . 3 ) . This was a lso t rue for the second in j ec t ion on the easy­

s lope at both ha rvest s .  For the fi rst inj ect ion on the easy-s lope at 

both harvest s ,  plant P uptake from the faeces plot s exceeded that from 

the cont rol plots which was ,  in turn , highe r than that f rom the 

fert iliser plot s . P lant P uptake was highe r on the campsite plot s 

than on the easy-slope plots . This is cons istent with highe r 

product ion and highe r pasture P concent rat ion on campsites than easy-

s lopes as discussed in Chapter 5 .  

P lant P upta ke was much highe r in the second t rial than in the first 

t rial . Again,  this is cons istent with increa sed dry matter production 

in spring ( sect ion 5 . 3 . 1 ) . On the campsite t reatment s ,  plant P uptake 

on the faeces and fert iliser treatments exceeded that of the cont ro l 

plot s ,  as was the case in the first t ria l . In  cont rast , on the easy­

s lope s plant P upt ake wa s highest on the fert iliser t reatment and 

lowest on the faeces t reatment . 

7 . 3 . 4  Specific activity 

In both t rials , specific activity ( SA) , calculated a s  3 2P counts g-l 

he rbage , divided by herbage 3 1P concent rat ion was gene rally higher on 

easy-s lopes than on camps ites ( Table 7 . 4 ) . Although these dif fe rences 

we re not s ignificant , the t rend is a reflection of the highe r amount 

of P found in exchangeable forms on campsites than on steeper s lopes . 

The exception to this t rend was seen in the autumn t r i a l  at ha rvest 

one with the second in jection treatment . As there was no 

equilibration period with this t reatment it is  pos s ible that in the 
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Table 7 . 3 Effect of P source (monocalcium or faeces ) and s lope 

( 0 - 1 0 ° and 1 1 -2 0 ° ) on plant P uptake (mg)  in autumn and 

spring . 

Harvest I n j ection S lope 

( a )  Trial 1 ( autumn ) 

1 1 0 - 1 0 ° 

1 1 -20 ° 

2 0 - 1 0 ° 

1 1 - 2 0 ° 

2 1 0 - 1 0 ° 

1 1 -2 0 ° 

2 0 - 1 0 ° 

1 1 - 2 0 ° 

( b )  Trial  2 ( spring) 

T reatment 

Cont rol Faeces Fe rt i l iser 

6 . 3 3A* 7 . 4 1A 
3 . 9 98 4 . 6 4 8  
6 . 52A 8 . 8 0A 
2 . 8 58 3 . 4 3 8  
4 . 5 9A 7 . 37 A  
5 . 8 2A 6 . 62A 
6 . 5 4 a  9 . 3 5a 
5 . 2 2b 6 . 2 5b 

28 . 52A 3 3 . 7 0A 
22 . 6 3 8  2 2 . 1 5 8  

6 . 2 5 A  
3 . 1 2 8  
8 . 1 2A 
4 . 0 2 8  
7 . 1 8A 
4 . 9 9A 
9 . 3 6a 
7 . 8 2b 

3 3 . 2 5 A  
2 3 . 1 48 

*Duncan ' s  lettering (Duncan,  1 9 5 5 ) . For comparisons within a given 
harve st and injection ( 1 )  slopes without a common let ter ( i . e . ,  A or 
B )  are s ignif icant ly different ( 2 )  t reatment s without a common letter, 
( i . e . , h,  i,  j o r  k )  are s ignif icant ly diffe rent . Capital lett ers 
indicate a signi f icant difference at t he 1% level o f  probability;  
sma l l  letters indicate a s ignif icant difference at the 5 %  level of 
probability . 
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Table 7 . 4  E f fect o f  t reatment (monoca lc ium phosphate and faeces ) 

and s lope ( 0 - 1 0 ° and 1 1 -2 0 ° ) on speci f ic act ivity in 

autumn and spring . 

Harvest I n j ect ion S lope 
Treatment 

Cont rol Faeces Fert i l i ser 

( a )  Trial 1 ( a utumn ) 

1 1 0 - 1 0 ° 

1 1 -2 0 ° 

2 0 - 1 0 ° 

1 1 -2 0 ° 

2 1 0 - 1 0 ° 

1 1 -2 0 ° 

2 0 - 1 0 ° 

1 1 - 2 0 ° 

( b )  Trial 2 ( spring ) 

1 4 . 4  
1 9 . 4  
42 . 9  
3 3 . 8  

2 . 0hi  
2 . 7 j  
6 . 1  
6 . 8  

1 3 0 . 8A  
2 7 2 . 0Bh 

1 7 . 1  1 2 . 9  
2 1 . 9  1 4 . 2  
3 5 . 3  3 3 . 2  
3 1 . 9  27 . 2  

2 . lh 1 .  6 i  
2 . 0 k 1 .  7 k  
5 . 4  4 . 3  
6 . 3  5 . 5  

1 1 5  . lA 9 7 . 2A 
2 3 3 . 0 3hi 2 0 4 . 1Bi 

*Duncan ' s  lette ring (Duncan,  1 9 5 5 ) . For comparisons within a given 
harve st and in j ect ion ( 1 )  s lopes without a common letter ( i . e . ,  A or 
B) a re s ignificant ly different ( 2 )  t reatment s without a common lette r,  
( i . e . ,  h,  i,  j or  k)  a re s ignificantly different . Capital letters 
indicate a s igni f icant dif fe rence at the 1 %  level o f  probability;  
sma l l  letters indicate a s ignif icant difference at the 5% leve l  of 
probability . 
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dry condit ions expe rienced at the t ime o f  the t ria l ,  incomplete 

equilibration caused rather more 32 P to be taken up from the soil pool 

than wou ld be expected if complete equilibrat ion had occurred . 

At bot h harvests on both s lopes for both inj ect ions in the first 

t ri a l ,  SA wa s lower for the fertiliser t reatment than for the 

corresponding faeces treatment or cont rol . This indicates that 

fert iliser P was making a posit ive contribut ion to plant P .  In the 

second ha rvest ( f irst inj ection) the dif ference was s ignif icant at the 

5 %  leve l on both s lopes . It should be noted that the SA values were 

very low . Counts were only just above bac kground due to radioact ive 

decay ,  re lat ively low plant P uptake , and, poss ibly, to the fact that 

the dilution pool wa s comparat ive ly l a rge . Results we re also ve ry 

variable ( +  3 5 %  at the ext reme ) and conclusions made f rom the data are 

therefore tentat ive . 

Specific activit ies for the second inj ect ion at harvest two were 

higher than for the first injection , but were equa lly va riable . 

Trends on both s lopes suggest that fert iliser P was mak ing a larger 

cont ribution to plant P uptake than was faecal P ,  but that both were 

having some e ffect . 

Examination o f  the propo rtion of  P de rived f rom soi l ,  fert iliser,  and 

faecal sources is pos s ible if it is a s s umed that the P t aken up f rom 

each cont rol plot was derived ent irely f rom s o i l  P and wa s 

representat ive o f  the amount of  P ava i l able on that s lope at that 

h a rvest . Thus the differences in SA for each s lope at each harvest 
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a re due t o  P source,  and thus the relat ive cont ribut ion o f  P f rom that 

source can be calculated . 

I n  the autumn tria l ,  on the camps ite at ha rvest one , 1 8 %  of the plant 

P came from faeces and 2 5 %  from fertiliser . By harvest two the 

proportions had changed to 1 1 %  from faeces and 3 0 %  from ferti l i se r . 

On the easy-s lope plots cont ribut ions were s imil a r  for harvests one 

and two . Faecal P accounted for 6 and 7 %  of plant P at harve s t s  one 

and two respectively;  fert iliser P accounted for 2 0  and 1 9 %  at 

harves ts one and two respect ively . This adds further evidence for the 

suggest ion made earlier that fert i l iser P was more ava i l able than 

faecal P du ring dry autumn conditions . On easy-s lope s ,  where 

biological act ivity is minimal during dry pe riods { Sharpley and Syers , 

1 9 7 7 ) and faecal decompos it ion is s low { a s  discus sed in sect ion 

6 . 3 . 1 ) , faecal P made lit t le cont ribution to plant P .  The dec rease in 

cont ribut ion of faecal P with t ime observed on the camps ite t reatments 

was also noticed by Kaila { 1 9 5 0 )  and Gunary { 1 9 6 8 ) . The latter 

proposed that the reduction in availability o f  faecal P was due to the 

formation o f  more crystalline phosphate s ,  a kin t o  apat ite,  from what 

were init ially f inally divided calcium phosphates . The presence o f  

c alcium phosphates i n  faeces h a s  been suggested b y  Barrow { 1 9 7 5 ) . 

In  t he second t ria l ,  SA values were much highe r t han in the first 

t ri a l  { Table 7 . 4b )  due to a much higher uptake o f  P { and 32P )  in the 

moister,  better growing conditions of spring . 

Values of SA were s igni ficantly highe r { P < 0 . 0 1 )  on easy-s lopes than on 

c amps ites for all t reatments ,  which confirmed t he previous s uggest ion 
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that the exchangeable soil  P pool was smaller on the easy-s lopes than 

on camps ites . Treatment trends we re obvious in that on each s l ope the 

cont =o l plot s  had the highest SA and the fert i liser plots had the 

lowest . The e f fect of P source was s ignificant at the 5% leve l . 

The proport ions of P de rived from faeces and fertil iser were little 

a f fected by s lope ( 12 and 1 4 %  from faeces on camps ite and easy- s lope 

plots , respect ively;  26  and 25%  from fert i liser on campsite and easy-

s lope plots , respect ive l y )  . This was probably because very favourable 

growing condit ions towa rds the end of the trial resulted in rapid 

upt ake of any P which became available ; under these condit ions easy-

s lope treatments we re not limited by mo isture or nut rient status as  

wa s likely in the autumn trial . 

As a source o f  plant P ,  fertiliser P appeared to be twice as  e f fect ive 

as faeca l inorganic P in the two month pe riod cons idered . This 

difference is probably a ref lection of the fact that faecal P 

dissolut ion rates we re s omewhat s lowe r  than fert i l iser P dis s o lution 

rates . This difference in phys ical dis solut ion was apparent a s  s ome 

faecal material was recove red from the plots at the end of the t rial 

wherea s no fert i liser remnants could be discerned . Gunary ( 1 9 6 8 )  

found s imilar results in that contact with the soil for two months 

reduced the e f fect ivenes s  o f  faecal P from approximately 7 0 %  ( a fter 

one month ) to 5 0 %  o f  that o f  superphosphate . I n  that study s u rface 

applied faeces appea red t o  be more ef fective ,  supplying 8 5  and 6 0 %  of 

the P taken up by the test c rop on two different soils ; this 

represented 20 and 1 3 %  respectively, of the total P app lied a s  faeces . 

In  contrast , McAu l i f fe and Bradfield ( 1 9 5 5 )  found total faec a l  P t o  be 
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more avai lable than superphosphate after the first harvest , although 

they did notice a decrease with time in the proport ion of P in the 

plant which had been derived from added fert iliser . In the i r  trial 

the proportion of P in the test c rop de rived from added faeces and 

superphosphate va ried from 1 5  to 4 0 %  in the first ha rvest and from 9 

to 3 7 %  in the third, being dependent upon soil  as  wel l  as past 

fert iliser application . In  a l l  harvest s ,  plant P derived from faeces 

was higher than that de rived f rom superphosphate , but their results 

we re confounded by the fact that s l ight ly more inorganic P was placed 

on plots in the form of faeces than in the form o f  supe rphosphate . 

The results from the present study a re cons istent with those o f  

McAuliffe and Bradfield ( 1 9 5 5 )  but a re in dis agreement with those o f  

Guna ry ( 1 9 6 8 ) . Given that the t r i a l  of McAuli ffe and Bradfie ld ( 1 9 5 5 )  

involved the incorporation o f  faecal material into the soi l ,  this is 

somewhat surpris ing . Howeve r ,  the t rial run by Gunary ( 1 9 6 8 )  wa s 

ca rried out in the glasshouse , where environment a l  condit ions a re 

opt irnised, and this may have enhanced p lant P uptake . Furthermore , 

under glasshouse condit ion s , root exploration o f  the soil is 

intens ive . This would have increased the like l ihood o f  contact with 

the faeces . Thus the relevance of the t rial to field condit ions is 

quest ionable . 

The recove ry by plants of appl ied P in t he t rial o f  McAuli ffe and 

Bradfield ( 1 9 5 5 )  was less t han 1 0 % . I n  the glasshouse trial run by 

Gunary ( 1 9 6 8 )  the recove ries were 2 0  and 1 3 %  according t o  s o i l  type . 
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I n  the autumn trial o f  the present study the two h a rve s t s  recovered 

1 . 9  and 0 . 9 % of the inorganic P added as faeces on campsite and easy­

s lope s ,  respect ively . The recovery from monocalc ium phosphate wa s 5 . 8  

and 2 . 6 % on camps ites and easy-s lopes , respect ively . The lower 

recove ry of P on easy-s l opes than on campsites for both P sources is 

probably a consequence of poore r growing conditions , as a l ready 

di scus sed . 

In the spring tr ial  1 0 . 5  and 7 . 0 % of the fertiliser P on campsites and 

ea sy-s lopes , respectively,  was recove red in one harve s t . T he recovery 

of the inorganic P added as faeces was 4 . 8  and 3 . 5 % on campsites and 

easy-s lopes , respect ively . Howeve r ,  not a l l  of the faecal material 

added had decomposed ( dry condit ions at the beginning o f  the t rial 

meant that the faeces dried out and became more res i st ant to phys ica l 

proce sses of decompos ition a s  discussed in sect ion 6 . 3 . 1 ) . I f  the 

total inorganic P which had been washed into the soil is  cons ide red, 

then the percent age recovery of faecal P was 5 . 4  and 4 . 5 % on camps ites 

and easy-s lope s ,  respect ively, which is just ove r half that recovered 

from monocalc ium phosphate . Aga in,  the recove ries agree better with 

the re sults o f  McAuliffe and Bradfield ( 1 9 5 5 )  than with those of 

Gunary ( 1 9 6 8 )  . 

7 . 4  CONCLUS IONS 

During the re lat ively short t ime span of the two f ie ld expe riments ,  

ino rganic P in fert i liser appea red t o  be approximately twice as 

effect ive as inorganic P in faeces a s  a source o f  P for pasture . 

Unfortunately, due to lack o f  growth in the first t ri a l  a nd lack o f  
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t ime i n  the second it was not pos s ible to cont inue harvesting over 

suff icient t ime to determine whether faecal P was becoming more or 

less available than fert i liser P .  Howeve r ,  by combining results f rom 

this study with those f rom the study o f  the phys ical and chemical 

decomposition of  f aecal material ( Chapter 6 }  it was poss ible to draw 

some conclusions on the likely availability of faecal P in hill 

count ry . 

Fresh faecal material dis integrates ve ry rapidly in wet weather 

( section 6 . 3 . 1 ) . Any disso lved inorganic P wa shed into the soil 

should have a high ava i lability ( Gunary, 1 9 6 8 )  and, as  indicated by 

resul t s  from the present study , will supply P for pasture growth . 

Faec a l  material dis integrates faster on camps ites than on steeper 

s lopes ( section 6 . 3 . 1 } and, consequently, faecal P is more ava i lable 

for plant P uptake on camps ites than on steepe r slopes ( sect ion 

7 . 3 . 3 } . Thus faecal P has the highest availability on the a rea where 

P upt ake is highest due to the presence of fast growing, high P ­

demanding spec ies such a s  ryegrass and clove r . 

I n  drier weather ( o r  on steeper s lopes } the breakdown o f  faecal 

material is s lowe r and t he re is a dec rease in the ava i labil it y  o f  

faecal P .  Thus it is  unl i kely that the P in faeces depos ited during 

the dry summe r and early autumn months will be util ised in t he short 

term .  

I t  would seem that faecal P i s  most available during late winter and 

spring when , in New Zealand, pasture growth rate is h igh and faecal 

production and faecal P concent rations ( section 5 . 3 . 2 }  a re at  a 
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maximum . Conversely, faecal P is least ava i l ab le during dry summer 

and early autumn months when pasture growth rate is low and faecal P 

concent rat ion i s  at a minimum . 

Given that steepe r s lopes are gene rally drier and support poorer 

quality pasture than camps ites , this study provides further evidence 

to support the proposal made earlier ( sect ion 5 . 4 ) t hat the rate of P 

cycl ing i s  more rapid on camps ites than it is on steepe r s lopes . The 

result s a lso indicate that the attempt to ca lculate net P balances by 

G i l lingham ( 1 9 7 8 ) was an oversimplif ication as the ba s ic propos ition 

that returns will become available either within the season or a fter a 

de lay o f  three mont hs is not va lid . In the field both s ituat ions can 

occur . 

Re sults from the studies discus sed in Chapt ers 6 and 7 indicate that 

faecal P depos ited in spring will probably be available within the 

season . In contrast , faecal mate rial depos ited in summer and early 

autumn i s  unlikely to undergo phys ical decompos it ion be fore late 

autumn , when tempe ratures will be sufficient ly low to encourage net 

immob i l i sat ion rather than mineralisation of P .  

Us ing this information,  the dat a of Gillingham ( 1 9 7 8 )  can be 

recalculated . The result i s  a P def icit on a l l  s lopes ( including 

campsite s ) during summe r ,  autumn and winter,  ranging f rom 2 . 5  to 12 kg 

ha - 1 of P .  In  spring there i s  a large surplus o f  P in campsite s ,  a 

zero ba lance on easy-s lopes and a smal l  deficit ( 3 . 8  kg ha- 1 o f  P )  on 

steep-s lopes . 
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This informat ion supports the l imited amount o f  f ield t rial evidence 

( Saunde rs et a l . ,  1 9 63 )  that autumn applications of superphosphate are 

likely to gene rate more o f  a relat ive DM response than are spring 

applicat ions . In spring there is a release of P ( due to microbia l  

activity)  which can,  except o n  steep-s lope s ,  supply plant 

requirement s .  
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CHAPTER 8 

PARAMETER VALIDATION OF THE CFAS MODEL 

8 . 1 INTRODUCTION 

As discus sed in Chapters 1 and 2 a pre -requ i s ite for c reat ing 

efficient use of fert iliser in an agricultura l system is a knowledge 

of the proces ses and interactions occurring within that system .  In 

the pa st , two dist inct approaches have been taken in studying nut rient 

cycl ing in agricultural systems . In the f i r s t ,  results o f  detailed 

studie s of parts of the chosen system, often studied under controlled 

condit ions ( sect ions 2 . 2 - 2 . 7 )  are combined to build up a picture of 

the comp lete system .  Blair e t  al . ( 1 9 77 ) , provide a n  example o f  this 

approach whe reby information ava ilable in the literature has been 

col lated to create a complete picture of the P cycle unde r grazed 

pasture . The second approach is to examine a whole s ystem in terms of 

fert iliser input and product output relationships ( sect ion 2 . 8 ) , 

i . e . ,  it i s  a ba lance s heet approach studying net gains or  losses . 

The Computerised Fert iliser Advisory S cheme (CFAS ) mode l (Cornforth 

and S incla i r ,  1 9 8 4 )  current ly used in New Zea land by t he Ministry of 

Agriculture and Fisheries (MAF ) to determine fert iliser requi rements 

of P ,  pot a s s ium and sulphur,  is an example of such an approach . 

The st ructure o f  the CFAS model has been des c ribed in s ome detail in 

sect ion 2 . 8 .  Es sentially ,  the model assumes that in a particular 

gra zed pasture system at maintenance , t he relat ionship between 
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production and annual P fertiliser addition i s  described by a 

Mitscherlich-type curve . This curve passes t h rough the origin and 

asymptotes at a value corresponding to maximum production or " c a rrying 

capacity " . A third point is also requi red to a llow ca lculat ion of the 

appropriate curve in any given situat ion . This curve will depend on 

type o f  anima l ,  soil type and topography . In  the CFAS mode l the point 

chosen to de fine the curve is that co rresponding to 9 0 %  of maximum 

production . 

At the point equiva lent to 9 0 %  of maximum product ion it is assumed 

that the P required to ma inta in both the leve l of product ion and the 

s i ze of the P cycl ing pool is equal to the sum of the P losses 

occurring within the soil and those due to the gra z ing anima l . These 

losses are calculated us ing information on soil  group , class  of 

anima l ,  land s lope , graz ing management and carrying capacity . 

Once the appropriate set o f  response curves for a particular a rea has 

been identi fied it can be used to predict the ferti liser P required to 

maintain any des i red level o f  product ion not exceeding the ca rrying 

capacity . All that is required is knowledge o f  the st ocking rate of 

the a rea under cons ide rat ion and the leve l  o f  pasture utilisa t ion . 

The CFAS model has proved to be an excellent f ramework for collat ing 

and organis ing the vast amount of trial  dat a  available in New Zealand . 

There a re ,  however ,  some difficult ies a s sociated with both the 

app l ication o f  the model and its formu lat ion . 
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model . I n  particula r ,  stocking rate and pasture ut ilisation have been 

ident ified ( P a rker ,  1 9 8 2 )  as being difficult to quant ify . 

The accuracy of the anima l loss factors ( ALF ' s )  and soil  loss factors 

( S LF ' s )  used in the mode l and described in sect ion 2 . 8  can also be 

quest ioned . In particular,  estimates o f  anima l losses in hill count ry 

a re based large ly on a s ingle t rial (Gillingham et a l . ,  1 9 8 0 )  and 

further wo rk is required to confirm the un iversality of the findings 

of that t r ial . 

Soil loss factors we re de rived by "diffe rence " ,  rathe r than by direct 

measu rement , on a series of mowing t rials covering a wide range of New 

Zea land soil groups with an as sociated range of s lope s . Howeve r ,  few 

of these t rials were carried out in hill country . In  the t rials DMY, 

pasture P concent rat ion and hence P upt ake were measured at different 

rates of P fertiliser . 

On t reatments whe re annua lly measured Olsen P did not appear t o  be 

changing, any fe rt i l iser P not accounted for in p lant P uptake was 

cons idered to have become unavailable ( a s  the Olsen P leve l  had not 

increased) and, therefore , lost from the cycl ing P poo l . This 

f raction,  expressed as  a percentage of plant P uptake a t  9 0 %  o f  

maximum yie ld was deemed the soil loss factor f o r  the soil . No 

measurement s of actual changes in total P ,  inorganic P ( P I ) or organic 

P ( P0 ) were made . This means that total reliance was being placed on 

the Olsen test as a sensit ive indicator of changes in a vailable P or 



2 6 6  

o f  equilibrium condit ions . However,  Olsen P i s  neither part icularly 

re liable nor particularly sensitive in that it has a 2 0 %  temporal 

variability and 1 0 %  spatial variability as sociated with any value 

( Wheeler pers . comm . ) .  I f  the Olsen P test was not re f lect ing an 

increase or decrease in available soil P, S LF ' s within the CFAS mode l 

could have been overestimated and underestimated respect ively . 

A furthe r factor to cons ide r is that S LF ' s we re measured unde r a 

mowing regime with remova l of clippings . Whether a simi lar magnitude 

o f  soil loss would occur in the presence o f  the graz ing anima l with 

the as sociated P return to the soil rema ins to be determined . 

The results from the large -scale graz ing t ria l ,  described in detail in 

previous chapters , provided a rare oppo rtunity to test some of the 

as sumpt ions and predictions of the CFAS model . I n  particular,  data on 

faecal P dist ribut ion and soil P fractionation we re used to check the 

ALF ' s and S LF ' s used in the model . 

8 . 2 Validation of selected factors within the model 

The first way in which dat a  f rom the t rial were used to validate the 

model involved measuring the actual losses due to anima l s  and in the 

s o i l ,  and comparing these with va lues suggested by the mode l . 
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8 . 2 . 1  Animal loss factor 

As explained earlie r ,  the ALF is P lost f rom the sys tem in anima l 

produce and via anima l transfer ( at a pastu re product ion o f  9 0 %  of  the 

maximum) expres sed in kg P per stock unit ( SU )  . 

Anima l faecal P return , and the ef fect of  s lope on faeca l 

distribut ion , has been discus sed in Chapte r  5 .  Anima l loss pe r SU for 

each s lope in each paddock was ca lcula ted from the dif ference between 

plant P removed and f aecal P returned, as shown in Appendix I I I . This 

de rivat ion of  anima l loss per SU for each s lope involves calculat ion 

for that slope of : 

( i )  Stocking Rate 

( i i )  % of  pasture p upt ake not returned in faeces 

( i i i )  Tota l  p upt a ke 

( iv)  p transfer ( kg)  ( i i i )  X ( i i )  

( v )  p t ransfer su- 1 ( iv )  ..,. ( i )  

Within a fertiliser  rat e ,  anima l loss per S U  inc reases with increas ing 

s lope ( Table 8 . 1 ) . This f inding is in agreement with result s by 

Gillingham et a l . ,  ( 1 9 8 0 ) . The e f fect o f  increas ing fert i l iser P 

addit ion on anima l loss pe r SU is gene rally t o  increase losses on 

steepe r s lopes but not on easy-slopes . This p robably reflects the 

fact t hat at high rates of P fert iliser addit ion ( i . e . ,  50  and 1 0 0  kg 

ha- 1 ) both pasture product ion and pasture P concent ration f rom steep­

s lopes is inc re ased . Some of  the a ssociated increase in faecal 

production through a s s oc iated high stocking rate i s  l i kely t o  be 



Table 8 . 1  

S lope 

0 - 1 0 ° 

1 1 - 2 0 ° 

2 1 -3 0° 

3 1 °+ 

2 6 8  

E ffect o f  s lope and rate o f  P f e rt iliser addit ion on 

( kg ha -1 ) animal loss P pe r SU . 

Rate o f  P fert il iser addit ion 
kg ha- 1  

1 0  2 0  3 0  5 0  1 0 0  

0 0 0 0 0 
0 . 12 *  0 . 2 7  0 . 5 0  0 . 2 7  0 . 2 8  
0 . 4 4 0 . 5 8 0 . 7 1  1 .  o s  0 . 8 9  
0 . 8 4  1 .  0 4  1 . 1 7 1 .  5 2  1 .  3 3  

* Ca lculations we re made a s  described i n  Appendix I I I  us ing 
information on pastu re production,  total P upt ake , e s t imated SR and 
faecal P return appropriate to the fert iliser  P rate and s lope under 
cons ide rat ion f rom Chapter 5 .  
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t rans ferred to easy-s lopes rather than depos ited on steep-s lope s . The 

increa sed " camping behaviour"  that occurs on easy-s lopes at high rates 

of fert i l iser addit ion ( i . e . ,  high stocking rates ) has been discus sed 

in the studies on the " above - " and "below-ground" component s of the P 

cycle (Chapters 5 and 3 respect ively ) The reduced anima l loss pe r SU 

( c alculated on a who le paddock ba s i s ) at ve ry high rates of P 

ferti liser addition ( 1 0 0  kg ha - 1 ) provides fu rthe r evidence for this 

observat ion . The comparat ive ly low anima l losses per SU on the 1 0  kg 

ha - 1 P paddock a re probably a re sult of imported P from the pre­

t reatment paddock . The s t ra ight -line re lat ionship between faec a l  P 

concent rat ion and pasture P concent rat ion discus sed in sect ion 5 . 3 . 2 . 4  

indicates that pre-condit ioning of the sheep was effect ive , i . e . ,  the 

P concent ration of faeces brought onto the expe riment a l  paddocks was 

appropriate for paddock pas ture P concent rat ion . Thus the import ing 

of P that occurred was probably a result of " ext ra " faecal DM . 

When estimates of anima l losses for individual s lopes a re combined, 

us ing topographic survey data (Appendix I ) , to give an average anima l 

los s pe r SU for a paddock ,  it can be seen ( Table 8 . 2 )  that , other than 

in the 1 0  kg ha -l P paddock,  there is relat ively little e f fect o f  

increas ing P fert i lise r .  Inc reas ing rate o f  P fertiliser in this 

t rial was a s s ociated with an increase in SR . Thu s ,  for the range of 

SR' s in the t rial ( 1 6 . 5  - 2 2  SU ha- 1 ) the amount o f  P lost per SU 

remained relat ively constant . This supports the use o f  a common ALF 

for a range o f  SR' s ( and a given topography ) in the CFAS model ,  which 

had not previously been confirmed . Any increase in total losses per 

SU with increas ing SR, as indicated in the CFAS model ,  i s ,  the re fore , 



Table 8 . 2  

2 7 0  

E f fect o f  rate o f  P fert i liser addit ion ( kg ha - 1 ) on 

loss per SU calculated over a whole-paddock . 

1 0  

0 . 1 7 

Rate of P fert i l iser addit ion 
kg ha - 1 

2 0  3 0  s o  1 0 0  

0 . 4 5 0 . 52 0 . 5 7 0 . 4 8 
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a s s ociated with an increase in soil loss . Thus as DMY increases with 

increas ing rate of P fert iliser,  P losses in the soil will increase . 

A direct compa rison between anima l losses per SU obtained in this 

t rial and the ALF des ignated for " Easy"  hill count ry in the CFAS mode l 

(Table 8 . 3 )  is pos s ible only at the fertiliser rate giving 9 0 %  

relat ive yield ( RY )  . As expla ined in the study on the '' above -ground" 

components of the P cyc le (Chapter 5 )  it was not poss ible to pinpoint 

whe re maximum product ion ( and, hence , 9 0 %  RY ) occurred due to the 

probable confounding effect of nit rogen via urine . 

Although a direct comparison is not pos s ible it can be seen ( Table 

8 . 2 )  that for "Easy" hill count ry the anima l loss figure of 0 . 7 kg 

SU- 1 de signated by the CFAS mode l ( Cornforth and S inc lair,  1 9 8 4 ) was 

not confirmed in this trial . The s igni ficance of a lowe r ALF ( 0 . 5  kg 

su- 1  o f  P )  is illustrated by conside ring the maintenance P fert iliser 

requ irements of a " typical"  high produc ing sheep farm on simi lar 

country to that used in the t rial . For a potent ial CC of 1 8 ,  SR of 

1 5 ,  PU of 8 0 %  and S LF of 0 . 2 5 ,  reduc ing the ALF from 0 . 7  kg SU-1  to 

0 . 5  kg su- 1 would dec rease the CFAS maintenance P recommendat ion from 

2 0  kg ha- 1 to 1 7  kg ha- 1 , i . e . ,  a 1 5 %  reduct ion . 

There a re at least two reasons for the difference between measured and 

suggested ALF ' s .  I n  this trial there was les s  animal t rans fer of P to 

campsites particularly from easy-s lopes (Chapter 5 ) , than was measured 

in the trial from which the CFAS ALF ' s we re derived . This may have 

been due in part to the fact that most of the intens ively monitored 

paddocks in t he t ri a l  were t opographically " f latter" than the notional 
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Table 8 . 3  Topographies for "Easy" and " Steep" paddocks as 

designated by the CFAS Model (Cornforth and S inclair,  

1 9 8 4 )  . 

S lope 

Paddock type 0 - 1 5° 0 - 1 5° 2 5° 4 5 ° 

( campsites ) ( flat ) ( 1 5 - 35° ) ( 3 5°+ ) 

"Easy" 1 0  4 0  4 0  1 0  
" S teep" 1 0  5 7  3 3  



"Easy" paddock defined in the CFAS mode l ( Table 8 . 3 ) . Als o ,  the 

extent to which dif ferences in gra z ing management and paddock s i ze 

( paddocks in the present study we re sma l ler than those used in the 

trial from which the CFAS ALF ' s were de rived) may have inf luenced 

camping behaviour of stock is not known . 

2 7 3  

Sec ondly, two assumpt ions incorporated into CFAS in calculating ALF ' s 

for a l l  s ituat ions ( A . G .  Gill ingham pe rs . comm . ) were probably not 

st rictly true or appl icable in this trial . These two as sumpt ions are : 

( i )  mean past ure P content at 9 0 %  o f  maximum product ion va ries 

acco rding to actual product ion levels . 

( i i )  annual pasture ut ilisation i s  equ iva lent to annual P 

ut i lisat ion . 

The ef fect of changes in these assumed relat ionships was examined . 

( i )  Pasture P concent ration . 

The CFAS mode l assumes that pasture P concent ration increases 

with increas ing carrying capac ity ;  the derived relat ionship 

is : 

pasture P %  0 . 0 0 5  X CC + 0 . 2 7 5  

Thus for a range in CC o f  8 -32  S U  ha - 1 , pasture P i s  assumed 

to range f rom 0 . 3 1 5  to 0 . 4 3 5 % . 
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The relat ionship was formulated for use only at production 

levels equivalent to 9 0 %  of maximum yield . As this level was 

diff icult to de fine in this t ria l ,  pasture P% measurements are 

shown for contrast ing fertiliser input levels ( Table 8 . 4 ) and 

can be compa red with derived estimates ( Table 8 . 5 ) . Estimates 

of CC required for ca lculat ion of pasture P% were ca lculated 

f rom average maximum DMY from the t rial (Chapter 5 )  . 

Actual values measured over a three year pe riod were lower 

than respective calculated values except on the steep-s lope at 

the highe st rate of fert iliser . The origina l estimates of the 

ALF ' s in the CFAS mode l ( Cornforth and S inc lair,  1 9 8 2b )  we re 

de rived for hill count ry, unde r intens ive rotat ional graz ing, 

est imat ing ( from one year' s dat a )  a mean pasture P 

concent ration o f  0 . 3 5 %  (A . G .  Gillingham pe rs . comm . ) Table 

8 . 6  shows that this figure is reached on an annual basis only 

at excess ively high rates of P fert i l ise r .  Results f rom the 

present trial suggest that a value of 0 . 3 0 %  would be more 

rea l ist ic . 

Subst itut ing 0 . 3 0 for 0 . 3 5 %  in the origina l calculations for 

ALF ' s would reduce the magnitude of P loss f rom 2 5° s lopes 

f rom 1 . 1 3 to 0 . 97 kg su- l and for 4 5° s lopes from 1 . 7 1  to 1 . 4 6 

kg su- 1 . F rom Table 8 . 1  it can be seen that these " new" ALF ' s 

a re s imilar to those measured on corresponding s lopes in the 

50 kg ha- 1 P paddoc k  but are still  s omewhat higher than those 

measured at more commonly used rates ( i . e . , 2 0  - 30 kg ha-1 ) 

of P fertiliser addition . 
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Table 8 . 4  Effect of  s lope and rate of  P fert i liser  addit ion 

( kg ha - 1 ) on ave rage pasture P concent rat ion ( % ) . Data 

presented a re the averages of three yea r s  results f rom 

the five intens ively sampled paddoc ks . 

Rate o f  P fert iliser addit ion 
kg ha - 1 

S lope 1 0  2 0  3 0  s o  1 0 0  

0 - 1 0 ° 0 . 32 0 . 3 1 0 . 3 6  0 . 3 6 0 . 3 9 
1 1 - 2 0 ° 0 .  2 8  0 . 2 9  0 . 3 2 0 . 3 3 0 . 3 7 
2 1 - 3 0 ° 0 . 2 5  0 . 2 6  0 . 2 9  0 . 3 2 0 . 3 6  
3 1 °+ 0 . 2 8  0 . 2 8  0 . 2 7  0 . 3 3 0 . 35 



2 7 6  

Table 8 . 5 Effect of s lope on CC* and pasture P %  as calculated by 

the equat ion pasture P %  = 0 . 0 0 5  x CC + 0 . 2 75 . 

S lope cc Pasture % 

0 - 1 0 ° 32 . 2  0 . 4 4 
1 1 -2 0° 2 5 . 1  0 . 4 0  
2 1 - 3 0 ° 1 9 . 2  0 . 3 7 
3 1°+ 1 4 . 4  0 . 3 5  

* CC f o r  each s lope was calculated from maximum DMY achieved o n  that 
s lope in the graz ing trial divided by 5 5 0  kg su- 1 . 



Table 8 . 6  

2 7 7  

Effect o f  rate o f  P fe rt i liser addit ion ( kg ha- 1 ) on 

pasture P concent rat ion ( % )  . Data presented a re the 

ave rages of three years results from the five 

intens ive ly sampled paddocks . 

1 0  

0 . 2 9  

Rate o f  P fert iliser addition 
kg ha - l 

2 0  3 0  5 0  1 0 0  

0 . 2 8  0 . 3 1 0 . 3 4  0 . 3 7 



( i i )  
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On a pe r paddock basis , us ing a mean pasture P concentrat ion 

of 0 . 3 0 %  in calculat ions (whilst holding a l l  other factors 

constant ) reduces the ALF for "Easy" hill count ry f rom the 

origina l ( t rial determined) 0 . 9  to 0 . 8 .  Subs t itut ing this 

value in the CFAS tables for a " typic a l "  h i l l -count ry fa rm (as 

de scribed earlie r )  reduces the ma intenance fert i l iser P 

recommendat ion by 1 . 5  kg ha- 1 y- 1 . In othe r " realistic"  

s ituat ions ma intenance fert i l iser P recommendat ions can be 

reduced by 2 . 5  kg ha - 1 y- 1 . The relat ively sma l l  dec rease in 

P requirements indicates that pasture P concent ration is a 

re lat ive ly insens it ive pa rameter within the CFAS mode l . 

Pasture DM ut i lisat ion pasture P util isat ion . 

Inhe rent within the CFAS model is the assumpt ion that pasture 

DM u t i l isation i s  synonymous with pasture P ut i l isation . 

Howeve r ,  pasture P concent rat ion i s  general ly measured on 

he rbage samples t r immed to near ground leve l ( i . e . ,  1 - 2  cm 

height ) . Under the grazing regimes in t he present study ,  

stock did not always graze to such a low leve l  ( Chapter 5 )  . 

Given that p re-gra zed pasture has a h ighe r P concent rat ion 

than post-grazed pasture at most t imes o f  the yea r  ( sect ion 

5 . 3 . 1 . 3 ) , P ut i lisation calcu lated as  t he dif fe rence between 

pre-grazed pasture DMY x P% and post-grazed pasture DMY x P %  

will  be h igher than that predicted b y  the model ( calculated 

f rom pasture utilisat ion x pasture P concent rat io n )  . 
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In  the CFAS ca lculat ion o f  ALF ' s a P ut ilisation that i s  higher than 

pas ture ut ilis at ion will ef fect ively increase anima l int a ke of P pe r 

unit of dry matt er . This in turn will increase ALF ' s in the model . 

At most time s of the year pre-grazed pasture is about 0 . 0 2 - 0 . 0 3 %  

h igher in P content than post -gra zed pasture ( section 5 . 3 . 1 . 3 ) . I f  a 

pasture P concent rat ion of 0 . 3 0 %  is cons ide red, a dec rease o f  0 . 0 2 -

0 . 0 3 %  repre sent s a propo rt ional di f ference of 7 - 1 0 % . 

The effect of decreas ing the ALF from 0 . 9  to 0 . 8  ( i . e . ,  1 1 %  

propo rt ional decrea s e )  was shown earlier to rep resent a dec rease in 

recommended ma intenance fertiliser P rate of 1 . 5  to 2 . 5  kg ha - 1 y- 1 . 

Increas ing the ALF by 7 - 1 0 %  would increase recommended ma intenance 

fertil iser P rate by 1 to 2 kg ha -1 y- 1 

In  summa ry , modifying the CFAS calculations to inc lude rea l i st ic 

pasture P levels reduces ALF ' s and will thus have an e f fect on 

reducing fe rtiliser P rate recommendations . In cont rast , modifying 

assumption ( i i )  to include more efficient P ut ilisat ion than pasture 

ut ilisat ion wou ld cause an increase in ALF ' s and hence on fert i liser P 

recommendat ions . When the two e ffects are combined they tend to 

cancel each othe r out . The smal l  resultant change in recommended 

maintenance P of approximately 0 . 5  kg is negligible in comparison with 

the e f fect on ALF ' s of the markedly different pattern of faeca l P 

return obse rved in this t rial,  as described earlier in this sect ion 

for a typical hill-country farm .  
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8 . 2 . 2  Soil loss factor 

In the context of the CFAS mode l ,  P is cons idered to be lost from the 

cyc l ing pool when organic or ino rganic P compounds f rom which P cannot 

be ext racted by plant root s accumulate in the soil . 

As has been di scus sed earlie r  in this chapter,  the soil  losses used in 

the de rivat ion of the CFAS mode l we re measured as the difference 

between " above-ground" P input and P output in past ure products at 9 0 %  

maximum yield . Soil loss factors were then calculated by express ing 

the soil  loss as a percent age of the P taken up by plants in pasture 

mainta ined at 9 0 %  maximum yield . 

Data from this trial di scussed in Chapters 5 and 3 provided 

informat ion with which to val idate the CFAS S LF ' s in several ways . 

Howeve r ,  be fore comparisons between the suggested S LF o f  0 . 2 5  for this 

soil group could be made with "measured" S LF ' s several di f f iculties 

had to be cons idered . 

Firstly,  DMY as such was not measured in this tria l ;  DM intake , as  

discus sed in Chapter 5 ,  was  measured instead . Dry matter yield is  

used to c a lculate total P uptake figures for each s lope . These a re 

requi red for the conve rs ion o f  "soil  losses"  t o  " s o i l  loss factors " . 

In  order t o  ove rcome this problem PU' s ( Table 8 . 7 ) obtained in a 

s imilar h i l l-count ry gra zing trial under an intens ive rotat ional 

grazing management ( Gillingham, 1 97 8 )  were used to adj ust the DM 

pasture intake f igures actually measured t o  give a n  indicat ion o f  

likely DMY f rom each s lope at  each fertiliser rate ( Table 8 . 8 ) . 



Table 8 . 7 E ffect of  s lope on pasture u t i l i s a t ion* . 

Slope 

0 - 1 5° 

1 5 - 3 5 ° 

3 5 °+ 

*Data from Gill ingham ( 1 9 7 8 )  

PU% 

78 
85 
7 9  

2 8 1  



Table 8 . 8  Effect o f  s lope and rate o f  P fert i liser addit ion 

( kg ha -1 ) on DMY * .  

Rate o f  P fert i l iser addit ion 
kg ha- 1 

S lope 1 0  2 0  3 0  5 0  1 0 0  

0 - 1 0 ° 1 7 3 1 5  2 0 7 3 1  1 9 3 9 9  1 9 8 5 1  2 2 7 3 1  
1 1 -2 0 ° 1 1 4 3 8  1 3 62 4  1 3 1 5 5  1 3 8 5 1  1 62 62 
2 1 - 3 0 ° 8 4 5 8  9 4 6 2 1 0 7 1 1  1 1 7 6 8  1 2 4 0 7  
3 1 °+ 5 7 9 5  67 2 6  9 6 4 3  9 3 1 7  8 2 3 3  

*DMY i s  calculated from anima l intake measured i n  this t ri a l  and 
pasture ut i l isat ion from Gill ingham ( 1 97 8 ) . 

2 82 
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Secondly, 9 0 %  maximum product ion could not be ident i f ied . During the 

const ruct ion of the CFAS model soil losses we re measured on soils  

supporting pasture at 9 0 %  maximum product ion and S LF ' s were calculated 

by expres sing soil  loss as a propo rtion o f  P uptake at  that 9 0 %  

production level . It was dec ided that in  this t rial s o i l  losses at 

all rates of fertili ser applicat ion be converted to S LF ' s by 

expres s ing them as a percent age of the appropriate P upt a ke for the 

s lope and fert iliser rate under cons ideration ( Table 8 . 9 ) . Although 

the actual point of 9 0 %  re lat ive yield could not be pinpointed, the 

range of va lues obta ined should bracket the correct value . 

Thirdly, during the const ruct ion o f  the CFAS mode l S LF ' s we re 

ca lcu lated for ma intenance o f  a cert a i n  production leve l . By 

de f init ion ( Cornforth and S inclair,  1 9 8 2 a )  this means that avai lable 

s o i l  P ,  as measured annually by the Olsen P test , is not changing . 

Us ing Olsen P data from a l l  the paddocks in the t rial ( Fig . 8 . 1 ) an 

attempt was made to identify a maintenance rate of fert i l iser ( i . e . ,  a 

paddock where the Olsen P was static f rom yea r  to yea r )  . Trends in 

Olsen P examined in Chapter 3 on a paddock basis  indicated that the 3 0  

k g  ha - 1  P paddock might be near equilibrium . 

When the data we re sub jected t o  stat i s t ical analysis (pa i red " t "  

test s ,  the pairs being the Olsen P leve l  f o r  a part icul a r  paddock in 

1 9 8 1  and 1 9 8 4 )  it was c lear ( Fig . 8 . 1 ) that Olsen P on easy- and 

steep-slopes was ris ing s ignificantly ( P < 0 . 0 1 )  at exce s s ively high 

rates o f  P fert iliser ( i . e . ,  1 0 0  kg ha- 1 ) .  At low rate s  of P 
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Table 8 . 9  E f fect o f  slope and rate o f  P fert il i s e r  addit ion 

( kg ha - 1 ) on P upt ake * ( kg ha - 1 ) .  Data presented are 

the ave rages o f  three years results t a ken from the five 

intens ively sampled paddocks . 

Rate of p fert i l i ser addit ion 
( kg ha - 1 ) 

S lope 1 0  2 0  3 0  5 0  1 0 0  

0 - 1 0 ° 5 6 . 0 5 6 4 . 5 8 7 0 . 2 4  7 1 . 6 5 8 8 . 0 1 
1 1 -2 0° 8 2 . 2 4  3 9 . 5 5 42 . 3 6 4 5 . 8 7 5 9 . 4 7 
2 1 - 3 0 ° 2 1 . 4 0 2 4 . 4 7 3 0 . 9 9 3 7 . 32 4 4 . 6 0 
3 1° + 1 6 . 1 3 1 8 . 7 6  2 6 . 1 1 3 0 . 9 8 2 8 . 8 7 

* P upt ake is calculated from an ima l int a ke measured in this t rial and 
pasture utilisat ion from Gill ingham ( 1 9 7 8 ) . 
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F igure 8 . 1  Effect o f  P fer t i l iser rate and t ime on Olsen-extrac t able 

P on easy- s l opes ( a ) and s t eep- s l opes ( b ) . Dat a pr esented 

is from all paddocks . 
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fert iliser ( i . e . ,  1 0  kg ha - 1 ) Olsen P wa s dec reas ing s igni f icantly on 

easy-s lopes ( P  < 0 . 0 5 ) . Howeve r ,  at mode rate rates o f  P ( 2 0 -3 0  kg 

ha - 1 ) no s ignificant differences existed . 

Based on Olsen P analyses for easy- and steep-s lopes , results from 

this t rial would tend to indicate that on this soil type , unde r the 

intens ive management condit ions of this trial where the highest SR 

( 2 2 ) is cons idered to be the potent ial CC, maintenance P fert il iser 

requ irements may be in the range of 20 - 30 kg ha - 1  for SR' s of 

bet ween 1 6 . 5  and 1 9 . 5 .  I t  is  not pos sible to  be more specific because 

the Olsen P tes t ,  used to de fine equilibrium condit ions , is  not 

suffic ient ly sensit ive in t he short term ( four years ) to  measure 

whether annual P inputs o f  either 2 0  or  3 0  kg ha - 1 are c reat ing 

equilibrium condit ions for the associated SR' s .  It should be 

emphas ised that maintenance P requi rements a re related to SR and it 

is , there fore ,  poss ible for both the 2 0  and 3 0  kg ha - 1 P paddocks to 

be at equilibrium given their respect ive SR' s .  A furthe r 

cons ide ration that should be made in terms o f  the concept o f  

equilibrium is that o f  t ime . During the four years o f  t h e  t r i a l  the 

2 0  and 3 0  kg ha - 1 P paddocks probably approached equi librium .  Given 

longe r ,  it is probable that the 1 0  kg ha - 1 P paddock would also have 

reached an equilibrium . At the higher rates of P fert iliser,  however,  

it is  poss ible that equilibrium is unatta inable as  losses o f  P a re 

unlikely to be able to account for addit ions o f  P in fe rt ilise r . That 

i s ,  due to limit ing factors other than P ,  it is unlikely that DMY and 

hence p lant P uptake , could ever account for very large addit ions of P 

( e . g . , 1 0 0  kg ha- 1 ) and s o ,  a s  seen in the present tria l ,  avai l able 

soil P ( a s  measured by Olsen P )  will cont inue to increase and 

equil ibrium wil l  not be reached . 
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Statis tical analysis o f  Olsen P o n  three s lope groups during the 

pe riod of the trial ( F ig . 3 . 3 ) suggested that a change in Olsen P of  6 

�g g- 1 would be s igni ficant . The re lat ionship between Olsen P and 

plant P upt a ke de rived in sect ion 4 . 3 . 5  indicates that the addit ion of 

surplus plant-avai lable P at the rate of 4 . 0  �g g- l s o i l  would be 

required to e f fect an increase in Ol sen P of 1 �g g- 1 . This means 

that 24 �g g- 1 of  plant -ava i lable P would have to be added to e f fect a 

s igni f icant inc rea se , wh ich,  for the 0 - 3 cm depth in a paddock ,  would 

mea n  4 - 6 kg ha - 1 ext ra plant -available P .  

The paddock receiving 50 kg ha- l y-l of  P fert iliser was probably 

receiving ve ry much more than 6 kg ha- 1 y - l of  P in excess of 

ma intenance P requirements ( in relat ion to SR) and yet no s igni f icant 

increase in Olsen P could be dis ce rned on easy-s lopes even a fter four 

yea r s . 

Alternat ively,  us ing dat a f rom the glas shouse study ( Chapter 4 )  it is 

pos s ible to derive a relat ionship between Olsen P a nd non-occluded P :  

change in non-occluded P 5 . 7 3  x change in Olsen P + 6 . 0 5 r = 0 . 9 4 * *  

This means that a n  increase i n  soil non-occ luded P o f  4 0  �g g- l i s  

required f o r  a n  increase in soil Olsen P o f  6 �g g-l . This amount o f  

non-occluded P i s  equivalent t o  6 - 8 k g  ha - l o f  P f o r  the top 0 -3 cm . 

Increases o f  greater than 4 0  �g g- 1  o f  P did occur in the non-occluded 

f ract ion on most s lopes in the 3 0 ,  5 0  and 1 0 0  kg ha- 1 P paddocks 

during the period of the t ri a l . However ,  only in the 1 0 0  kg ha-l P 
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paddock, and the steep-s lope o f  the 5 0  kg ha -l P paddoc k  we re these 

increases re f lected in Olsen P .  This suggests that non-occluded P is 

a more sensit ive indicator of changes in soil P than Olsen P .  

The fact that the expected Olsen P increase did not occur may be due 

to a certain extent to mic robial act ivity and the immobilisat ion of P 

in the organic form .  Hence the build up o f  P0 on campsites , 

const itut ing a loss o f  P in the soil f rom the cycling P pool . 

A furthe r factor to cons ide r  is that the relat ionships between changes 

in Olsen P and plant -ava ilable P or non-occ luded P we re de rived f rom a 

depletion curve . This curve is not necess arily the s ame shape as that 

derived f rom a s ituat ion whe re P is being increased . As monito ring of  

soil test results is the only practical way of  monitoring the CFAS 

recommendat ions , cons ide rably more work needs to be done in this area 

in order to deve lop an unde rstanding of the response in Olsen P to 

above - or be low-ma intenance rates of  fert iliser P addit ion . 

A further attempt at def ining ma intenance conditions was made by 

examining the s tatus of P poo ls other than the Olsen P pool . 

Evaluation o f  changes in "below-ground" P poo l s , inc luding changes in 

non-occluded P and P 1 ,  both of which correlated wel l  with plant P 

upta ke in the glass house trial discussed in Chapter 4 ,  did not a s s ist 

in the decision a s  to  which , if any, paddock was at equilibrium .  This 

was because variab i l ity in measurement was high in all soil P 

fract ions , not just in the Olsen P fract ion . 
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Variabi lity was a l so a feature in measurement s o f  the " above-ground" 

components of the P cycle . For the three years of the t ria l ,  spring 

DMY on easy-s lopes were least va riable ( ±  9 - 1 8 %  for the two 

"equil ibrium paddocks " ,  i . e . ,  the 2 0  and 3 0  kg ha - 1  P paddocks ) 

P asture P concent rat ion in spring showed s imi lar variability ( +  

approximately 1 5 % )  . This pa ramete r  was relat ive ly cons istent in 

summer and ea rly autumn on an annual bas is , but there was no e ffect of  

P fert iliser,  i . e . ,  draughty condit ions limited P upta ke on a l l  P 

fertil iser rates . Pasture P upt ake in spring ( calculated f rom DMY x 

pasture P concent rat ion ) was cons iderably more variable than e ither of 

the component s alone . Although P in sheep gra z ing the trial we re not 

examined it is cons idered un likely that P in wool or blood , for 

inst ance , could a s s ist in the determinat ion of  a paddock at  

" equilibrium" a s  sheep tend to exc rete P surplus to requirement s .  

The se re sult s tend to suggest that the concept of equilibrium may not 

be appl icable to the individual component s of the P cycle in 

individual s lope groups in hill-count ry pasture ,  although it may apply 

to a hill -country paddock cons idered as a whole . 

An alternat ive method of  def ining ma intenance P for the condit ions of  

the trial invo lved use of  the CFAS mode l itsel f . For an S LF o f  0 . 2 5  

and a n  ALF o f  0 . 7 ( a s  recommended b y  the CFAS mode l (Cornforth and 

S inclair,  1 9 8 4 )  f o r  the soil  type and gra z ing regime of the trial)  

plus  a CC of 2 2  and a s suming a PU o f  8 0 %  the maintenance p 

recommendat ions a re 1 7 ,  2 0  and 3 0  kg ha-1 respectively . These p 

recommendat ions a re reduced t o  1 4 ,  1 6  and 2 1  kg ha - 1 i f  P U  i s  a s sumed 

t o  be 9 0 % .  In the present trial a fert iliser P addition o f  2 0  kg ha- 1 
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- 1  s upported an S R  o f  1 6 . 5 , and of  3 0  kg ha suppo rted an S R  o f  1 9 . 5 .  

This suggests not only that the CFAS mode l provides a good est imate of  

ma intenance P at this  s ite but also that 8 0 %  PU is a reasonable 

estimate for that being achieved . 

Having attempted to de fine ma intenance P requirements for SR' s 

associated with the present tria l ,  the next step was to use data f rom 

the t rial to ca lculate SLF ' s associated with a range o f  P fertiliser 

rates or SR' s .  The trial data used was f rom the f ive intens ive ly 

sampled paddocks where P fractionation data we re avai lable . For this 

reason the s igni f icance of  any di fference between sampling periods 

could not be evaluated . 

Initially, results f rom the present study we re used to ca lculate SLF ' s 

in the s ame way as originally ca rried out for the CFAS mode l ,  i . e . ,  by 

difference . In the CFAS approach P fertiliser is added to ba lance 

losses under equi librium conditions . Fertiliser P which neither 

appears in the ava ilable P pool (as measured by the Olsen test ) nor is 

t aken up by p lants (measured by DMY x P concent rat ion) i s  a s s umed to 

be lost in the s o i l . This P loss is then divided by p lant P uptake to 

give an S LF value . 

At the P fert iliser rates closely approximat ing the probable 

maintenance requirement and poss ible equilibrium condit ions ( i . e . , 2 0  

and 3 0  kg ha-1 ) the S LF ' s ( Table 8 . 1 0 )  are cons iderably highe r than 

the figure of 0 . 2 5  used for this s ite in the CFAS mode l . These higher 

values are a consequence of the lower animal losses des cribed in the 

previous section . That i s , i f ,  for example , 2 0  kg ha- l o f  P 



Table 8 . 1 0 

S lope 

0 - 1 0 ° 

1 1 -2 0° 

2 1 - 3 0 ° 

3 1° + 

E f fect o f  s lope and rate o f  P fert i l i s e r  addit ion 

1 0 * *  

0 . 5 0 
0 . 2 4  
0 . 2 0  
0 . 1 7 

* on SLF ' s . 

Rate of p fert iliser addit ion 
( kg ha - 1 ) 

2 0  3 0  5 0  1 0 0  

0 . 6 7 0 . 6 3 1 .  0 1  1 .  4 3  
0 . 3 6  0 . 4 7 0 . 9 7 1 .  5 6  
0 . 4 7 0 . 5 8 0 . 8 3 1 .  8 6  
0 . 5 1 0 . 5 0 0 . 9 3 2 . 9 0 

* S LF ' s calculated from P upt ake ( Table 8 . 9 ) and P return data 
presented in chapter 5 .  

* *  SLF ' s for othe r than "maintenance " paddocks presented for 
purposes of  comparison . 

2 9 1  
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fertiliser i s  the t rue maintenance rate for a n  S R  o f  1 6 . 5  a t  this 

s it e ,  and anima l losses a re smaller than predicted, it follows that 

soil losses must be greater than predicted . 

The CFAS mode l assumes that the magnitude of  soil loss  is linearly 

related to plant P upta ke through the SLF . It  also a s s umes that this 

re lat ionship is constant on different s lopes despite dif ferences in 

pasture P compos ition,  soil water,  physical properties and the status 

of other nut rient s . It wa s clear ( Table 8 . 1 0 )  that the SLF ' s 

calculated in this trial did vary with s lope but s ince equil ibrium 

conditions we re not apparent , no firm conclusions could be drawn on 

the va l idity of  the as sumpt ions relat ing plant P upt ake to SLF . 

Anothe r way in which data f rom this trial we re used in attempt ing to 

va lidate the CFAS SLF was to recalculate S LF ' s for the t rial us ing 

figures for actual soil P changes . These va lue s were taken f rom the 

study on the "below-ground" component s of the P cycle ( Chapter 3 ) . 

For a paddock at equilibrium ( as measured by the Olsen P test ) any 

increase in total soil P at yearly intervals mus t  const itute a s o i l  P 

los s  because, by definit ion , no net change in the available P pool is 

occurring . The average annual increase in total s o i l  P was calculated 

for each s lope at each rate of fertiliser P addit ion, and was then 

expressed a s  a proportion o f  the appropriate plant P uptake ( Table 

8 . 1 1 ) . 

Both total soil P in the 0 - 1 5  cm depth ( i . e . ,  to root depth )  and the 

S LF ' s were found to increase with increas ing rate o f  fe rt i liser P 

addition on easy- a nd steep-s lope s ,  but decrease with increas ing rate 



Table 8 . 1 1 

Slope 

( a )  0 - 1 0 ° 

1 1 -2 0 ° 

3 1 °+ 

(b )  0 - 1 0 ° 

1 1 -2 0 ° 

3 1 °+ 
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E f fect o f  s lope and rate o f  P fert iliser addition 

( kg ha -1 )  on ( a )  change in total soil P ( kg ha - 1 ) and 

( b )  soil loss factor ca lculated f rom ( a )  . Data 

presented are the averages of two yea rs re sults from 

the f ive intens ive ly sampled paddocks ( 0 - 1 5  cm depth ) . 

Rate of p fert iliser addition 
( kg ha - 1 ) 

1 0  2 0  3 0  5 0  1 0 0  

1 2  4 .  8 1 0 9 . 1  5 4 . 2  8 0 . 5  6 8 . 8  
5 . 9  1 1 . 1  1 5 . 7  67 . 4  9 3 . 5  

- 1 1 . 1  1 8 . 4  8 . 9  3 6 . 6  5 8 . 5  

2 . 2 3  1 .  6 9  0 . 7 7  1 . 1 2 0 . 7 8  
0 . 1 8 0 . 2 8  0 . 3 7 1 .  4 7  1 .  5 7  
0 . 6 9 0 . 9 8 0 . 3 4 1 .  1 8  2 . 0 3 
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o f  fertiliser on campsites ( Table 8 . 1 1 ) . Again,  s lope had a marked 

but inconsis tent e ffect . For the two paddocks receiving c lose to 

-1  . 
ma intenance P ( 2 0  and 3 0  kg ha ) �t could be seen that S LF ' s 

calculated from total P accumulation were somewhat higher than 

suggested by the CFAS mode l . 

Results from the glasshouse study ( Chapter 4 )  on the availability of P 

fract ions indicated that within the total P poo l ,  occluded P ,  calcium-

bound P and P 0  we re re lat ively unavailable for plant P upt ake du ring 

the long term trial . Us ing the sum of these three s o i l  fractions from 

the t rial data ( Table 8 . 1 2 ) , s imilar t rends in soil P and SLF ' s we re 

obse rved a s  with total P .  At low addit ions of  P fert iliser S LF ' s on 

easy-s lopes we re higher than when calculated us ing total soil P 

figures . This was due to the fact that at low leve l s  of  P addit ion 

increases in leve l s  of  unavailable forms of  P occurred at the expense 

of decreases in levels of avai lable forms . This can be seen on a per 

paddock bas i s  in Fig . 3 . 1 3 .  

In  compa rison with the CFAS S LF of  0 . 2 5 ,  figures obta ined f rom the 

combination of  "unava ilable-P pools " at approximately ma intenance 

rates of P addit ion we re much large r .  These appear h igh ( at or near 

equilibrium) a s  they indicate that in any yea r  a lmos t  a s  much P will 

be locked up in the soil as taken up by the p lant . 

Another attempt at validat ing the CFAS SLF was made us ing changes in 

occluded P and calcium-bound P, i . e . , those f ractions o f  P I thought to 

be least p lant avai lable . The s ame t rends in resul t s  were obta ined 

( T able 8 . 13 )  as for the other two data set s ,  but the values were much 

,. 
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Table 8 . 12 E ffect of s lope and rate o f  P fert i liser addit ion 

( kg ha - 1 ) on ( a )  change in unavailable soil P ( kg ha - 1 ) 

and ( b )  soil loss factor ca lculated from ( a )  . Data 

presented are the average s of two yea rs re sults from 

the five intens ively sampled paddocks ( 0 - 1 5  cm depth )  . 

Rate of p fert iliser addition 
( kg ha - 1 ) 

S lope 1 0  2 0  3 0  s o  1 0 0  

( a )  0 - 1 0 ° 1 1 8 . 1  6 1 . 4  4 9 . 6  8 6 . 2  2 2 . 2  
1 1 -2 0 ° 17 . 1  1 9 . 7  1 3 . 0  3 9 . 2  65 . 6  
3 1 °+ 0 . 5  3 4 . 4  2 2 . 9  4 4 . 3  3 9 . 1  

( b )  0 - 1 0 ° 2 . 1 1 0 . 9 5 0 .  7 1  1 .  2 0  0 . 2 5  
1 1 -2 0 ° 0 . 5 3 0 . 5 0 0 . 3 1 0 . 8 5 1 . 1 0 
3 1 °+ 0 . 0 3 1 .  8 3  0 . 8 8 1 .  4 3  1 .  3 5  
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Table 8 . 1 3 E ffect o f  s lope and rate o f  P fert i l i se r  addit ion 

( kg ha - 1 ) on ( a )  change in unava i lable soil  inorganic P 

( kg ha - 1 ) and ( b )  soil loss factor ca lculated from ( a )  

Dat a p resented are the averages o f  two years re sults 

from t he f ive intens ively sampled paddocks ( 0 - 1 5  cm 

depth ) . 

Rat e  o f  p fertiliser addition 
( kg ha - 1 ) 

S lope 1 0  2 0  3 0  5 0  1 0 0  

( a )  0 - 1 0 ° 33 . 2  2 9 . 3  1 6 . 8  2 8 . 0  1 8 . 6  
1 1 -2 0 ° 6 . 0  2 . 8  3 . 0  1 5 . 6  3 1 . 7  
3 1 °+ - 4 . 2 9 . 8  1 0 . 8  1 1 . 4  1 6 . 6  

( b )  0 - 1 0 ° 0 . 5 9 0 . 4 5 0 . 2 4  0 . 3 9 0 . 2 1  
1 1 - 2 0 ° 0 . 1 8 0 . 0 7 0 . 0 7 0 . 3 4 0 . 5 3 
3 1° + - 0 . 2 6  0 . 32 0 . 4 1 0 . 3 7 0 . 5 7 
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lower . I n  fact , combining these SLF ' s to give a " paddock" S LF gives 

re sults ( i . e . ,  0 . 2 5  for the 2 0  kg ha - 1 P paddock and 0 . 1 9 for the 3 0  

kg ha - 1 P paddock)  which a re compa rable with the SLF o f  0 . 2 5 derived 

for the CFAS mode l . 

Us ing least plant -ava ilable soil P I fractions thus provides a more 

rea listic SLF ( a s  def ined by the CFAS mode l )  than the other two 

methods . The fact that such s imi lar results we re obt a ined us ing only 

these lea st ava i l able P I fract ions of total soil P in the calculat ions 

of SLF ' s throws some doubt on whether or not an increase in P0 implies 

a soil  loss . I t  is poss ible that any increase in P0 should be 

cons idered as a P reserve rather than as a P loss . I f  input 

condit ions are a ltered ( e . g . , nit rogen is added via improved pa sture 

fert il ity or P fert il iser addit ions are reduced) the ba lance between 

immobilisat ion and mineralisat ion is l ikely to change and net 

mine ra lisat ion can occur, thus releas ing P in a form ava i lable for 

plant P uptake . As neither the interact ion between nit rogen and P nor 

the res idual ava i l ability of P fert il iser are fully unde rst ood in hill 

count ry these a spects need further research t o  determine the 

quant ities of  P that might be involved and the sens it ivity o f  the 

react ions to changes in input s . Such manipulat ions cannot be made to 

release calc ium-bound P or occluded P ;  an increase in P in these two 

soil f ract ions can probably be said to const itute a t rue soil  los s . 
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8 . 2 . 3  Combined effect of changes in ALF and SLF 

Despite the fact that the CFAS and trial est imates o f  S LF and ALF ' s 

cannot be compa red directly it can be seen that whe reas estimates of 

ALF ' s in this trial a re lowe r than those used in the CFAS mode l ,  trial 

estimates of S LF ' s a re s imi lar when based on increases in " non-

ava i lable " inorganic P .  The net ef fect o f  the two is a slight ly lower 

P requirement than suggested by the CFAS model . 

8 . 3  SHORT-TERM P REQUIREMENTS 

The s ignificance o f  the Olsen P findings in this study have 

imp licat ions in the determinat ion of short t e rm P requirement s of a 

given s ituation in hill  country . 

Short -term P requirements a re calculated in the CFAS model us ing a 

"modifying factor" which e ither increases or  dec reases the amount of P 

recommended depending upon whether the Olsen P status o f  the a rea 

under cons iderat ion is  lowe r  or higher than that cons idered 

app ropriate for the stocking conditions in existence . Addit ional 

informat ion used to choose t he appropriate "modifying factor" is  the 

s o i l  group and the leve l  o f  relat ive yield current ly being achieved . 

The s t ructure o f  the graphs used within the CFAS model t o  give 

"modifying factors " is  such that they a re relatively sensitive t o  

changes in Olsen P .  For instance, assuming a relative yield o f  8 5 %  

( which was achieved o n  a paddock basis a t  3 0  kg ha- l o f  P )  on a medium 
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P loss soil with a n  Olsen P status o f  1 8  the as sociated "modifying 

factor" is 0 . 4 .  For this paddock and SR,  plus PU of 8 0 %  it was 

established in section 8 . 2 . 2 that 30 kg ha - 1  of P was probably 

appropriate . The "modifying factor" calculated for short -term P 

requirements suggests that only 12  kg ha - 1  o f  P fert iliser are 

necessary as the Olsen P status is higher than that thought necessary 

to support an RY of 8 5 % . Howeve r ,  a 3 0 %  e rror in Olsen P due to 

temporal and spat ial va riability could mean that the " t rue " Olsen P 

was between 1 3  and 2 3 . These values are assoc iated with "modi fying 

factors " of approximately 1 . 1  and 0 respect ively . Thus the short -term 

P recommendat ion is likely to be between 3 3  and 0 kg ha - 1 . 

In the paddock receiving 3 0  kg ha - 1  P fert i l iser the overa l l  paddock 

average for Olsen P was 15 in the f ina l year of the trial,  which is 

associated with a "modi fying factor" of approximately 0 . 8 .  Thus only 

2 4  kg ha - 1 P ferti liser are required for ma intenance . Howeve r ,  a drop 

in Olsen to 12 ( which would occur if  camps ites were omitted from soil 

s ampling) would mean an increase in the "modi fying factor" to 

approximately 1 . 2  and in short -term fert iliser P recommendat ions to 36 

kg ha- 1 . Given the inherent variability o f  both the Olsen P test and 

hill-count ry soils , plus the sensitivity of the modifying factor it is 

pos s ible that improved recommendat ions for short -term maintenance P 

requi rements could be made by sampling only easy-s lopes , i . e . ,  those 

s lopes most P respons ive . 

The incorporation o f  short -term P recommendat ions or adjustment s to 

ma intenance P recommendat ions in the CFAS model is likely to be 

beneficial to farmers as it provides a " fa i l-s a fe "  mechanism, 



prevent ing exp loitation o f  soil P reserves , evident in a rapidly 

dec rea sing Olsen P ,  or  "unnecessary" investment in soil P ( o r  

3 0 0  

fert ilise r ) , evident in a rapidly increas ing Olsen P .  However ,  the 

sensitivity o f  the model t o  changes in Olsen P means that large er rors 

could be int roduced into P requirement calculat ions ve ry easily . 

8 . 4  MAINTENANCE P REQUIREMENTS FOR INDIVIDUAL SLOPES 

WITHIN A PADDOCK 

Throughout this chapter it has been suggested that different slope s 

within a paddock may have different fertili ser P requirement s as p � � � t  

P uptake and faecal P return va ried . This hypothesis was examined 

us ing data collected from the study on the " above-ground" cornponen-cs 

o f  the P cycle (Chapte r 5)  and information on losses within the so�� -

The P deficit on s lopes ( other than campsites ) generated by plant p 

uptake and inadequate faec a l  P return has been discussed in detail i� 

sect ion 5 . 3 . 4 . 1  and is represented in Table 8 . 1 4 .  In summary, a p 

surplus was measured on campsites . On steepe r slopes the P de ficit 

increased with increasing degree of lands lope . 

It is  expected that soil losses will exhibit the oppos ite trend, as 

the CFAS model suggests that soil loss is  l inearly re lated to P 

upt ake . Thus the greater P uptake on easy- than steep-s lope s 

indicates a h igher soil P loss on the easy-slopes . P revious sect ions 

have discussed the difficult ies in measuring soil losses in grazed 

hill count ry . 



Table 8 . 1 4 

S lope 

0 - 1 0 ° 

1 1 -2 0° 

2 1 - 3 0 ° 

3 1 ° + 

3 0 1  

E f fect o f  slope and rate o f  P fert iliser addit ion 

( kg ha - 1 ) on the di f ference ( kg ha - 1 ) between annual p 

uptake and annual P return . Data presented are the 

ave rages of  three yea rs re sults f rom the five 

intens ively sampled paddocks . 

Rate of p fertiliser addit ion 
( kg ha - 1 ) 

1 0  2 0  3 0  5 0  1 0 0  

1 7 . 8  2 3 . 1  1 4 . 2  22 . 4  2 6 . 0  
-2 . 2 - 5 . 6  - 1 0 . 0  - 5 . 7  -7 . 0  
- 5 . 8  - 8 . 4  - 1 1 . 9  - 1 9 . 0  - 1 6 . 8  
-7 . 3  - 1 0 . 4  - 1 7 . 0  -2 1 . 0  - 1 6 . 4  
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To dete rmine ma intenance P requi rements for each s lope the SLF 

recommended by the CFAS model ( 0 . 2 5 )  wa s used with plant P upt ake data 

( Table 8 . 9 ) to ca lculate the magnitude of s o i l  loss . Soil  losses we re 

found to increase with increas ing rate of fert i liser and decrease with 

increas ing s lope ( Table 8 . 1 5 ) . This is to be expected because plant P 

upt a ke follows the same t rends and the convers ion factor was the same 

for a l l  s l opes and P fert iliser rates . 

Comb ination of annual anima l and soil losses ( Table 8 . 1 6 )  produces 

annual P de ficits on each s l ope which, exc luding camps ites are 

remarkably similar within a s ingle paddock .  This is part icularly the 

case at moderate to low rates of fert i liser P addition . 

This use o f  the CFAS S LF to est imate losses in soils at leve ls of 

production other than at 9 0 %  of maximum is  not st rict ly co rrect . It 

doe s ,  however,  serve to i l lustrate in this t ri a l  s ituat ion that 

a lthough production may vary cons iderably on different s lope s ,  the 

magnitude o f  P de ficits can be s imi lar . 

In  cont ra s t ,  it is pos sible that short -term P requi rement s may vary 

between s lopes . As explained in the previous sect ion, an Olsen P 

highe r  than that deemed appropriate for a given product ion level 

represents an ine fficient investment in soil P .  This can be 

exp loited, thereby increas ing production e f f iciency, by reducing P 

fert i l iser inputs . I f  O lsen P is  lower than that cons idered 

appropriate for a part icular level of product ion , maintenance P 

recommendat ions must be incre ased to compens ate . 
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Table 8 . 1 5 Effect o f  s lope and rate of P fert i l iser addition 

( kg ha - 1 ) on soil P loss ( kg ha - 1 ) .  Data presented are 

the ave rages of three years results from the five 

int ens ively sampled paddocks . 

Rate of p fert i l iser addition 
( kg ha - 1 ) 

S lope 1 0  2 0  3 0  5 0  1 0 0  

0 - 1 0 ° 1 4 . 0 * 1 6 . 2  17 . 6  17 . 9  22 . 0  
1 1 - 2 0 ° 8 . 1  9 . 9  10 . 6  1 1 . 5  1 4 . 9  
2 1 - 3 0 ° 5 . 4  6 . 1  7 . 8 9 . 3  1 1 . 2  
31 ° + 4 . 0  4 . 7 6 . 5  7 . 8  7 . 2 

* Data we re ca lcula ted from adj usted plant P uptake figures ( Table 
8 . 9 ) modi fied by the CFAS SLF of 0 . 2 5 . 
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Table 8 . 1 6 E f fect of s lope and rate o f  P fert i l i s e r  addit ion 

( kg ha - 1 ) on annual P requi rements ( kg ha - 1 ) .  Data 

presented are the ave rages o f  three years re sults from 

the f ive intens ively sampled paddocks . 

Rate of p fert iliser addit ion 
( kg ha - 1 ) 

S lope 1 0  2 0  3 0  5 0  1 0 0  

0 - 1 0 ° 3 . 8 * 7 . 0  -3 . 4  4 . 5  4 . 0  
1 1 - 2 0 ° - 1 0 . 3  - 1 5 . 5  -2 0 . 6  - 1 7 . 2  - 2 1 . 9  
2 1 - 3 0 ° - 1 1 . 2  - 1 4 . 5  - 1 9 . 7  -2 8 . 3  -2 8 . 0  
3 1°+ - 1 1 . 3  - 1 5 . 1  -23 . 5  -2 8 . 8  -2 3 . 6  

* Data we re calculated from Tables 8 . 1 4 and 8 . 1 5 .  
P o s it ive sign indicates a P surplus . 
Negative sign indicates a requirement for P 
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In  the present study , DMY tended t o  be higher from the 3 0  k g  ha - 1 p 

paddock than the 2 0  kg ha - 1 P paddock ( as discus sed in Chapter 5 )  but 

Olsen P values we re often lower (Table 8 . 1 ) . The CFAS "modi fying" 

graphs for the appropriate soil group and RY we re used to determine 

short -term P requirement s on a pe r s lope ba s i s  for the two 

"equi l ibrium" paddoc ks . Re lative yields we re calculated f rom DMY 

dat a ,  presented in Table 8 . 8 , assuming 1 0 0 %  RY to be that achieved on 

the 1 0 0  kg ha- 1 P paddock .  

Olsen P data from 1 9 8 4  indicated that apart from on camps ites , where 

Olsen P levels we re cons ide rably higher than appropriate , Olsen P 

leve l s  on s lopes were within one or two units of that deemed 

approp riate for the as soc iated RY . This wa s not the case in 1 9 8 3  ( an 

indication of tempo ral va riabil ity in Olsen P )  . 

In  1 9 8 3 ,  Olsen P levels we re higher than appropriate on camp s ite s ,  but 

lower than appropriate on steepe r s lopes . "Modifying factors " were 

found to decrease with increas ing s lope . This suggests that for a 

given unit area easy-s lopes require more P fert iliser than other 

s lopes within a paddock and a re l ikely to be the most P respons ive . 

This is  shown to some extent in DMY curves discus sed in Chapter 5 ,  but 

the fact that easy-s lopes a re the most P responsive is  somewhat 

obscured by the camps ite response to nitrogen . 

This information could be o f  importance when considering P fert i liser 

applicat ion on a farm scale . Given that easy-s lopes a re the most P 

respons ive a reas , efficiency o f  use of P will be higher on t hose areas 
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than others . Therefore ,  farmers should apply fert il i s e r  

pre ferent ially to these areas . For example,  us ing dat a  f rom t he 2 0  kg 

ha - l P paddock presented in Table 8 . 1 6 ,  ma intenance P requi rements for 

areas other than campsites approximate 15 kg ha- 1 . Howeve r ,  whe reas 

the "modifying factor" for the easy-s lope is approximately 2 ,  it 

dec reases to approximately 1 . 2 and 1 . 1  for the steeper s lopes . Thus 

30 kg ha - l P is required on easy-s lopes , 1 8  kg ha- 1  on 2 1 - 3 0° s lopes 

and 1 6 . 5  kg ha - 1 on steep-s lopes . In  an "Easy"  paddock ( CFAS 

t opography ) this would mean topographically adj us ted P requi rement of 

2 1  kg ha -1 . In a " Steep " paddoc k ,  t he P requirement wou ld be reduced 

to 1 6  kg ha- 1 . 

Within most New Zea land hill count ry it is unrealistic t o  expect 

farme rs to topdress individual slopes within a paddock a t  different 

rates of P fertilise r .  However,  a modification o f  the CFAS mode l to 

include t opography could a l low adjustment o f  overall rates to a block 

o f  land which, for a fixed P fert i liser budget , could a l low more P to 

be applied to areas which would be more respons ive , i . e . ,  t hose a reas 

with the greatest proport ion of easy-s lopes . Ult imately,  this would 

lead to improved efficiency of use of P fertilise r .  

8 . 5  CONCLUS IONS 

The evaluation of the e f fect of rate of P fertiliser addition and 

slope on changes in or size of the " above - "  and "below-ground" 

component s of the P cycle has enabled a greater underst anding of the P 

cyc le in grazed hill-count ry pasture . Knowledge o f  the P cycle o f fers 



one of  the most useful methods for assessing P fert il iser 

requirement s .  Results from this study were used in an attempt to 

val idate input data used to determine ma intenance and short -term 

fert i l iser P requ irement s in the MAF CFAS mode l . 

Three ma j o r  conclusions were formulated . 
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( 1 )  An ima l losses were lower in this study than suggested by the 

MAF CFAS model . 

( 2 )  Soil losses o f  P we re ext reme ly diff icult t o  measure because 

of the high as soc iated field vari ability and the di f f iculty in 

establishing the existence of  "equilibrium" in terms o f  

ava ilable soil P a s  measured b y  the Olsen test . 

( 3 )  Excluding campsites ( which had a zero requi rement for P 

fert ilise r )  P de ficits on other s lopes appea red to be 

l ittle a f fected by degree of  slope . 

With respect to conclusion ( 1 ) , the compa rat ively la rge reduction in 

anima l losses per SU measured on each s lope in the present t rial in 

comparison with the trial from which the CFAS ALF ' s we re derived 

(Gillingham et a l . ,  1 9 8 0 )  appeared to be due mainly to a more uniform 

dist ribution o f  faecal materia l . Although both t rials were run under 

an intens ive rotat ional graz ing regime , paddocks in Gillingham' s trial 

were both larger and steeper than those used i n  the present t r i a l ,  

allowing less uniform return of faecal P .  The ea rlier t rial may relate 

more c losely to a farm-scale operation than the present t ria l . As 
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only t wo sets o f  data on faecal dist ribut ion i n  New Zealand hill 

country a re available , it  is not poss ible to make f i rm conclusions on 

the e f fect of paddock size . 

Results from the present t rial in comparison with those from the trial 

from which CFAS ALF ' s were derived (Gill ingham et a l . ,  1 9 8 0 )  

i l lustrate the dange rs of ext rapo lat ing results from one situation to 

another without having a det ailed knowledge of the causes of specific 

results (as indicated by Mohammed et a l . ,  1 9 8 4 ) . In  this case it is 

not me re ly the topography that changes between a steep and an easy 

paddock ,  but also faecal dist ribut ion . Therefore ,  to transfer results 

from one situation to another success fully requires an apprec iat ion of 

this relat ionship . 

Faeca l  P return is one of the three ma j o r  factors used to ca lculate 

ma intenance P requirement s for a part icula r area, thus a change in 

faec a l  P return could have an important e f fect on the P budget . For 

this reason cons iderably more resea rch needs t o  be carried out in 

order t o  determine the e f fect of paddock s ize and cont rast ing 

topography on the dist ribution of faecal material within a paddock .  

For conclusion ( 2 ) , establishing causes o f  soil  P loss proved t o  be 

dif f icult . Within the ob j e ct ives o f  t he present t ri a l  it was hoped to 

both def ine changes in soil P related characteristics and ident ify 

those s o i l  pools which ref lected changes in the " above-ground" 

compartments of t he P cycle . For these reas on s ,  s o i l  s ampling 

involved many replicates and was carried out in a c a reful manne r . In 

spite of this it was f ound that variability i n  P f ract ions in field 
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samples was ext remely high . The CFAS mode l relies heavily on the 

ident if ication of "equilibrium" in ava ilable soil P ,  as  measured by 

the Ol sen test , in order to establish ma intenance rates of fertiliser . 

It also re lies on Olsen P to indicate short-term P requi rement s .  

The fact that "equil ibrium" could not be de fined by this method in the 

present trial rendered va lidation of the CFAS SLF for this soil group 

di ff icult . It will,  therefore ,  be even more diff icult unde r " routine " 

soil -test ing procedu res . It was possible to obse rve , however,  that 

SLF ' s ca lculated in the same way as the CFAS SLF ' s we re s imilar if 

change s in only those P I pools found to be least plant available 

( Chapter 4 )  we re cons idered . Inclus ion of change s in P0 due to net 

immobilisation , which the CFAS model de fines as a los s ,  inc reased the 

ca lculated S LF ' s cons iderably, but unrealistically . These re sults 

suggest that the inclusion o f  net immobilised P0 a s  a soil loss in the 

CFAS model may not be va lid . An a lteration o f  SR or  P fert i liser 

addit ion could a f fect the rat io o f  minera lisat ion to immobilisat ion 

rapidly and dramatically,  which would then a ffect ma intenance P 

requi rements ; it is unlikely that the same could be s a id for the 

reactions caus ing the format ion of occ luded P and calc ium-bound P .  

A second factor to cons ider is that the variability a s s oc iated with 

Olsen P values observed in this trial will a l s o  be present in rout ine 

soil sampling a s sociated with the use of the CFAS mode l . Thus , it 

will be difficult to establish whether or not the correct 

"maintenance" rate of P fert i l iser is being applied and to make short­

term P fert i liser recommendations . 
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Other P f ractions measured in this t rial s howed a s  much variability as  

Olsen P .  The use o f  water-ext ractable P instead o f  Olsen P could 

offer some advantages . Although f ield variability in the water­

extractable P fract ion is as high as  that of Olsen P ,  and seasonal 

variabi lity is s l ight ly highe r ( Sorn- s rivichai , 1 9 8 5 ) , it was found in 

Chapter 4 that water-ext ractable P provided a slight ly better 

indicator of plant -available P than O lsen P .  Furthermore , the 

interpretation o f  water-ext ractable P leve l s  is not greatly inf luenced 

by the buffe ring capacity of soils and appears to be large ly 

independent o f  soil -type ( Sorn-srivicha i ,  1 9 8 5 )  . As it is possible to 

model change s in water-extractable P in soils fol lowing supe rphosphate 

fe rtiliser addition ( Sorn-s rivicha i ,  1 9 8 5 )  a water-ext raction 

procedure may o f fer some advant ages if incorporated into the CFAS 

mode l as a replacement for Olsen P .  Howeve r ,  because o f  the seasonal 

variability in water-ext ractable P ( al s o  apparent in Olsen P )  routine 

soil sampling for each farm would have to be ca rried out at the same 

time each year . 

Results f rom the present trial tend t o  indicate that a rout ine soil 

test , either o f  Olsen P or water-extractable P,  is likely to provide 

the " best " ( i . e . ,  they a re s imple to perform and are not more variable 

than any othe r pa rameter cons idered) estimate of equilibrium .  

However,  ext reme care needs t o  be t a ken in order t o  ensure that soil 

sampling occurs f rom representat ive portions of the paddock under 

cons iderat ion . As c ampsites do not require P fert iliser,  a nd tend to 

have extremely high variability in soil tests , these should be 

excluded from soil sampling . In  fact , given that easy-s lopes a re 

probably the most P respons ive areas within a hill-country paddock,  



and tend to occupy the large st a rea , it is  l ikely that an improved 

repre sentat ive and less va riable soil test could be ga ined by 

concent rating soil  sampl ing on these s lopes in s imilar type h i l l  

count ry as studied i n  t h i s  t ria l . 
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I n  an at tempt to find an indicator o f  " equi l ibrium" the " above-ground" 

components of the P cycle ( e . g . , DMY , pasture P concent ration and P 

upt ake ) were examined . This was not succe s s ful as  these component s 

we re found to be as  va riable as  the "below-ground" component s .  

Furthe rmore , it is cons idered unlikely that an improved est imate of  

equil ibrium could be obta ined by monitoring the anima l ( e . g . , P levels 

in the wool or blood ) . Given the variabi lity of  the " above -ground" 

components of the P cycle and the consequent relat ive ly large changes 

in annua l plant P uptake it is not surpris ing that Olsen P a l s o  

unde rgoes relat ive ly la rge annual changes . A s  annua l f luctuations in 

Olsen P have been found to occur unde r the intens ive sampl ing regime 

of  the present study and a re to be expected it is , perhaps , 

unrealistic that one of  the assumpt ions of  the CFAS mode l is  that the 

area under cons iderat ion is at "equilibrium" as de fined by a stable 

Olsen P .  The use of  the "modifying factor"  for short -term P 

requirements rende rs the assumpt ion unnece s s a ry .  

F rom this it would seem that equilibrium within a hill-count ry 

ecosystem or macropool is not necessarily ref lected by equilibrium in 

a s ingle P compartment or mic ropool . In h i l l  count ry the P 

compartments and sub-compartments undergo complex interact ions and 

a lt hough , in the present t r i a l ,  paddocks as a whole may have been at 

equilibrium, this did not appear t o  be the case for any one P pool 



3 12 

within the paddock . It seems like ly that , given the constant t rans fer 

o f  P in faeces from steeper s lope s to easier s lope s ,  individual hill­

count ry slopes may not reach equilibrium at a l l . 

With respect to conc lusion ( 3 ) , apart from campsite s ,  ma intenance P 

fert i liser requirements o f  other a reas in any given paddock in this 

trial were found to be rema rkably s imilar,  regardless o f  slope . The 

balance between soil P ,  plant P upta ke and faecal P return was 

probably , in part , a function o f  topography . On dominantly steep 

paddocks , where the re is l ikely to be far greater P t ransfer via 

animals , P requirements may not ba lance out a c ross s lopes in quite 

such an even fashion . Reca lculat ion o f  dat a  from the trial from which 

ALF ' s  were derived (Gillingham et a l . ,  1 9 8 0 ) , us ing the CFAS SLF of 

0 . 2 5 ,  indicates that P requi rements may be greater on easy-slope s than 

steep-slopes . Aga in,  this calculat ion i s  based on the premise that 

the S LF is not a ffected by s l ope . It remains to be established 

whether or not this is s o . 

Short-term P requirement s were found to be ma rkedly a f fected by s lope 

as "modifying factors " for easy-s lopes tended to be larger than for 

steep-s lopes . This has imp l ications to the use o f  P fert i l ise r . 

Given that pasture on easy-s lopes is more respons ive to P than pasture 

on other s lopes it is clear that , with a l imited P fert i liser budget , 

improved efficiency o f  use o f  P fert i liser could be obtained by 

t opdres s ing easy-s lopes preferent ially . As hill country generally 

consists of an amalgam o f  land in different s lope categories , the most 

e f f ic ient rate o f  t opdressing can be calculated us ing a topographical 

survey plus the individual P requirements of each s lope group . Thus 
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the ef fect of the easy-s lopes within a paddoc k  can be gauged . In  this 

way P " s aved" from steeper paddocks can be applied to easier paddocks . 

The total amount spent on P fert i liser need not be changed, but 

eff iciency of use of that fert i l iser will be much improved . 

Re sults from the present trial have ident i f ied that furthe r research 

is nece ss ary to establish how soil P losses occur . Although sampl ing 

was intens ive , replicat ion was relat ive ly h igh and monitor s ites we re 

used, results were inconclus ive . Thus it is clear that the problem of 

determin ing what soil P losses are and how they occur must be examined 

in a different way . The use of 3 3P offers a pos sible solut ion to this 

problem . Although the radioisotope is expensive ,  it is re lat ively 

safe to use and has a comparat ive ly long half-li fe ( 2 5 . 2  days ) . The 

3 3 P could be used directly in the field via the isotope injector 

(Hedley and Tillman ,  1 9 8 7 ) as described in Chapter 7 ,  or  to labe l 

fert i l iser P be fore applicat ion . In the f i rst case the amount o f  

radioact ive P i n  each soil P fract ion a f t e r  equilibration would 

ref lect the s i ze of that fraction . The amount of t ime taken to reach 

equ i librium would reflect the rate of turnove r of that fract ion . In  

the second case the use o f  radioact ive fert i l iser could a l low the fate 

of the fert i l iser P to be t raced in the f ie l d . Both techniques could 

greatly improve the present understanding of P cycling in hill  

count ry . 

Unless it can be established how soil losses occur, ways and means of 

improving the efficiency o f  P cycling and associated means o f  test ing 

or re fining the CFAS model cannot be formulated . 
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CHAPTER 9 

SUMMARY 

A review of literature revea led that informat ion on the P cycle in 

grazed hill -count ry pastures in New Zea land in terms o f  s i ze of 

compa rtments and rates o f  t ransfer of P between the compartments is 

scarce . In particul a r ,  knowledge o f  the e f fect o f  the graz ing anima l 

on redist ributing P f rom t he plant via faeces and the avai lability of 

faecal P to pasture plant s is  lacking . Furthermo re , the effect on 

soil P fract ions of cont inual P additions and the plant ava i lability 

of P in those fract ions is  not clea rly underst ood . 

The P fert iliser requi rements o f  New Zea land pastures are determined 

current l y  by MAF advisory o ff icers by the use of a mode l const ructed 

on the bas is that P inputs ba lance P outputs under equilibrium 

condit ions . An increased understanding o f  the P cycle o f fers an 

opportunity to refine t he model and improve the precision o f  P 

fert iliser requirement s . This would lead t o  increased eff iciency of P 

fert i liser use , part icularly in h i l l  country whe re the economies of 

fert iliser use a re margin a l . 

A basic requirement for a study o f  the P cycle unde r  f ield condit ions 

is  a wel l  conducted graz ing t rial . The l arge- scale graz ing t rial 

e stablished at Whatawhata Hill  Count ry Research Station o f fered an 

ideal opportunity t o  s tudy all components of the P cycle at one s ite . 

The trial had been set up t o  provide informat ion on the e ffect of 
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gra z ing regime , land-s lope and P fert iliser addit ion o n  pasture 

product ion and pasture P concent rat ion . The effect o f  s lope on the 

dist ribut ion of faecal material and the e f fect of s lope and P 

fert i l iser addit ion on Olsen P leve ls we re also monitored . 

Mo re detailed studies included invest igations into the dist ribution 

and plant ava i lability of faecal P, and the effect of s lope and 

fert i l iser P addit ion on changes in a range of soil P f ract ions . 

"Above -ground" compartments o f  the P cycle . 

Two ma jor "above -ground" compa rtments of the P cycle were studied, 

i . e . ,  pasture P upt ake and P return to soil via faeces . Results we re 

combined to enable invest igation of animal losses . 

Pasture component s .  

D ry matter yield and P uptake inc rea sed with increas ing rate o f  P 

fert i liser and, within a fert iliser rat e ,  dec reased with increas ing 

s lope . Response curves t o  inc reas ing rate o f  P fert i l iser reached a 

maximum on steeper s lopes but did not reach a maximum on camps ites and 

easy-slopes . This wa s due to the ef fect of increased nit rogen return 

via urine to these s lopes at high rates of P fert i liser ( a s sociated 

with h igh stocking rate s )  . This nit rogen /P interaction may mean that 

the Olsen P test requires recalibrat ion with reference t o  nit rogen 

status for these areas . 
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D ry matt e r  yield and plant P uptake followed a seasonal pattern i n  the 

orde r sp ring � summer > autumn > winter .  I n  cont rast , pasture P 

concent ration was highest in autumn ( following applicat ion of P 

fert i lise r)  and lowest in summer . 

A highly s ignificant re lat ionship ( P  < 0 . 0 1 )  wa s measured between pre ­

gra zed and post -gra zed pasture ,  i . e . , post -gra zed pasture P %  = 0 . 9 2 

pre-gra zed pasture P %  + 0 . 0 2 r = 0 . 9 8 * * . This re lat ionship indicates 

that at most times of the year ( when pasture P concent ration is above 

0 . 1 6 % )  P intake by anima l s  will be slight ly highe r than that indicated 

by conventional measurement s of pasture P concent rat ion . As a 

consequence P ut i l isation will be s l ight ly higher than pasture 

ut ilisat ion which wil l ,  e ffect ively,  increase the anima l P losses 

desc ribed for the Computerised Fert iliser Advisory Scheme (CFAS ) 

mode l . 

Faecal components 

Faecal dist ribution was found to be st rongly influenced by s lope . The 

amount o f  faecal material ( kg ha- 1 ) per s lope category dec l ined by 

approximately half in moving f rom one s lope category ( 1 0 ° range ) to 

the next in order o f  increas ing s teepnes s .  

Tot a l  P and inorganic P concent ration o f  faeces increased with 

increas ing rate of P fert iliser,  but organic P was little a f fected . 

Similarly,  t he re was a marked seasona l variat ion in total  and 

inorganic faecal P but not in organic faeca l P .  The f l uctuat ions in· 

total and inorganic P foll owed t he s ame pattern as pasture P 
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concent ration and a close linear relationship between p lant and faeca l  

P ( i . e . ,  faecal P concent ration =  3 . 1 9 mean pa sture P concent rat ion -

0 . 0 9  r = 0 . 9 4 * * )  was found . 

The phys ical and chemical decomposit ion of faecal material was studied 

in the field during winter and summer . Faecal material decomposed 

phys ically be fore do ing so chemically, i . e . ,  P was not leached from 

faeces in the field as the material tended to disintegrate be fore this 

could occur . In  winter,  dis integration occurred within a month of 

depo sit ion due to condit ions of high ra infa l l  and biologica l  act ivity . 

In summe r,  dis integration took up to three months due to dry 

condit ions and low biological act ivity . Faecal materia l in the form 

of pel lets dis integrated more rapidly than pad material . The larger 

surface area of pe llet material with an assoc iated increased potential 

for " attack" by ea rthworms or raindrops was probably respons ible for 

this difference . The difference in rate of brea kdown o f  pad and 

pellet material means that in summer,  when the faecal material tends 

to be in the form o f  pel let s ,  it is "predisposed" to phys ical attack . 

In  spring, when faecal material tends to be exc reted in the form o f  

pads , c l imatic condit ions are such that breakdown will b e  rapid 

despite the form of the faeces . 

Faeces on campsites dis integrated more rapidly than on steeper s lopes . 

This was probably a ref lect ion of higher mac ro fauna act ivity and 

moisture condit ions on campsites than on steeper s lopes . Not only was 

t he faecal P input larger on camps ites than on steeper s lopes due to P 
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t ransfer via anima l s ,  but a ls o  the rate o f  P release f rom faeces was 

faster on campsites than steeper s lopes . 

The plant avai lability o f  faecal inorganic P in comparison with 

fertiliser P was invest igated under field condit ions us ing the 

technique of inverse isotope dilution . Under autumn condit ions of low 

pasture growth there was little uptake of either faeca l P or 

fert iliser P .  During spring, when conditions we re conducive to plant 

growth and breakdown of faecal materia l ,  faecal inorganic P appea red 

to be approximately half as avai lable as P de rived from monocalcium 

phosphate during the relat ively short time span of the t rial ( two 

months ) . 

The re lat ive ava ilability o f  faecal P and fert i liser P we re not 

examined over a sufficient ly long t ime period to be able to re so lve 

the debate on whethe r the forme r becomes more or les s  available with 

t ime than the latte r . Howeve r ,  during the re lat ively short t ime span 

of the trial ( two months ) fertiliser P appea red to be approximately 

twice as available a s  faecal P .  Further resea rch is necessary in orde r 

to validate the a s sumpt ion made within the CFAS model that faecal P 

has t he s ame ult imate value a s  fert iliser P .  I t  was suggested that 

use o f  the inve rse isotope dilut ion in the f ie ld us ing 33P instead of 

32P may ass ist this research . 

Animal Losses 

Losses of P due to animal s  mea sured in this t rial were cons iderably 

lowe r  ( e . g . , 4 0 % )  than those measured in the t rial f rom which the CFAS 
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animal loss factors ( ALF ' s )  were derived init ially . Rea sons for this 

difference included the fact that annua l pasture P concent ration in 

this trial did not reach the va lue assumed within the CFAS mode l . 

Another factor was that faecal dist ribut ion in the present t r i a l  was 

more uniform, and as sociated ALF va lues we re therefore lower,  than 

measured in the t rial  from which the CFAS anima l loss factors were 

de rived . This was probably due to di fferences in paddock s i ze and 

topography . Further resea rch on the effect o f  these factors on 

dist ribution of faeces was suggested as fert i l iser P requirements are 

inf luenced greatly by faeca l P retu rn . 

Results from the present t rial  sugge st that for "Easy" hill  count ry a 

lowe r animal loss factor than that cu rrent ly used within the CFAS 

mode l is appropriate . 

The ratio of faecal P return to plant P upt ake was not a f fected by 

rate of P fert i liser addit ion ( i . e . ,  increas ing stocking rate ) but was 

found to decrease markedly with increas ing s l ope . 

Campsites received cons iderably more P in the form o f  faeces than 

could be utilised by plant P uptake wherea s  there was a deficit on all 

other s lopes . This suggests that different s lopes within a paddock 

may require different rates of P fert i liser addition if the ob ject ive 

is to ba lance losses . I f  this is the case,  applying an average rate 

of P fertiliser to an ent ire paddock means that some a reas will be 

receiving surplus P whereas others wil l  be receiving insuffic ient P .  

Thus , a lthough " equi l ibrium" or  maintenance conditions may be achieved 



3 2 0  

when the paddock a s  a whole i s  cons idered, that "equilibrium" will be 

compounded from increases and decreases in different a reas o f  the 

paddock .  

" Below-ground" compartments of t he P cycle 

The magnitude of soil P fract ions , and the e f fect of s lope and P 

fe rt iliser rate upon them, plus the plant availability o f  these soil P 

f ract ions was investigated . Results were combined to evaluate losses 

o f  P in the soil in comparison with those def ined by the CFAS model as 

be ing due to immobilisat ion , runof f  and leaching . 

Soil  P fract ions 

A s tudy of the e f fect of P fert i liser addition and slope on the 

"below-ground" compartments o f  the P cycle was carried out by 

examin ing changes in P fract ions ove r  a four yea r  pe riod . With 

increasing rate of  P fert iliser addit ion, increas ing amounts of P were 

found in the non-occluded f raction ( containing " aluminium- " and " iron­

P " )  of the inorganic P pool . For a given fertiliser rate,  the rate of 

increase in non-occluded P was much larger on camps ites than s teeper 

s lope s ,  indicat ing that this f ract ion played an act ive part in P 

cycling in hill country . 

I n  cont rast , calcium-bound P appea red to be influenced more by P 

fertiliser rate than s lope . The la rge increase in this fraction 

obse rved on all  s lopes at high rates of P fert iliser addit ion ( 5 0  and 

1 0 0  kg ha-1 ) suggested that t he unreacted P rock component o f  
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superphosphate was accumulat ing as  calcium-bound P and was p laying a 

re lat ively inact ive role in P cycl ing . An increase in this f raction 

was also appa rent at mode rate rates o f  P fert i l iser addit ion on a l l  

s lopes but because of variability and the lowe r  magnitude o f  the 

increase no firm conclusions could be drawn . 

An increase in organic P levels occurred on a l l  s lopes at a l l  P 

fert il iser rates during the period o f  the trial . This increase 

decrea sed with increas ing s lope . On camps ites the increase was higher 

at lowe r rates of P fert il iser than at high rates . An increased rate 

of P mine ra lisat ion was postulated to have occurred at high rates of P 

fert i l i ser . 

In any one year Olsen P wa s found to increase with increasing rate of 

P fert iliser and decrease with increas ing s l ope . Whereas the ef fect 

of s lope was s igni f icant ( P < 0 . 0 1 )  f rom the beginn ing of the trial,  the 

ef fect of P fert iliser rate did not become s igni ficant unt il after two 

to three years of different ial topdres s ing had occurred . A high 

degree of variabi l ity occurred in Olsen P mea s urement s which made it 

diff icult to e stablish trends in Olsen P over the ent i re four year 

period . Although it was clear that Olsen P was increas ing on easy­

and steep-s lopes at ve ry high rates o f  P fert i l iser ( 1 0 0  kg ha- 1 ) and . 

decreas ing at low rates ( 1 0  kg ha- 1 ) at mode rate rates o f  P fert iliser 

( 2 0  and 3 0  kg ha- 1 ) no c lea r trends were evident . 

These findings for Olsen P have direct implicat ions to the precision 

o f  the CFAS mode l as  f irstly, maintenance P recommendat ions a re made 

on the basis that equilibrium condit ions ( a s  indicated by an Olsen P 
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which i s  constant f rom year to  yea r )  exist within the system under 

cons ide rat ion and secondly, short -term P recommendat ions a re 

ca lculated us ing ma intenance P requi rements modif ied by a factor wh ich 

is ca lculated f rom a knowledge of Olsen P leve l s  and des i red re lat ive 

yield . 

Results from the present t rial indicated that it was ext remely 

diff icult to  prove the existence o f  equilib rium condit ions by the use 

of Olsen P .  Als o ,  Olsen P is unl ikely to reflect changes in P 

fert iliser addit ions for at least two years and may t ake longer than 

four years depending on the rate of applicat ion . Furthermore , annua l 

va riabi lity in Olsen P may result in the use of  an inappropriate 

modifying fact o r . 

Plant avai lability of soil P fract ions 

The plant avai labi lity of the P fract ions monitored in the f ie ld t rial 

was assessed in an exhaust ive c ropping gla s s house s tudy ove r  a period 

of  e leven months . Under these intens ive and exploitive condit ions 

non-occluded P was found to be highly correlated ( r  = 0 . 9 1 * * )  with 

plant -available P .  Organic P ,  occluded-P and calcium-bound P were 

cons idered unavai lable . Therefore ,  any measured annual increases in 

these fract ions may const itute a l o s s  of P to the cycling pool . 

At a s imilar depth of  s ampling ( 0 -7  ern) both initial Olsen P and 

water-ext ractable P were found to be highly correlated ( r= 0 . 9 3 * *  

and 0 . 97 * * ,  respectively) with cumulat ive P uptake . Whereas the 
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relat ionship f o r  water-ext ractable P w a s  found to b e  independent of 

soil dept h ,  the re lat ionship for Olsen P wa s improved ( r  = 0 . 9 6 * * )  if 

depths we re cons idered separately ( 0 -3  and 3 - 7 cm) . 

Soil  P losses 

Soil P los ses due to immobi l isation , runoff and leaching a re an 

important component of the CFAS mode l .  Figures for soil P losses used 

within the CFAS mode l we re not calculated direct ly ,  but we re estimated 

by difference between fert il iser P input s and P output in pasture 

product . 

Attempts we re made to va lidate the CFAS soil loss for the soil group 

on which the trial was based . Indirect assessments were made us ing 

data collected from the 2 0  and 30 kg ha - l P paddocks which , for 

several rea sons , we re cons idered to be near " equilibrium" . It was 

found that soil " losse s "  due to increases in occ luded P and calc ium-

bound P ( i . e . ,  those inorganic P pools thought to be least plant 

ava i lable ) were s imilar to those infe rred in the CFAS mode l . When 

increases in organic P were inc luded, as imp l ied by the CFAS model ,  

the soil los ses appeared to be unrealistically high for developed 

condit ions . This cast doubt on whether or not an increase in organic 

soil  P should be clas sed as a loss of P .  



Fert iliser P requirements 

Us ing data col lected throughout this study, the e f fect of s lope on 

both maintenance and short -term P fert iliser requ irements was 

examined . 

Maintenance P 
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Maintenance P requirements o n  various s lope groups were calculated 

us ing plant P uptake and faecal P return data with soil losses 

calculated us ing the same CFAS soil loss factor for each s lope group . 

It was found that maintenance P requirements varied little acco rding 

to s lope group . The use o f  the same soil  loss factor on a l l  s lopes 

and the compa rat ively uniform return of faecal P in this particular 

t rial limit s the significance of this finding . 

Short -term P 

Short-term P requirements were calculated for each s lope group in the 

same way as for maintenance P requirements but were modi f ied according 

to whether the Olsen P value was higher or lowe r than that cons idered 

nece s s a ry to maintain the appropriate relat ive yield . Requi rements 

were found to vary according to slope . Easy-s lopes had the highest P 

requirement within a paddock,  and P requirement dec reased with 

increasing s lope . Campsite s ,  having a P surplus due to faecal P 

return s ,  had no requirement for P in the short -term .  
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This finding is o f  pract ical importance when cons ide ring P 

requirements on a paddock bas i s . Given that easy-s lopes require most 

P ,  and tend to be the most P respons ive areas within a paddock ,  

paddocks o r  areas o f  a farm predominant ly "easy" i n  nature should be 

topdressed at higher rates of P fert i l iser than those areas 

predominant ly " steep" in nature . Alternat ive ly,  i f  priorities need to 

be made , preference should be given to applying fert il i se r  to paddocks 

which have the largest proport ion of "easy" a reas . 
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APPENDIX I 

Topography of the individual paddocks 

within the t rial . 

S l ope 

P addock P Fert iliser Gra zing 0 - 1 0 ° 1 1 -2 0° 2 1 -3 0 ° 3 1 °+ 
Number rate 

( kg ha - 1 ) 
regime 

1 1 0  R 9 57 2 9  5 
2 3 0  c 1 1  5 9  2 6  4 
3 2 0  c 1 1  32  2 9  2 9  
4 1 0 0  c 12 5 1  2 8  9 
5 5 0  c 3 6  3 9  17  8 
6 * 1 0  R 2 6  4 2  1 6  1 6  
7 3 0  R 2 9  4 5  1 8  8 
8 1 0 0  c 12 51 25 12  
9 2 0  R 4 1  5 4  4 1 

1 0  3 0  c 17 4 6  2 5  1 2  
1 1 * 5 0  R 1 7  3 6  2 6  1 9  
12 10  c 1 9  4 0  2 4  1 7  
1 3  1 0 0  R 7 2 7  3 0  3 5  
1 4  2 0  c 12 4 6  2 7  1 6  
1 5  5 0  c 9 3 9  3 1  2 1  
1 6 *  2 0  R 9 2 9  3 3  2 9  
17 * 3 0  R 1 3  4 7  2 9  1 1  
1 8  1 0  c 9 3 2  3 3  2 6  
1 9  5 0  R 6 3 2  3 7  2 5  
2 0 * 1 0 0  R 1 8  3 3  2 5  2 4  

whe re R indicates rot at ional grazing 
c indicates cont inuous gra zing 
* indicates paddocks in intens ively sampled subt rial 
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APPENDIX II 

Rainfall (mm) 

Month 

J F M A M J J A s 0 N D 
1 9 8 0  
Rainfall  1 5 0  1 12 1 7 5  1 1 3  5 0  1 8 8  1 6 3 1 2 5  1 2 5  6 3  2 1 3 1 3 8  
Raindays 1 5  1 2  2 0  1 0  1 5  1 9  2 3  1 9  2 5  1 7  2 2  1 6  

1 9 8 1  
Rainf a l l  8 3  52  75  177  7 8  2 5 0  1 8 5  1 5 2  1 3 5  1 0 7  1 2 7  1 3 7  
Ra indays 8 12  1 5  1 4  1 5  2 3  1 7  2 0  2 5  12  1 3  1 3  

1 9 8 2  
Rainfa l l  7 4  9 6  1 2 4  1 3 5  1 12 9 3  1 0 6  6 5  7 9  1 6 1  42  1 1 5  
Raindays 9 7 1 0  9 1 7  13  15  2 4  1 4  2 2  1 0  1 6  

1 9 8 3  
Ra infall 1 2 1  1 8  9 8  1 5 1  1 0 8  1 3 8  4 0  9 1  1 5 6  2 0 7 6 3  1 3 8  
Ra indays 1 7  6 1 4  1 5  1 8  1 8  5 1 3  2 0  1 9  1 1  1 6  

1 9 8 4  
Ra infall 1 2 9  1 1 8  1 6 6  5 9  1 1 5  1 0 6  1 5 9  2 2 9 1 0 9  3 8  1 1 7  1 6 0  
Ra indays 1 0  1 0  17 10  15 18 1 6  2 5  1 2  1 4  1 3  1 1  

1 9 8 5  
Rainfall 9 7  1 4 3  9 8  6 8  1 2 9  2 1 9  1 2 9 1 1 5  8 4  7 0  1 3 7  1 4 1  
Raindays NA 7 1 1  9 5 2 0  2 1  1 3  1 8  1 3  1 5  1 3  

NA = data not ava ilable 
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APPENDIX III 

Estimat ion of the Anima l loss factor ( ALF ) as est imated for the CFAS 
(Gill ingham, pe rs . comm . ) .  

Calculat ions are shown for data from the 3 0  kg ha - 1 P addit ion 
paddock . 

Est imation of P transfer pe r SU per s ingle s lope category . 

Camps ites -

1 2 6 %  of P uptake returned in faeces , i . e . ,  zero loss pe r SU . 

1 1 -2 0 ° s lope s 
2 8 %  of pasture P uptake not returned in faeces pas ture product ion 
1 1 1 8 2  kg ha - 1 of DM . 

Tot a l  P upta ke = 3 6 . 0 1 kg ha - 1 at 1 0 0 %  PU and 5 5 0  kg su- 1 of DM 
1 1 1 8 2  kg DM = 2 0 . 3  SU  ha - 1 . 

P transfer = 3 6 . 0 1 x 0 . 2 8  = 1 0 . 0 8 kg 

p transfer su- 1 = 1 0 . 0 8 = 0 . 5 0 kg su- 1 of p 
2 0 . 3  

2 1 - 3 0 ° s lopes 
4 5 %  of pasture P upt a ke not returned in faeces . 

Pasture product ion = 9 1 0 3  kg ha- 1 of DM 
Tot a l  P uptake = 2 6 . 3 4 kg ha - 1 of P 
at 1 0 0 %  PU and 5 5 0  kg su- 1  of DM 
9 1 0 3  kg ha - 1 = 1 6 . 6  su ha - 1 

P tran s fer = 2 6 . 3 4 x 0 . 4 5 
p transfer su- 1  = 1 1 . 8 5 

1 6 . 6  

3 1 +0 s lope s 

1 1 . 8 5 kg 
0 . 7 1  kg su- 1  of P 

7 9 %  of pasture P upta ke not returned in faeces 
pasture production = 7 9 0 7  kg ha- 1 of DM 
Total P uptake = 2 1 . 4 1 kg ha-1 of P 
at 1 0 0 %  PU and 5 5 0  kg ha- 1 of P 
7 9 0 7  kg DM = 1 4 . 4  SU  ha- 1 

P trans fer = 2 1 . 4 1 x 0 . 7 9  
p t ransfer su- 1 = 1 6 . 9 1 

1 4 . 4  

1 6 . 9 1 
1 . 1 7 
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On a pe r paddock bas i s  ALF ' s are ca lculated us ing topographic survey 
data : -

For the actual topography of  the paddock -

S lope % 

0 - 1 0 ° 

1 1 -2 0 ° 

2 1 -3 0 ° 

3 1°+ 

p transfer su- 1 

S lope 

0 - 1 0° 

1 1 -2 0° 

2 1 -3 0° 

3 1°+ 

Tot al P loss 

a rea 

1 3  
4 7  
2 9  
1 1  

0 
0 . 5 0  X 9 . 5  
0 . 7 1  X 4 . 8  
1 . 1 7 X 1 . 6  

Pasture product ion 

1 5 1 32 
1 1 1 8 2  

9 1 0 3  
7 9 0 7  

Total P los s 

0 
4 . 8  
3 . 4  
:!. . 9  

1 0 . 1  

1 0 . 1  
1 9 . 6  

0 . 52 

For "Easy" paddocks : 

S lope % a rea 

0 - 1 0° 1 0  
1 1 - 2 0° 4 0  
2 1 -3 0° 4 0  
3 1°+ 1 0  

P trans fer su- 1 

S lope 

0 - 1 0° 0 
1 1 -2 0 ° 0 . 5 0  X 8 . 1  
2 1 -3 0° 0 . 7 1  X 6 . 6  
3 1°+ 1 . 1 7 X 1 . 4  

Total P loss = 1 0 . 4  
1 8 . 9  

Pasture P roduction 

1 5 1 32 
1 1 1 8 2  

9 1 0 3  
7 9 0 7  

Total P loss 

0 
4 . 1  
4 . 7  
1 . 6  

1 0 . 4  

= 0 . 5 5 

Equ i va lent su- 1 

3 . 6  
9 .  6 
4 . 8  
1 . 6  

1 9 . 6  

Equiva lent SU ha - 1 

2 . 8  
8 . 1  
6 . 6  
1 . 4  
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