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ABSTRACT 

Glasshouse and field studies were carried out to investigate 

relationships between plant growth and extractable soil. phosphorus and 

be tween fertilizer phospho rus and extractable soil phosphorus respectively. 

The purpose of the studies was to provide information with which to 

quantify the parame t e rs of a simple model designed to predict r elative 

pasture yield as a function of soil and fertilizer phosphorus. 

The relationship between y ield and water-ex tractable soil P 

differed markedly between two soils of different P retention properties 

in glasshouse studies using both intact cores and conven tional pots. 

To illustrate this difference, the l evels of water-ex tractable P 

(0-8 cm depth) in intact cores requir ed for 90% of maximum yield were 

12.7 and 2 . 6 µg/g soil in the soils of lower and higher P retention 

resp ec tively. In con tras t, the relationship betwee n yield and Olsen 

(bicarbonate-extractable) P was much less soil type dependent. The 

corresponding levels of Olsen Pin intact soil cores required for 90% 

of maximum y i eld were 17 .7 and 17 . 8 µ g / g soil resp ec tive ly. For 

modelling purposes, the Ols en procedure was ther efore considered to 

provide a mo r e suitable index of plant ava ilable soil P from which to 

predict pasture production on soils differing in P retention . 

The proportion of yie l d variation acco unt e d for by differences in 

ex tra c tabl e soil P was 25 % or less in initial harves ts from the intact 

co r es , 50- 75 % in l ate r harvests from the intact cores and 89-9 7% in the 

pot experiments. Th e r e sults of th e intact co r e experiments, however, 

were considered to be more directly app licab l e to the field situation 

than were the results of the pot experiments. 

Seasonal changes in ex tra c t able soil Pin Tokomaru silt loam included 

an increas e during the dr y season to reach a peak in late autumn followed 

by a decline in wint e r. The magnitude of these changes with respect 

to Olsen P was approximately 2.5 and 5 µg/g soil in the 0-8 cm and 0-4 cm 

depths respectively. A subsequent decline in extractable soil P during 

the spring and second summer was attributed largely to plant uptake of 

soil P and its loss in discarded clippings . 

The application of superphosphate increased extractable soil Pin 

proportion to the rate applied . The increases per unit of applied 

fertilizer P, in both absolute ter~s and relative to an initial (time-zero) 

increase, were greater in a soil of low P retention (Tokomaru) than in a 
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soil of highP retention (Ramiha). Water- extractable P (0-8 cm depth) was 

increased on average by 2 .3 and 0.2 µg/g in the Tokomaru and Ramiha soils 

respectively six months after the application of 40 kg P/ha as super

phosphate. The corresponding avera ge increases in Olsen P (2.7 and 1.1 

µg/g) were greater, and differed less between the soils, than the increases 

in water-extractable P. Thus, neither soil P extraction procedure 

was independent of soil type in terms of the effec ts of applied 

fertilizer P . For modelling purposes the effects of applied fertilizer 

would need to be assessed in a wider range of soils. 

The level of water-extractable Pin stored, air-dry soils was found 

to undergo short-term flu c tuations, apparently due to changes in the 

conditions of extraction such as variations in the pH of distilled water. 

Longer-term increa s es o f 25-100% in the level of water-extractable 

P of stored soils also oc curred. No reason for the latter changes was 

apparent. 
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1. 

CHAPTER 1 

INTRODUCTION 

The use of fertilizer, particularly phosphate fertilizer, has 

played a vital role in the productivity of New Zealand agriculture . The 

total amount of fertilize r used has steadily increased over the years , 

surpassing one million tonnes per annum in the mid-1950 's and two 

million tonnes per annum in the mid-1960's. During the last fifteen 

years, between 1.7 m and 2 . 5 m tonn e s per annum have been applied to 

New Zealand soils (Ministry of Agric ulture and Fisheries, 1978) . 

Variation b e tween years, sometimes considerabl e , has reflected the over

riding influence of the financial sta te of the farming industry on 

fertilizer use. 

Most fertilizer used on New Zealand farms is manufactured from 

imported raw materials, the balance being imported in 

manufactured form. The t o tal value of impo rt ed fertilizer materials is 

currently of the order of $100 m per an num, of which about 65 % is for 

raw rock phosphate and other phosp ha tic fertilizers (Ministry of 

Agriculture and Fisheries , 1978). Phos phat e fertilizer is 

therefore not only a very importan t resource in New Zealand agriculture, 

but is also a very expensive one . Despite this, phosphate fertilizer 

applied to g razed pastures in recent yea rs appears t o have exceeded the 

maintenance requirements of Ne\v Zealand 's livestock population 

(Karlovsky , 1975). Syers (197 4) similarly concluded that fertiliz e r 

usa ge may b e excessive , at l east on certain soils, and in view of the 

inevitable increases in the price of phosphate fertilizer, considered 

there was a need for further r esea rch on the efficiency of fertilizer use 

on many soils. 

Technically, efficient fertilizer use requires that wastage of 

fertilizer through the applic a tion of excessively high rates is avoided. 

Optimum fertilizer rates can be determined in specific situations 

by conducting field trials to measure the response of pasture to 

various rates of application. Such trials are often used to calibrate 

soil tests which are then used to assess the nutrient status of soils 

in areas where there is no information available from field trials. 

A largely untested method, particularly in New Zealand, of evaluating 

fertilizer use in relation to optimum rates, times and frequencies of 
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application, is systems modellin g ur mor e spec ifica lly the mathematical 

simulation of soil-plant r ela tionships. Systems modelling has been defined 

as an activity involvin g the construction of a mathematical model of 

a s ystem, generally but not necessarily fol .lowed b y manipulation or 

experimentation with the model (Wright, 1976) . A recent e xample of 

systems modelling in New Zealand is th e development of a simula tion model 

of an int ensiv e pastoral beef gra z in g syst em, inc luding soil , pasture, 

animal and mana gement com po ne nts , by Wright et al (1976) . In the pasture 

component of this model, th e poten tial gr ow th r a t e of r yegrass - white 

c l over pasture o n any g i ven day i s determined by time of year and 

acc umulat ed l evel of dry matte r. The es timate d potential growth rate 

is th en modified by a t emperatu r e fa c tor and a soil moisture factor to 

g i ve actual gr ow th rat e . 

A deficiency of the pastu r e g r ow th model, however, is the absenc e 

of a n y soil nutrient component . To enable eva luation of the effects of 

alterna tiv e phosphate f e rt ili ze r po l ic i es on simulated pa sture produ c tion, 

an attempt was made t o d e ve l op a s i mp l e phosphorus (P) submodel (Smith e t al, 

1977). The ove ral 1 pastur e mode l \vo11 l d then integra t e th e sepa r ate effects of 

soil moisture suppl y , t emperatu r e a nd phosphate supply on plant growth . 

The P submod e l is based on t wo bas i c a ssump tions. The first is that 

r ela ti ve pasture y i eld ca n be predi c ted from the l eve l of plant available 

soil P if th e relations hip be twee n these two var i a bl e s is known . 

Ex tractabl e soil P i s use~ as an ind ex of p l an t available soil P be cau se 

of problems associated with the defin ition and rapid measurement of the 

latter fraction . The r elationship between rel a tive yield (RY) and the 

l evel of extractable so i l P (x) is represen t ed in the P submodel by an 

exponential equa tion of th e fo r m: 

RY 
Be-ex 

1 - A 

where A is ma x imum attainabl e y i e ld , Bis the difference between maximum 

yield and actual yield when x = 0, a nd c is the curvature coefficient . 

If yield is zero when x = 0, then the e quation simplifies to: 

RY 1 - e - cx 

Ideally, the soil P extraction pr oced ur e should be ind ependen t of soil 

type so that th e magnitud e of th e c coe ffi c ient does not vary between 

different soils. 



The s econd assumption made in the P submodel is that the level of 

ex tractabl e soil Pat any g iven time can be predicted if it is known 

how the level c hanges ove r time a nd in r esponse to applied fertilizer 

P. The relationship b e t ween th e a mount of fertili zer P applied (F) 

and the level of ext r ac t able suil P is r ep resented in the P s ubmod e l 

by a linear e quation of the fo rm : 
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where x1 and x2 are l evels of ex tra c t able soi l P b efore a nd after fertilizer 

applica ti on a,1d bis the unit c h ange in x pe r unit of appl i ed F . Th e 

magni tud e of the b coeffic i en t can be expec t ed t o decrease with time as 

the ext r actability of the app li ed P de c lines. 

Befo r e the P submodel ca n b e us ed to evaluate a lt erna tive fertili zer 

policies, it is necessa r y t o know what va lu e s should be assigned to the 

coef ficients in the eq ua ti ons representing the r e l a tive yie l d -soil P 

and fe rtilizer - so il P rela tionships . Unfortunately, the r e is a distinc t 

lack of this t ype of i nformation in relat i on t o phosphate fertilizer use 

on New Zealand pasture soils . The aim of this study was t o 

quan tita tively investigate the above r ela tion ships. 



CHAPTER 2 

LITERATURE REVIEW 

2.1 RELATIONSHIPS BETWEEN PLANT GROWTH AND SOIL P STATUS 

2.1.1 Plant available soil P. 

Plants growing in soil meet their P requirements by absorbing 

inorganic P from the soil solution. The amount of Pin the soil 

solution at any one time is very small and must be renewed several 

times each day during the g rowin g season to meet normal plant uptake 

(Barber, 1962). 

The factors considered important in determining the ability of 

soils to supply P include the intensity (I), quantity (Q), capacity 

(6Q/6I) and kinetic factors (Williams, 1967). The intensity factor 

reflects the ease, or difficulty, of P withdrawal; in its simplest 
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form intens ity is usually rega rded as the P concentration in the soil 

solution. The quantity factor refers to the solid phase P that can 

replenish the soil solution and is often equated with the labile P pool. 

The capacity factor represents the ab ility of the soil system to 

maintain the solution P concentration during P withdrawal by plants 

(also termed buffering capacity) . The kinetic factor refers to the 

rate of P release from the solid phase. Fried et al (1957) showed 

that P rel ea s e was much more rapid tha n uptake by plants, so the 

kinetic factor is probably of lesser importance than the other P supply 

factors in most soils . 

Precise measurement of plant available soil P would necessitate 

growing plants under conditions in which no other factor limits growth. 

Plant P uptake then provides a measure of the amount of soil P that is 

plant available. Under normal field conditions , however, plant growth 

and P uptake are usually modified by a number of other factors such 

as climate, disease or an inade4uate supply of other nutrients. Actual 

plant P uptake in the field must therefore often be a poor approxi

mation of that which would have been available for plant growth under 

more ideal growth conditions (Beckwith, 1963). 

Since the measurement of plant P uptake only provides information 

regarding available soil P after the event , a large number of 

biological and chemical "soil test" procedures have been investigated 
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in an attempt to find quicker and easier methods of assessing plant 

available soil P. Only the more commonly used chemical procedures will 

be considered in this review. 

2 .1.2 Chemical ex traction of "available" soil P. 

It is very difficult, if not impossible, to measure the soil P 

that is available to plant roots using a chemical extractant. The 

early use of dilute acids can in general be rega rded as arising from 

the now largely abandoned idea of simulating the action of plant roots 

(Hesse, 1971). With mos t extraction methods the intention is therefore 

to remove amounts of soil P which can be correlated with that taken up 

by a test c r op grown in the same soil. Chemical extraction thus 

provides only a "relative index " of available soil P, not a n absolute 

measure of it (Beckwitt, 1963; Thomas and Peaslee, 1973). In this 

review the term " ex tractable" will the refore be used in preference to 

"available" to describe those quantities of P which are chemically 

extrac t ed from soils . 

The relative importance of the intensi t y and quantity factors 

in controlling soil P supply ea~ be expected to vary depending on the 

nature of the crop , parti c ularly in rela tion to the size of the root 

system and whether the c r o p is fast or slow growing (Williams, 1962). 

Accordingly, a wide variety of c hemi ca l extractants and extraction 

conditions have been used in various parts of the world. Bingham (1962) 

described 31 chemi ca l methods, involving 14 different extractants, 

which were in us e throughout the USA. Over half of the methods were 

based on three extractants, these being ".l.025NH 2 S04 + 0.05N HCl (as 

used in the Mehlich method), 0.025N HCl + 0 . 03N NH4 F (Bray and Kur tz, 

1945) and 0.5M NaHC0 3 solution (Olsen et al, 1954a) . 

Weak extr~ctants such as distilled water (eg Bingham, 1949; 

van der Paauw, 1971) and dilute neutral salt solutions extract only 

small amounts of P and so mainly reflect P intensity . In contrast, 

strong extractants such as the acidic solutions used in the methods of 

Mehlich (see above) and Truog (1930) remove larger amounts of P and 

give predominantly quantity measurements . Lying between these extremes 

are a range of extractants that provide composite quantity- intensity 

indices and which inc lud e the Olsen bicarbonate reagent (Williams, 1967). 
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2.1.3 Soil test correlation studies. 

The usefulness of any soil test index of available P depends on 

_the extent to which it can account for variation in one or mare plant 

criteria when plants are grown in soils which vary in terms of the 

amount of P extracted by the soil test in question (Dalal and 

Hallsworth, 1976). ThE plant criteria with which extractable P is 

usually correlated include actual y i eld , P uptake, relative (percenta ge) 

yield or yield response to added P . Sometimes extractable P is also 

correlated with plant percentage P content (Pack and Gomez, 1956; 

John et al, 1967) or with other available P indices such as "A" values 

or Neubauer values (Soil Test Work Group, 1956). 

Relative yields are often used to reduce the scatter in soil test 

correlation data caused , for example, by differences in climate and 

other soil properties (Cate and Nelson, 1971). The plant criterion used, 

however, may influence the degree of correlation. Extraction methods 

which provide mainly P quantity measurements tend to correlate better 

with P uptake than with yield , while the reverse tends to be true of 

methods which measure mainly P intensity (Williams, 1962; Williams 

and Knight, 1963) . 

Most soil test correla tion studies have been conducted under green

house conditions from whic h the most promising meth0d(s) is selec ted 

for subsequent field calibra tion . The g re enhouse g ives much quicker 

results, involves less work and permits much more effect ive control of 

the many factors other than soil P which affect plant growth. Conse

quently, better soil test co rrelations are invariably obtained with 

g reenhouse data than with field data (Soil Test Work Group, 1956). 

It is commonly found that a particular extraction method provides 

a reliable index of plant available soil P for only a limited range of 

soils. In Scotland, Williams et al (1952) found that the Truog method 

correlated best with crop response to added Pon soils derived from 

slate and basic igneous material, where as 2.5% acetic acid was best 

for soils of granitic origin and neutral ammonium fluoride for soils 

derived from sandstone. When all soils were considered as one group 

the Egner lactate method gave the best correlations with crop response. 

In Canada, John et al (1967) found that Olsen-extractable P 

was best correlated with the P content of alfalfa on Chernozemic and 

Brunlisolic soils, whil e the Bray No 1 method was best on Regosolic and 
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Gleysolic soils. None of the soil test methods studied was sat i sfactory 

for Solonetzic and Podzolic soils . Only the Olsen and Bray methods 

gave satisfactory correl~ tions with alfalfa P content when all soils 

were conside red as one group. 

The Bra y No 1 method was devel0ped in the USA by Bray and Kurtz 

(1945) for the extrac tion of adsorbed soil P and has of ten been found 

to correlate with plant growth better than other extraction methods 

(Olson e t al , 1954 ; Baker and Hall, 1967; M,ntens e t al, 1969) . 

Smith et al (1957) concluded that the Bray method was superior to the 

Olsen method not only fo r acid so il s but also for a range of 

calcareous soils in We~tern Kansas. The Bray method was also found to 

be satisfactory fo r New Zealand soils in borh greenhouse (Grigg , 1968b ; 

Sherrell , 1970) and field studies (Grigg, 1965b, 1972). The success 

of the Bray No 1 method is probably due t o the test being relatively 

unaffected by other soil properties (Soil Test Work Group , 1956) or by 

secondary r eac tions during extraction (Olsen et al , 1954a) and because 

it extracts predominantly Al - P with minimal attack on unavailable forms 

of Ca-P despite the low pH of the extractant (Grigg, 1965a, 1972). 

Pr ior to 1975, the standard test in New Zealand for soil P was 

the Truog method . It was selected on the basis of correlation of 

extractabl~ P with the growth of oats in Mitscherlich - type pot 

experiments and with the results of observational field trials on 

pasture (Davies, 1952). The method extracts predominantly Ca-P 

(Grigg, 1965a) in contrast to the Br ay No 1 fuethod. Although the Truog 

method worked well on many soils (Grigg, 1968b; Sherrell , 1970) , it 

failed on recent and gley soils in which essentially unavailable Ca-P 

often occurs in the silt and sand fract i on (Grigg, 1968a , 1972). 

The Olsen bicarbonate procedure, whjch was originally developed 

for calcareous so ils , has now r eplaced the Truog method in New Zea l and . 

Since it involves desorption of part of the surface- held soil P, the 

Olsen method is preferable, at least in theory, to the dissolution-

type extraction of the Truog test (Syers, 1974). The Olsen procedure 

extracts predominantly Al-P and Fe-P from acid soils (Grigg, 1965a,1972) . 

The narrow soil : solution ratio (1:20) and short extraction time (30 

minutes) favour intensity measurement, but in acid soils the high pH 

(8.5) of the extracting solution favours quantity measurement. 
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The Olsen method has been found to correlate well with crop 

performance in many field and greenhouse studies involving both cal

careous and non-calcareous soils (Olsen et al, 1954a; Olson et al, 1954; 

Moser, 1957; Williams and Cooke, 1962; J ohn e t al , 1967; White and Haydock, 

1967; Ogo t, 1970; Grigg, 1972). Shifting thA emphasis of the Olsen 

extraction further in favour of P quantity measurement, through using 

a wider soil:solution ratio (1:50) and longer extraction time (up to 

16 hours), has been found to i mprov e co rrelations with plant criteria 

in a number of studies (Colwell, 1963; McLachlan, 1965; Grigg, 1968a, 

1972; Grigg and Stephen, 1974; Montgomery and Rubenis, 1978). 

Although often found to b e a more reliable index of available 

soil P than other methods, the Olsen procedure is not independent of soil 

type. Welch et al (1957) obs e rved that the level of Olsen-extractable 

P required to g ive a cer tain percentage of maximum y ield varied between 

s o il types. Bishop e t a l (1967) and Helyar and Spencer (1977) fitt ed 

the Mitscherlich equatio n to soil t es t co rr e lation data from field trials 

and found the c value varied with soil typ e . rIBtar and Samman (1975) 

obtained no correlation b e t ween Olsen-extractable P and P response of 

wheat g rown on a wide range of Syrian soils in pots . However when the 

soils wer e divided jnto groups based o n genetic origin , Olsen-extractable 

P and respons e t o added P were highly correlated within individual soil 

g roups. 

The soil t ype dependence of th e Olsen procedure has often b een 

attributed to the effec ts of buffering ca pacity. In Australia, 

Barro~ (1967) c o nclud ed fro m pot expe rime nts with soft brome grass that 

the modified Olsen procedure ove r es timated the availability of Pon soils 

of low buffe rin g capacity and vice versa. The differential eff e c ts 

of buffering capacity were greate st initially but became smaller as 

the number of harvests increas e d. 

Workin g with pastures, Ozanne and Shaw (1968) found the. level of 

Olsen-ex trac table soil P ne e ded for near-ma x imum production to vary 

widely in soils of different buffering capacity. When corrected for 

buffering capacity , Olsen P values were closely related to P requirements. 

The importance of buffering capacity in influencing both the plant 

availability of soil P and the fertilizer P requirements of plants 

has been demonstrated more recently in both field (Helyar and Spencer, 

1977) and greenhouse studies (Holford and Mattingly, 1976; Holford, 1976). 

Unfortunately it is not possible to measure the buffering capacity of 

a soil with a chemical ex tractant. 
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A major disadvantage of the Olsen procedure, therefore, as with the 

Truog and other empirical soil testing procedures, is the need for 

extensive field calibration on a wide range of soils. Recently, 

Ryden et al (1976) proposed a non-empirical water extraction method, 

based on detailed P sorption isotherm studies, as an index of readily 

available Pin soils. Since this method, which involves two one-hour 

extractions at a soil:solution ratio of 1:40, was shown to be 

essentially specifir. for more-physically sorbed Pin contrasting subsoils 

and in a range of surface soils (Ryden and Syers, 1977b), it was 

considered likely to be independent of soil type. Limited evidence 

in support of this suggestion was provided by a preliminary greenho use 

experimeut involving the growth of ryegrass in three contrasting 

soil types (Luscombe, 1976). 

A soil test method based on water extraction (one -hour shaking 

at a 1:60 soil:solution ratio following premoistening for 22 hours) 

has been in use for all arable soils in the Netherlands since 1970 . 

Based on greenhouse studies with wheat grown on a wide range of soils 

from several countries, this method too is considered to be essentially 

independent of soil type (van der Paauw, 1971). On permanent grassland , 

however, better results have been obtained with stronger extractants 

such as 1% citric acid or an ammoniu111 lactate-acetic acid mixture 

(van der Paauw, 1974). 

Many other empirically-based water extraction methods have also 

been evaluated, some of which have given high correlations with the 

performance of various crops grown under greenhouse conditions (Bingham, 

1949; Olsen et al, 1954b; Larsen et al, 1958; Thompson et al, 1960; 

van Diest, 1963; Blanchar and Caldwell, 1964; McLean et al, 1964 ; 

Williams, 1967) . 

A non-empirical soil test procedure based on interpretation of 

quantity-intensity relationships might be expected to most closely 

approximate the "ideal" method (Ryden et al, 1976), although Holford 

and Mattingly (1976) consider it impossible to set a universal "critical" 

value for any quantity or intensity parameter of available P which 

applies to all soils under all conditions . 



2.1.4 Regression equations used to describe soil test - plant 

yield relationships. 

The relationship between extractable soil P and plant yield is 

usually found to conform with the diminishing returns concept; ie as 

the level of extractable P increases the yield increment per unit of 

extra soil P decreases. Mitscherlich, in 1909, described the 

diminishing returns relationship by a first-order rate differential 

equation (Analogides and Rendig, 1972): 

~ 
dx 

k(A - y) 

This equation assumes that when only one nutrient factor (x) is 

limiting, the dif f erential increase of yield (dy) with respect to 

differential increase of the nutrient fa c tor (dx) is proportional 

to the maximum attainable yield (A) minus the actual yield (y). The 

more usual form of the Mits cherlic h exponential equation is: 

which has the followin g linear f orm: 

log (A - y ) l og A - ex 

where c is a c urvatur e coeffic i ent considered by Mitscherlich to be 

constant for any particular nutrient. 
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The Mitscherlich equation, in one form or another, has been widely 

used to des cribe soil t ~s tcorrelation data for a range of crops (Bray, 

1944,1945; Smith and Sheard, 1957; Yurtsever et al, 1965; Bishop et al, 

1967; Ozanne and Shaw, 1967; Helyar and Spencer, 1977; Peaslee, 1978). 

The curvature coefficient (c) is known to vary with a number of factors, 

including soil type (Helyar and Spencer, 1977), plant species and 

grazing management in the case of pasture (Bowden and Bennett, 1975). 

For grazed pastures, therefore, variation in the value of c is to a 

large extent a reflection of soil type differences (such as buffering 

capacity) providing pasture management is reasonably uniform. 

Most non-linear sets of data can be accurately described by 

polynomial expressions (Landsberg, 1977), which have the basic form: 
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y a + bx+ cx 2 + ... .. 

where a, band care constants. Colwell ( 1963) favours polynomials 

over exponential functions because on average they tend to give a 

better regression fit of yield data and can accommodate a maximum yield . 

Quadratic polynomials were used to d~scribe soil test - yield (or P 

uptake ) data in the. greenhouse studies of Ozus and Hanway ( 1966) , 

Baker and Hall (1967), Grigg (1968a) , Mar tens et al (1969) , Sherrell 

(1970), Grigg and Stephen (1974) and Matar and Samman (1975) . Landsberg 

( 1977), however , describes polynomials as biolo~ically undesirable since 

the constants seldom have any concep tual significance and the more 

constan ts there are, the less significant they become . 

A third t ype of r egression equation, used much less frequently 

than exponentials and polynomials, is the log func tion : 

y a + b log x 

where a and bare constants. Welch et a l (1957) fitted this equation 

to yield- soil t est data fo r Ladino c lover grown on three different soil 

types. Grigg (1968b) similarly described yield- soil test data fer 

ryegrass grown in pots us ing a log func tion. 

The log function, in addition to the Mitscherlich equation and 

a quadratic polynomial , was use d by White and Haydock (1967) to 

represent the relationship between ex tractable P (according to four 

soil test methods) and var i ous plant criteria for lucerne and phaseolus 

grown on a range of soils in pots. The exponential func tion 3ave the 

best fit f or relative yield on soil t es t, whi le the quadratic equation 

gave the best fit for P uptake on soil test . The correlation between 

absolute yield r esponse and soil t est was generally low , the best f it 

being given by the quadratic function . The only instance in which 

the log function gave the best fit was for t he regression of Morgan ' s 

acetic acid-extractable Pon absolute y i eld response to added P . 

As with soil test extraction methods, there appears to be no single 

type of r egression equation that is best in all situations. Personal 

preference often appears to play a large part in which type is 

selected , frequently no reason being given why a particular regression 

function was used. An advantage of the Mitscherlich model is that 

real meaning can be attached to the constants or coeffic ients. In 



addition, it appears to describe yield-soil test data even better 

than data expressing yield as a function of applied nutrient as 

originally proposed by Mitscherlich (Peaslee, 1978). Theoretical 

considerations aside, the most useful equation is likely to be that 

which most closely fits the data in question . 

2.2 TEMPORAL VARIATION IN EXTRACTABLE SOIL P UNDER FIELD CONDITIONS 

2.2 . 1 Field sampling procedures . 
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Few studies have been und e rtaken specifically to examine changes 

over time in the level of ex tractable soil P . Those which have been 

made have involved repeated sampling of a given area at intervals of 

one month (Blakemore, 19 66 ; Garbouchev , 1966; Childs and Jencks, 1967; 

Saunders and Metson, 1971) or more frequently (Ball and Williams, 

1968; Williams, 1963 ; Jessop e t al, 1977) . Some additional information 

is also available from a few studies ca rried out for purposes other 

than the inves tiga tion of seasonal v2ria tion in extractable soil P 

(Grigg, 1966; Sharpley et al, 1977). 

Seasonal variation can be masked by spatial variation; ie variation 

in ext ractable soil P levels between different parts of a paddo ck or 

plot. Such variation tends to be high in grazed fields (McIntyre, 1967; 

Cameron et al, 1971) and has been shown to increase as mean levels of 

extractable P increase (During and Mountier, 1968). Ball and Williams 

(1968) were unable to detect any seasonal trends because of the extent 

of spatial variability. In many instances, this source of variation 

can be reduced to an ac c eptable level through intensive sampling of 

small replicated plots (Robertson and Simpson, 1954; Garbouchev, 1966; 

Mountier and During, 1966; Saunders and Metson, 1971; Jessop et al, 

1977). 

Other workers ( eg Gallagher and Herlihy, 1963; Blakemore, 1966; 

Childs and Jencks, 1967) have preferred to sample whole fields, this 

being more representative of conditions encountered in normal soil 

testing. The results obtained from this latter type of approach might 

be expected to include a larger component of spatial variation than 

those obtained from more intensively sampled small plots . 

Most investigators have used grazed pastures in preference to 

mown swards in assessing seasonal variation. Contamination of soil 

samples by animal excreta could con tribute to the variation in 

extractable soil P between samplings. During and Mountier (1967) 
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studied both grazed and mown swards and conc luded that spatial variation 

in extractable soil P was not significantly greater for a grazed sward 

compared to one that was mown. Over the three year trial period, however, 

mean extractable soil P l evels declined under the mown sward relative 

to those under the grazed sward, presumably as a result of P being 

removed in clippings from the mmm sward. 

2.2.2 Lnboratory extraction procedures. 

A variety of chemical ex traction procedures have been employed 

in assessing seasonal variation. Soil P has been variously extracted 

with 0.2N HCl (Robertson and Simpson, 1954; Smith, 1959), Truo g ' s 

0.002N H2 S04 (Grigg, 1966; Mountier and During, 1966; Williams, 1968), 

Mehlich's 0.025N H2 S0 4 + 0.05N HCl (Childs and Jencks, 1967), t~rgan's 

acetic acid (Gallagher and Herlihy, 1963), c itric acid and water 

(van der Paauw, 1962), Olsen ' s 0.5M NaHC03 (\villiams, 1968; Jessop et al, 

1977) and 0.01M CaC1 2 and an i on-exchange resin (Garbouchev, 1966; 

Saunders and Metson , 1971 ) . Where more than one extraction procedure 

was used to analyse the same soil samples, broadly simi lar patterns of 

change in extractable soil P with time were usually obse rved (van der Paauw, 

1962; Williams, 1968 ; Saunders and Metson , 1971), tho u gh not always 

(Garbouchev, 19 66) . Different methods t ended to extract different amounts 

of P from th~ same soils, pa rticularly in the case of 0.01M CaCl 2 and 

anion- exchange resin (Saunders and Metson, 1971). 

2 . 2 .3 Seasonal changes in extractable soil P . 

A New Zealand study of the magnitude of errors associated with 

advisory soil test results (Mountier and During, 1966) found that the 

level of Truog-extractable Pin ~~rton loam varied as much as 12 ppm 

between consecutive monthly samplings but showed no consistent trends 

with season. At sites on several other soils, however, temporal variance 

associated with extractable P values was smaller and not significantly 

greater than long-term laboratory variance. Similar results were 

obtained by Gallagher and Herlihy (1963) in Ireland for three unfertilized 

pasture soils sampled at four to six week intervals. Since whole paddocks 

were sampled in the latter study, though, any seasonal trends might 

have been masked to some extent by spatial variation. 



Two Australian studies of seasonal variation employed 2- 4 week 

sampling intervals. In the first study, Williams (1968) noted both 

short-term and long-term changes in extractable soil P. Between 

14 . 

October and }~y, extractable P levels fluctuated about a fairly cons t ant 

mean value, but during the subsequent winter-spring period , the mean level 

of extractable P declined to about half of its original value . Although 

he stated that the site was not grazed during the experiment , the 

author did not indicate how the pasture was managed or whether the decline 

in extractable soil P could have been caused by loss of Pin discarded 

clippings. 

In the second Australian study , Jessop et al ( 1977) observed that 

Olsen-extractable soil P fluctuat ed between samplings by up to 10 ppm , 

but s howed no seasonal trends. Fluctuations were greater in the fallow 

and wheat sections of a c ropping rotation than in the same soil 

growing medic pasture . Sudden increase s in extractable P levels 

appeared to be related t o previous pe riods of high rainfall. Mineral 

isation of organic P may partly account for such increases, sinc e 

Thompson and Black (1947) found apprec iable mineralisation occurred 

when air- dry soils wer e moistened . 

A detailed study o f seasonal variation in both soil and plant 

facto r s at seven pasture sites in New Zealand was undertaken by 

Saunders and Metson (19 71) . Significant temporal variation in the 

level of extractable s oil P was detec t e d at a l l sites though there were 

large diffe r ences between sites in the ma gnitude of these changes over 

time. The most consistent change was a n inc rease in extractable soil 

Pin summer. Similar observations during a particularly dry summer 

were made by Robertso~ and Simpson (1954) and Smith (1959) in the 

course of monitoring soil P levels over several years at five sites in 

East Scotland . 

Grigg ( 1966) also noted indications of a seasonal increase in 

extractabl e P levels in summer , as did Yuen and Pollard (1951a , 1951b) 

in cultivated soils growing flax. Still other workers (Blakemore, 1966 ; 

Childs and Jencks, 1967) have found extractable P levels to be highest 

in the autumn . Saunders and Metson (1971) attributed increases in 

extractable soil Pin summer to release of P from the decomposition 

of organic residues at a time when plant P uptake tends to be r estric t ed 

by a soil moisture deficit. 
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A build-up of "available" soil P during the winter has been 

postulated (Scott and Cullen, 1965) to explain the genera l lack of 

pasture response to fertilizer Pin spring. This has not been confirmed 

by P extraction data; often ext r actable soil P levels have actually been 

found to decrease during winter and, sometimes, early spring (Williams, 

1968; Saunders and Metson, 1971 ; Sharpley et 31 , 1977). These 

observations are in line with the find ings of Williams and Simpson (1965) 

that short periods of water-logging , as commonly occur in field soils 

in winter, reduced both extractabl e P and the availability of soil P 

to subterranean clover in pots. 

A comprehensive study of changes in the level of extractable P 

in soils under various crops was ca r ried out at Rothamsted and elsewhere 

in England (Garbouchev, 1966). The results were rather variable 

between different crops and different sites. Exchangeable soil P 

levels were generally highest in early spr ing and lowest in early 

autumn, while soil P soluble in O.OlM CaClz t ended to reach maximum 

values in late spring - early summer and min imum values in autumn in 

unfertilized plots. These latter findings contrast with those of 

Blakemore ( 1966) who obtained highest values for CaClz - soluble P 

in autumn for grassland soils at Rothamsted and Woburn. 

Van der Paauw (1962) , in an analysis of r ainfall patterns in the 

Netherlands, noted an association between cumulative rainfall and 

long-term trends in extractable Pin so il s of light texture. During 

periods (up to three years) of relatively low rainfall soil P levels 

increased, and conversely, in high rainfall periods the levels of 

extractable soil P declined. These l ong-term fluctuations appeared to 

be a re f l ect i on of the degree to which soil P was leached out of the 

soil sampling zone , and tended to be rel at ive l y gr eater for water

extractable P than for citric acid - extrac table P. 

Other than the observations of van der Paauw (1962), there is a 

lack of information regarding seasonal variation in water-extractable 

soil P. No field studies have yet been undertaken with the water 

extraction procedure proposed by Ryden e t al (1976) . Williams (1952) 

states that the concentration of Pin water extracts of soils can be 

expected to vary widely during the year in response to seasonal changes 

in the electrolyte con t ent of soils . 
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Although some of the reported changes in extractable P levels may 

not reflect real seasonal effects, certain trends are consistent in 

several studies. In particular, an increase during the dry season 

(summer and/or autumn) and a decline in the winter - early spring 

period have commonly been observed . In other studies no seasonal trends 

have been detected. Mountier and During (1966), for example, recorded 

some quite large short- term fluctuations in extractable soil P despite 

intensive sampling, suggesting that the data included a significant 

component of variation from some other source . In view of these 

inconsistent results, and the importance of soil testing as an aid in 

formulating fertilizer recommendations, there would appear to be a need 

for further investigation of seascnal variation in l ocal pasture soils. 

2 .3 TEMPORAL CHANGES IN EXTRACTABLE P FOLLOWING P ADDITION TO SOILS 

When a water-soluble P fertilizer, such as monocalcium phosphate, 

comes into con tact with moist soil, it undergoes rapid dissolution 

(Lawton and Vomoc il, 1954; Williams, 1969) which dramatically 

increases the soil solution P concentration. This effect is short-lived 

as various sorption and prec ipitation reactions r esul t in the transfer 

of P from s olution onto the solid phase of the soil in a labile form 

(Larsen, 1967). Slower changes fol l ow which eventually give rise to less 

soluble and non-labile forms of P. 

A large number of insoluble and sparingly soluble P forms may exist 

in soils, and the chemist r y governing transformations between them and 

Pin the solution phase is very complex (Larsen , 1967). It is mainly 

for this reason that studies investigating the nature of, and mechanisms 

involved in, the reactions that occur when P is added to soil, have 

often been conduc ted with individual soil components such as pure 

clays or oxides of aluminium and iron. 

2 . 3 . 1 Changes in solution P concen tration in shaken and incubated systems. 

The decline in solution P concentration following P addition has 

invariably been found to follow a distinct pattern with an i n itial rapid 

decline preceding a much more gradual one. This two- stage process has 

been observed in many studies involving both soil componen t s (Kuo and 

Lotse, 1972, 1973; Chen et al , 1973; Rajan et al, 1974) and whole soils 

(RennieandMcKercher, 1959; Hsu, 1964; Ryden et al, 1977). There appears 

to be general agreement that adsorption reactions are responsible for 



the initial rapid loss of added P from the solution phase (Rennie and 

McKercher, 1959; Hsu 1964; t1unns and Fox, 1976) , a process which may 

approach steady-state within a few hours. 
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In th e second stage, l oss of added P (immobilization) occurs very 

s l owly and may take days or months to reach a true equil ibrium, if ever 

(Kurtz et al, 1946; Hsu, 1964 ; Fox a nd Kamprath , 1970; Rajan and Fox, 

1972). This slow reaction is no t well unde rstood nor is there complete 

agreement on the nature of the P coJ11pounds formed. Most investigators 

appear t o favour s orption r eac tions, rather than prec ipitation reactions 

r esulting in the formati on o f sparingly- soluble P compounds as advocated 

by Kittrick and Jackson ( 1956) and Talibudeen (1974) . 

Ryden e t al (1977) rec ently concl uded that slow immobilization results 

no t only fr om an inc r eas~ i n the overa ll amount o f P sorbed bur also 

from an appreciable s hift of sorbed P from the more physically sorbed form 

t o the chemisorbed form . White and Taylor (19 77), however, consider 

that neither so rption nor precipitation alone can adequa t ely explain all 

aspec ts of P immobilisa tion , suggesting that both types of reactions may 

occ ur in soils . Evidenc e fo r bo th types of r eac tion was found by 

Gebhardt and Coleman (19 74) in the ir a ll ophanic tropical soils . 

Concurrent with the decline in solution P concentration, it has 

been observed that the eas e wi th which P may be desorbed by competing 

anions decreases (Evans and Syers , 19 71; Bar r ow, 19 74a ; Ryden and Syers, 

197 7a). Isotopic exchangeability is also reduced (Talibudeen, 1958; 

La rsen and Widdowson, 1971 ; Barrow and Shaw , 1975b; Ryden and Syers, 

1977a). The fac tors which a ff ec t the rate and exten t o f these reactions 

however , appea r to have r eceived onl y limited s tudy. While temperature 

was shown t o be importan t (Bar r ow a nd Shaw, 1975a, 19 7Sb), t he r a te of the 

slow reac tion between soil and added P did not differ gr eatly between 

a range of soils and was no t related to the soils ' short-term capacity 

to absorb P (Barrow, 19 74b; Barrow and Shaw, 1975a) . Munns and Fox (1976) , 

on the o ther hand, observed diff er en t rates of P immobilisation between 

soils f rom two broad soil groups . 

The reaction rate , or proportion of added P immobilized, was found 

to be independent of the amount of Padded (Barrow, 1974a ; Barrow and 

Shaw , 1975b). Similar results were obtained in the recent s tudy of 

Rennes (1978) who concluded that for different rates of added P, there 

is a common " proportional decline " c urve with respect to water-extrac table 

soil P. These observations s ugges t that the overall immobilization 



reaction is first-order, and represents the sum total of a range of 

reaction rates each corresponding to a different soil surface (Barrow 

and Shaw, 1974). 
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The immobilization reactions which occur in soils have an important 

influence on the long-term effectiveness and residual value of added 

P . Although P interactions with both soils and soil components have 

been extensively studiEJ, there still remains much uncertainty regarding 

the mechanisms involved. Temperature has been shown to be an important 

factor influencing the rate of immobilization of added P, but there are 

conflicting reports on whether the reaction rate differs between soils 

of contrasting sorption properties . 

2 . 3 . 2 Changes in plant available and chemically extractable soil P 

following P addition. 

2.3.2.1 Incubation and greenhouse studies . 

A gradual decline in the effectiveness of added P for plant growth 

has been demonstrated by several studies in which P was added to soil 

in pots for various intervals prior to cropping (Devine et al, 1968; 

Massey et al, 1970; Barrow, 1973, 1974c). Barrow assessed the relative 

effectiveness of added Pin terms of the ratio of the exponents in 

an exponential equation fitted to the various yield response data. 

The rate at which the effectiveness of added P for plant growth 

declined was independent of the amount of Padded (Barrow and Campbell, 

1972) but very dependent on temperature (Barrow, 1974c). The rate of 

decline also tended to decrease with increasing ability to adsorb Pin 

a wide range of soils studied by Barrow (1973). Devine e t al (1968), 

on the other hand, found a tendency for the rate of immobilization to 

increase with increasing P adsorption capacity . Similarly, in more recent 

studies the immobilization rate was found to be highly correlated with 

the buffer capacity of four colliery shale soils (Fitter, 1974) and with 

the P sorption capacity of ten acid soils in the tropics (Enwezor, 1977). 

Using a pot technique developed by Stanford and De Ment (1957), which 

provides a rapid measure of plant P uptake, Rennes (1978) was able to 

demonstrate that plant recovery of added P declined rapidly during 

the first ten days or so, then much more slowly up to 100 days. Rennes 

also showed that P removed in two sequential one-hour extractions with 

water (Ryden et al, 1976) similarly declined in a manner which corresponded 

closely to the decline in plant available P. Olsen-extractable P, 

however, showed no initial rapid decline, only a continuous gradual 



decrease over the 100 day period. Neither extraction method was 

considered to provide an accurate quantitative estimate of plant 

available Pin the soil. 
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Borzsonyi and Fuleky (1978) also employed chemical extractants to 

follow changes in soil P levels af t e r P addition to a range of Hungarian 

soils in pots . The pattern of decrease in soil P extracted by the 

Olsen method over 2½ years varied between soils, depending on soil pH 

and soil texture. In acid soils (pH < 7), Olsen P declined only 

gradually throughout the experiment, in contrast to calcareous soils, 

in which Olsen P initially fell rapidly and then more slowly during 

the next two years. The difference between these soils was attributed 

by Borzsonyi and Ful eky (1978) to the initial formation of readily 

soluble calc ium phosphates in calcareous soils which were subsequently 

transformed rather quickly into a form much less soluble in Olsen 

bicarbonate solution . 

In contrast to the study of Renn e s (1978), short-term changes in 

extractable P levels were not assessed in the study of Borzsonyi and 

Fuleky (1978) . The f irst samples were collected one week after P 

addition, at which time on l y 30-40 % of the added Pin the acid soils, 

compared to 60-70% in the calca r eous soils, was Olsen- extractable . 

The effect of soil tex ture in th e study of Borzsonyi and Fuleky 

(1978) was illustrated by one calcareous soil of sandy textur e . In this 

soil, Olsen P dec lined a t a slower rate than infue other calcareous 

soils of finer texture , but still faster than in the acid soils. Kafkafi 

et al (1968) also found soil texture to have an important influe nce 

on the rate of decline in the Olsen ex tractability of added P. In a 

range of calcareous soils, Olsen P declined more rapidly in fine

textured than in coarse-tex tured soils . 

2 .3. 2.2 Field studies . 

Saunders et al (1963) measured the decline in effectiveness of 

applied fertilizer P for pasture growth on a high P-sorbing volcanic ash 

soil using a technique similar to that used by Devine et al (1968) and 

Barrow (1973, 1974c) in the greenhouse. P was applied in the form of 

granular double superphosphate at various rates up to 170kgP/ha in each 

of four consecutive years . An important finding of the field study by 

Saunders et al (1963) was that the decline in effectiveness of applied 

P varied depending on the season in which it was measured . Fertilizer 
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P applied two, three and even four years earlier was almost as 

e ffec tive fo r pasture growth in spring and s ummer as newly applied P, 

but was much less ef f ec tive in autumn. They attributed this to seasonal 

c hanges in the availability of soil P for pasture gr owth and discussed 

a number of possible fa ctors involved . 

In other fie ld studies the r a t e of immobilization of fertili zer P 

applied at high r ates has been mea s ured for periods of up to five 

years. Larsen e t al (1965), for example, a pplied up t o 500kgP/ha 

a t 24 site s and then monitored changes in the L-value of samples taken 

from the field plots periodically for gr eenhouse study. Sadler and 

Stewart (1975) applied up t o 1000kg P/ha to three Canadian soils and 

measured changes in Olsen- extrac t able P levels fo r two years. Stee l e 

(1976) applied up t o 500kg P/ha to t wo sandy soils and measured changes 

in Truog and Olsen-extrac tabl e P levels over a one year period. 

Larsen e t al (1965) conc luded f r om their five-year s tudy that the 

loss of labile P by immobili zation occurred exponentially . Calculated 

half-lives for the rate of fa ll in labile P content va ried fr om one to 

six yea r s . The rate of immobilization was found t o be more rapid (ie 

short hal f-lives) in higher pH soil s , as conf irmed by Borzsonyi and 

Ful eky (1978) with Olsen-extractable P, but was unaffected by other soil 

properties such as c l ay content, organic matter conte nt, extractabl e 

Fe and Al levels and unfil l ed sorption capacity . 

Soil pH was also found by Sadler and Stewart (1975) t o be direc tly 

r e l ated to the rate of dec line in the availabili t y of applied Pas 

r ef l ec t ed by Olsen extraction. Al though only three soils were studied, 

the rate of decl ine in the Ol sen-ex trac tability of added P between two 

months and two years was greatest in a calcareous soil and least (in 

fact undetectable) in an ac id Gleyso l . 

In New Zea l a nd, Steele (1976) f ound that the pattern followed by 

extrac table P with time after applying fertilize r P to two soils derived 

from wind-blown sand, was essentially comprised of two phases. In the 

first, a more or l ess steady but quite rapid decline of about 30 weeks 

duration occurred, which was followed by apparently stable extractable 

P levels for the rest of the yea r. Unfortunately, no comparison was 

made with soils of finer t exture . 

In a recent New Zealand study, Rennes (1978) used water extraction 

to monitor the immobiliza tion loss of fertilizer P applied at normal 

r a t es t o soils i n a cleared catchment area . The r elative water 
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extractability of soil P declined rapidly at first and then more slowly 

over an eight month period . The same pa ttern occurred in bo t h aerially 

topdressed field s o il and potted soil left in the field after mixing 

with fertilizer P . Variation in ex trac table P level between samples 

was, not surprisingl y , mu c h g r eater in th e field soil than in the potted 

soil . No compa ris on was made in this study between Olsen and water 

ex traction . 

To summar i ze , both g r eenhouse and fie ld studies have clearly 

demons trated that solubl e P applied t o s,ii ls declines in plant availability 

and chemical ex tractab ilit y , a t f irst rapidl y and then more slowly . 

The rate at wh i c h thi s immob ili zat i on loss occ urs has been shown to 

depend on several fac t ors . Under g reenhouse conditions, temperature , 

soil pH and soil t ex ture were found t o b e important, with c onflicting 

r epor ts r ega rdin g the effect of P sorption ca pac ity . Soil pH was also 

found to b e important in one field s tud y . It wa s shown that the dec line 

in effec tiveness of P applied to pasture va ried depending on the seaso n 

in which it was measured . Howeve r, ve r y few field studies, and non e 

at all in New Zealand , have compa r ed soils of contrasting sorpt i on 

proper ties . There is therefore a need t o de t e r min e whether the P 

sorption capac ity of New Zeala nd soils has an effec t o n the rate a t 

which added P is immobili zed in th e soil . 

2 .3 . 3 Models used to simulate c ha nges in soil P parameters following 

P addition t o soils. 

Mathematical simulation i s a t echnique whic h has been used with 

inc r eas ing frequen cy in recent years to dea l with certain problems 

involving soil-plant r e l a tions hips. One r eason for greater interest 

in mathematical modelling is th e po ssib ility it offers of making pre dictions 

about the behaviour of soil-plant s yst ems in situations where direct 

measurement is unrealistic (Kline, 1973) . At a more basic level than this, 

however, a model may b e no mo re than one o r mo re equations intended to 

describe a reaction or process such as th l:! adsorption of P by so i l or soil 

components when shaken with s o lutions in tubes in the laboratory . 

2 . 3.3 . 1 Changes in solution P concentration. 

Perhaps the simplest model capabl e of describing changes over 

time (t) in the amount of P adsor be d is a first-order kinetic equation 

of the type: 



dx 
dt 

kC 

where x represents adsorbEd P, C is the solution P concentration and 
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k is the specific r eac tion rate constant (Fried et al, 1957) . According 

to this equation the rat e of adsorption, or the rate of decline in 

solution P concentration, is directly proportional to the P concentration. 

Chen et al (1973) concluded that this simple model could describe the 

rate of P sorption by aluminium oxide and kaolinit e over 60-day periods. 

In contrast, McLaughlin e t al (1977) concluded that sorption of P by 

Fe gel did not obey first-order kine tics. 

Other workers, particularly those concern2d with describing the 

rate of isotopic exchange in soils and sediments, have used an equation 

composed of a sum of exponential terms, each representin g a first-order 

reaction (Arambarri and Talibudeen, 1959; Li et al, 1972; Probert and 

Larsen, 1972). Protert and Larsen point out that as the time scale 

increases, the number of terms required to get a good fit to experimental 

data in a "sum of ex ponentials" model must also be increased. 

The rate of decline in solution P concentration has not always 

been found to depend solely on the concentration itself, so that the use 

of first-order kinetics may often be an over-simplification (Larsen 

and Probert, 1968; Probert and Larsen, 1972; McLaughlin et al, 1977). 

Kuo and Lotse (1972) developed a second-order kinetic equation to describe 

adsorption which fitted the Lan gmuir isotherm. Their model described 

the rate of P adsorption by CaC0 3 and Ca-kaolinite as a function of both 

the concentration of P remaining in solution and the extent of surface 

saturation of the adsorbent. 

Subsequently these workers developed a two-constant kinetic model, 

based on the Freundlich equation, to describe P adsorption by haematite 

and gibbsite (Kuo and Lotse, 1973) and lake sediments (Kuo and Lotse, 

1974). 

Barrow and Shaw (1974, 1975a) proposed a model in which soil inorganic 

P was allocated to compartments A, Band C, representing solution P, 

adsorbed P and "firmly held" P, respectively. The equilibrium between 

A and B was described by a Freundlich isotherm, while that between B 

and C was controlled by an empirical rate equation. Together the rate 

equation and adsorption isotherm were found to adequately describe changes 

over time in the solution P concentration of incubated soils after P 

addition. 
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In contrast to the Barrow and Shaw model, a kinetic model of steady 

state P fixation in solution, developed by Overman and Chu (1977), assumed 

Langmuir-type adsorption followed by a first-order chemical reaction 

with the solid phase of the soil . A diff e r ent approach again was adopted 

by Helyar and Munns (1975) in developing a model to simulate not only 

changes in soil solution P co n centration with time, but also uptake of 

P by plant roots. They used a function adop t ed by Gunary (1970) from 

the Langmuir equation t (J des c ribe adsorption , while the subsequent slow 

reaction was r epresented by a simple nth orde r equation . A similar equation 

was investiga ted by Probert and Larsen (1972) who found it fitted their 

isotopic exchange data as ef fe c tively as a "sum of exponentials " model 

with four terms . 

A rather more complex , mechanistic model was developed by Mansell 

et al (1977) to describe the fate of applied Pin soils. Four phases 

of soil P (solution, adsorbed , immobilized and precipitated P) wer e 

assumed, with transfo rmation s between them determined by rate coefficients 

(of which there were six) an d the amount of Pin each phase. A series of 

equations were used to simultaneousl y describe rates of P transfer 

between the four phases. 

2 .3.3.2 Changes in plant available and chemical l y ex tractable soil P. 

The r esults of a field study by Lars en e t al (1965) suggested that 

the overall P immobilization r eac tion in soil cou ld be described by 

first-order kinetics. This l oss was subsequen tly treated theoretically 

by Larsen and Probert (1968) who proposed a simple exponential model to 

describe changes in "labil e " soil P over time. Repeated, regular appli

cations of fertilizer P were found to lead eventually to steady-state 

conditions, the equilibrium lev e l of labile P depending on the rate and 

frequency of P applications and the rate of immobilization of labile 

P. Karlovsky (1962) has discuss ed similar c oncepts to these, based on 

measured changes in P s0il test levels in New Zealand pasture soils. 

In contrast to the theoretical approach of Larse n and Probert (1968) 

based on labile P, Rennes (1978) and Borzsonyi and Fuleky (1978) 

developed models to describe measured changes in extractable P levels 

after P addition to incubated soils. Rennes' kinetic model was based 

on the Langmuir equation and was found to satisfactorily predict the decline 

in the water extractability of Padded to three soils of contrasting 

sorption properties. Borzsony i and Fuleky (1978) added P to samples of 

nine soils varying in pH and tex ture. Regression fun~tions based on an 

ordinary differential equation were used to describe the decline in 
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ammonium lactate - and NaHC03 - extractable P over a two and a half year 

period. 

Russell (1977), in presenting a mechanistic model of the behaviour 

of nutrients applied to soils, assumed that soil nutrients could be 

divided into two compartments, available and unavailable. Changes 

in these fractions were describe d by two differential equations which 

included three coefficients pertaining to fixation (K1), loss (K2) 

and release (K3) of soi] nutrient. Russell rega rded the model as 

particularly suitable for soil P because the loss coefficient (K2) is 

often close to zero and residual effects are large. The model predicts 

an exponential rate of decline in available P, with the decline curve 

asymptoting to the value K3/K1 + K3 i f K2 is assumed to be zero . 

A dynamic model of P utilization in grazed, t emperate pastures, 

including soil, plant and animal components, was r ecently develo ped 

by Blair et al (1976) . They r egarded soil solution P and exchangeable 

Pas t ogether constituting the "available" suil P pool. Contributions 

to this pool came mainly from fertilizer appl i ca tion and organic matter 

mineralization, whereas plant uptake and "fixation" depleted the available 

pool. The net fixation of ava ilable P was predicted from a generaliza tion 

of the empirical rate equation used by Barrow and Shaw (1975a). The model 

indicated an initial rapid drop in the available soil P level upon 

cessation o f fertilizer applica tion which then declined more slowly 

being sustained by mineralisation of the organic ma tte r pool . 

To summarize, it is apparent that kinetic studies of the reactions 

between added P and soil or soil components have involved widely differing 

experimental conditions, and have also varied in terms of the soil 

parameters monitored and the time scale involved. There has also been 

a wide variety of mathematical func tions used; some assume first-order 

kjnetics, others are more cowpl ex . 

There appear to have been few a ttempts made, however, to extend 

the results of kinetic experiments carried out in the laboratory or 

glasshouse to the field situation. Where "field" models have been 

developed, it has been usual to consider changes in an "available" or 

" labile" soil P fraction (Larsen and Probert, 1968; Blair et al, 1976; 

Russell, 1977) rather than in a more specific soil P phase such as Pin 

solution. With few exceptions (Blair et al, 1976; Russell, 1977), the 

models include no capacity to translate changes in available or 

extractable soil Pinto inc reased or reduced plant growth in field 

situations. 



25. 

There is a need to develop simple models capable of simulating both 

changes in the availability of fertilizer P applied to field soils, 

and the consequent effects of these changes upon crop or pasture 

production. These models could be particularly useful as an aid in 

the assessment of optimum rat es and frequencies of fertilizer application. 

Such an approach has been used very recently (Peaslee, 1978) t o 

calibrate extractable soil P levels (Bray No 1 method) in terms of 

fertilizer requirements for specific crop-soil-climate situations. 
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CHAPTER 3 

GLASSHOUSE STUDY WITH INTACT SOIL CORES 

3.1 INTRODUCTION 

The relationship between pasture yield and extrac table soil P 

should preferably be defined unde r field conditions, possibly for different 

seasons of the year. This would necessitate pasture yield measurements 

on plots which vary only in t e rms of the level of extractable soil P. 

Several years measu r ements would probably be required because of the 

variability typical ly inherent in field data. For this reason, and because 

suitable field plots varying only in extractabl e P leve l were not available 

within a suitable distance of the University, it was decided that inves

tigat i on of yield- extractable so il P r e lationships within the time 

available for this study was only feasible in the glasshouse . 

The objectives of the glass house study were to define the relation-

s hip between r ela tive "pasture" yield and extractable soil P and to 

investigate the extent t o which this r e l a tionship varied be tween two different 

soils. Tuo soil P extraction procedures were selected , the bicarbonate 

ext r action method of Olsen e t al (1954a) and the water extrac tion method 

of Ryden e t al (1976). The Olsen me thod was selecte d because it is 

currently the standard method used in New Zealand by the Ministry of 

Agriculture and Fisheries ' soil t es ting servi ce . The water extract i on 

procedure was selected because it was considered to be independen t of 

soil type which implies that the relationship between relative yield 

and water-extractable P would be the same for a ll soils . 

To c reate conditions as realistic as possible , it was decided to 

collect intact soil co r es from the f i eld for the glasshouse study . It 

was considered that the use of intact cores would not only permit pasture 

growth measurements t o be made on r easonably typical "swards" but that 

the soi l pr ofile within the cores would be representative of that which 

occurs in the field. 

Small-plot field trials, previously treated with diffe r ent ra t es 

of P fertilizer, provided a n ideal source of intact cor es varying in 

soi l P status but relatively uniform in terms of other soil properties 

and sward composition . A number of such t r ials, located on different 

soils but all having received the same fertilizer treatments , were 

available in the Wa irarapa district . 



3.2 MATERIALS AND METHODS 

3.2.1 Preliminary assessment of field trials as a source of intact 

cores. 
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In December 1977 prel iminary soil samples (0-8 cm) were collected 

from several plots of five field trials in the Wairarapa hill country 

and analysed for Olsen P and water-ex trac table P (section 3.2.5). 

Treatments applied to the trials in 197 3 and 1974 included all factorial 

combinations of four rat es of mono-calcium phosphate (0, 25, 50 and 

100 kg P/ha/an) and four sulphur treatments (0, 30, 60 kg S/ha as gypsum, 

30 + 30 kg S/ha as gypsum+ elemental sulphur) . Consequently, the plots 

within each trial varied in terms of soil P status which was reflected 

by the analyses carried ou t. Irrespective of the soil P status, however, 

the ratio Olsen P: water-extractable P was relatively constant within 

each trial (or soil) but varied between soils from about 1.0 to 4.0. 

One of the five trial sites was found to be unsuitable because of 

an overall high P status (Olsen P 35-60 µg/g soil, water-extractable 

P 30-50 µg /g). A further two sites were rejected because the swards 

contained negligible ryegrass or clover . The remaining two sites were 

selected as being the most suitable from which to col lect intact 

cores . The soils at these two sites were Konini*, a very strongly 

leached soil formed from loess over greywacke , and Kumeroa*, a strongly 

leached soil from silty sandstone. Other pedolo gical and chemical 

informat ion relevant t o these soils is shown in Appendix 1. 

3.2.2 Selection of field plots and collec tion of cores. 

Intact cores were col lected from plots which had received the gypsum 

plus elemental sulphur treatments, as the clovers in these plots were 

less likely to have suffered from sulphur deficiency than the clovers 

in plots which had received only gypsum in 1973 and 1974. There were 

two replicate plots for each rate of applied P, both of which were sampled. 

The plot numbers and previous P fertilizer treatment for each pair were 

as follows: 

* The soil names are taken from the Interim Report on Soils of Wairarapa 

Valley, New Zealand (NZ Soil Bureau Record 40), by J.C.Heine, H.S.Gibbs 

and J.D.Cowie (1975), and the soil names are provisional only. 
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Konini soil: plots 7 and 26 (nil P), 10 a nd 18 (low P), 

14 and 20 (medium P), 6 and 30 (high P). 

Kumeroa soil: plots 12 and 19 (nil P) ' 6 and 27 (low P) , 

8 and 32 (medium P)' 13 and 17 (high P) . 

Three cores, identified as A, Band C, were ob t ained from each 

plo t. As well as the plots listed above , addition al plots were sampl ed 

as follows: 

Konini soil : Three ex tra cores (D, E and F) were taken from the high 

P plots (6 and 30) , to which P would be added during the 

gla s shouse expe rimen t to ac hieve maximum y ield . Also, 

two cores (A a nd B) of " very high" P status were collec t ed 

from eac h of three plots (LP3 , LP22 , LP25) of an adjacent 

rates of lime x P trial which had r eceived fertilizer P 

(50 kg/ ha) eac h au tumn from 197 3 to 1978 . 

Kumeroa soil: Three co res, to whic h P would be added t o ac hieve 

max i mum y i eld , were collected from each of plots 4 and 

28 (high P plus 60 kg S/ha as gyps um) . Since the plot size 

was smaller at this slte , it was not possible to obta in 

three additiona l co r es from the hig h P plo ts which had 

also r eceived elemen t al sulphur . 

In total, 36 intac t cores of th e Konini soil and 30 of the Kumeroa 

soil were collected, covering a range of soil P status. The cores were 

collected in th e following ma nn er . Open-ended con t ainers 18 cm in depth 

were ma de from 15 cm diameter, 24 gauge , ga lvanized iron downpipe. These 

were placed upon the g r o und surface, a n a ttempt b e in g made to select 

areas within a nd b e tween plots where the sward compositio n appeared to 

be similar. The containers were h ammered into the s o il until the soil 

surface was within 1-2 cm of the top, then removed, labelled and tra nsported 

back to the g lasshous e . 

The levels of ' extractable soil P within the intact cores could not 

be determined without disturbing the co r es . Therefore, soil P levels 

within the cores were estimated b y analysing soil samples (0-4 cm and 

0-8 cm depth) collected from around the outer perimeter of the containers 

prior to their removal. 
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3.2.3 Initial preparation of cores in glasshouse . 

When r e turned to the gl a sshouse the base of the intact cores was 

trimmed level with the bottom of the containers using a knife. Each 

core was placed upright upon a c lean plastic lid and watered frequently 

until apparently saturated. After r emoving excess water from the lids, 

the co r e s were allowed t o drain overnight and were then weighed. At 

these weights, which varied from 4.31-5 .09 kg for the Konini soil and 

from 4.54-5.18 kg for the Kumeroa soil (container and lid included), 

the cores were assumed t o be at or near f i e ld capacity . During the 

subsequent glasshouse study each co re was watered to field capacity 

at least once weekly. 

About a week after col lec ting the cores, the herbage growth presen t 

was trimmed off at about 2 cm above the soil surface . Diazinon 5 G 

granules we re applied t o the surface of eac h core to control any grassgrub 

which may ha ve been pr esent . 

3.2.4 Design and conduct of glasshouse experiments. 

The intac t co res were placed on two separate trolleys, one for eac h 

soil, in a completely randomiz ed desi gn. Watering of the co r es with 

nutrien t solutions applied to the s ur face was carried out every two 

or three da ys, at whic h times the cores were shifted to new positions on 

the troll eys acco rding t o a predetermined plan. When applying the nutrien t 

solutions, the core wit h th e leas t weigh t l oss due t o eva potranspiration 

determined th e amount of nutrient solution applied to all cores of 

that soil. The two soils were t rea t ed independently while different 

rates of moisture loss between co res of the same soil were made up once 

a week with distilled water . 

Nutrien t solutions with and without P, modified from Middleton and 

Toxopeus (1973) , were prepared as detailed in Appendix 2. Initially no 

nitrogen was included in the solutions but for reasons discussed later, 

nitrogen was included prior to th e third and fourth harvests. The 

nutrient solution without P was added to all cores except6D, 6E, 6F, 

30D, 30E and 30F (Konini soil) and 4A, 4B, 4C, 28A, 28B and 28C (Kumeroa 

soil). The latter "high P status" cores received the +P nutrient 

solution and will be collective ly referred to as the +P cores. They 

were intended to give an es tima t e of maximum yield with P non-limiting. 

All cores of the same soil r eceived equal amounts of nutrient solution 

at all times. 
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Herbage growth above 1-2 cm was harvested on four occasions at 

about 25 day intervals. The date of each yield harvest and the amounts 

of nutrient solution applied per core are shown in Table 3 . 1. Harvested 

herbage was weighed after oven drying overnight a t 75°c. When the 

fourth harvest was made, the herbage f rom each core was assessed for 

species composition by dissecting a subsample into ryegrass, other grasses 

and other species (weeds and clovers). Each species component was also 

weighed after oven drying overnight at 75°c, and expressed as a percentage 

of the total weight of herbage dissected. 

After the fourth harvest each core was removed from its container 

and cut into three sections, viz: 0-4, 4-8 and 8-18 cm , the latter section 

being discarded. The upper sections were air-dried, sieved and sub

sampled t o give 0-4 cm and 0- 8 cm subsamples for chemical analysis. 

3.2.5 Analytical procedures. 

Bicarbonate-extrac table soil P, referred to in this thes is as 

Olsen P (Ol sen et al, 1954a), was determined after shaking 1 g air-dry 

soil for 30 minutes in 20 ml of 0.5 M Na HC0 3 solution adjusted to 

pH 8.5 with NaOH, followed by centrifuga tion and filtration of the 

supernatant solution. 

Water-extractable soil P (Ryden et al, 19 76 ) was determined af ter 

shaking 1 g air-dry soil for 1 hour in 40 ml of distilled water, 

followed by centrifugation a nd filtration of the supernatant solution, 

then addition of another 40 ml of distilled water, shaking for 1 hour 

and again followed by centrifuga tion and filtration of the supernatant 

solution. Equal volumes of the first and second filtered extracts 

were combined prior to analysis. Both water-extractable P and Olsen P 

are expressed as µg P/g of air- dry soil (<2 mm). 

Retention of P (Saunders, 1965) was determined after shaking 5 g 

of air- dry soil for 16 hours in 25 ml of 0 . 2 M sodium acetate solution 

containing 1000 µg P/ml (ie 0.032 M with respect to KH2P04) and adjusted 

to pH 4.65 with glacial acetic acid . P retention was calculated as 

the amount of P removed from solution by the soil expressed as a 

percentage of the amount originally in solution. 

For all P determinations samples were shaken in 50 ml polycarbonate 

centrifuge tubes in an end-over- end shaker at 18 rpm . 
0 

the shaker was set at 20 C though in winter the actual 

was usually slightly below 20°c and in summer slightly 

A thermostat inside 

air temperature 
0 

above 20 C. At 
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the completion of shaking, the samples were centrifuged at 13000 rpm 

for 2-3 minutes in a Sorvall RC2-B refrigerated centrifuge and the solution 

extracts filtered . Inorganic Pin an aliquot of the solution extract 

was determined by Watanabe and Olsen's (1965) modification of Murphy 

and Riley's (1962) method, excep t that Olsen ex t racts were not neutralized 

prior to colour development (see below) . Absorbance was measured at 

712 nm using a Pye Unicam SP 1800B spectrophotometer. 

To check that neutralization of Olsen extracts was unnecessary, 

the inorganic Pin 2 ml, 4 ml and 8 ml aliquots of an Olsen extract 

from a sample of Tokomaru soil (Appendix 1) was determined both with 

and without neutralization of the aliquots prior to colour development. 

The results, shown as means of duplicate determinations in Table 3.2, 

indicated that although the amount of P extracted increased with increasing 

aliquot size, there was no difference be tween aliquots neutrDlized and 

not neutralized . Throughout this study, therefore, 4 ml aliquots of 

Olsen extracts were always used and they were not neutralized prior to 

colour development. 

Soil inorganic nitrogen (nitrate and ammonium) in the soil samples 

collected from around the soil co res was determined following reduction 

of nitrate to ammonium, steam distillation of ammonia, and titration 

with standard acid (Bremner and Keeney, 1965). 

Soil pH was measured with a combination electrode pH meter after 

stirring 10 g air-dry soil in 25 ml of distilled water and leaving to 

stand overnight before read ing. 

3.2.6 Statistical treatmen t of data. 

A bivariate linear regression equation of the form 

y =a+ bx1 + cx2 

was fitted to the data for the first two harvests to determine the 

separate effects of inorganic soil nitrogen (x2) and extractable soil 

P (x1) on dry matter yield (y) . Linear correlation coefficients 

between yield and extractable soil P were calculated because of the 

lack of any curvilinear relationship in the data . 

For the third and fourth harvests an exponential regression 

equation of the form 

y = A - Be-c~ 

was fitted to the yield ( y)-extractable soil P (x) data for each soil 



TABLE 3. 1: Harvest dates, growth intervals and amounts of nutrient 

solution (ml) applied per core pr i or to each harvest . 

Konini soil Kumeroa soil 

Date of collecting cores from field 

plots: 12 . 5.78 23 . 5.78 

Date of commencing glasshouse 

experimen t (cores trimmed): 18.5.78 29.5.78 

First harvest: 

Date of harvest: 11.6.78 21.6.78 

Days of growth : 24 23 

Total nutrient solution appli ed : 600 600 

Second harvest : 

Date of harvest: 6 . 7.78 17.7 . 78 

Days of growth : 25 26 

Total nutrient solution applied: 860 755 

Third harvest : 

Date of harvest: 30 . 7 . 78 11.8.78 

Days of growth: 24 25 

Total nutrient solution appl i ed : 540 560 

Fourth harvest: 

Date of harvest: 24.8.78 4.9.78 

Days of growth: 25 24 

Total nutrient solution applied : 400 400 

32. 

TABLE 3.2 : Effects of aliquot size and neutralization of Olsen extract 

prior to colour development on the apparent Ol sen P level 

(µg P/g soil) of a sample of Tokomaru soil. 

Aliquot Not Neutralized Mean 
size (ml) neutralized 

2 13 .80 13.92 13.86 

4 15 . 11 15.05 15.08 

8 16. 10 15.80 15 ,95 

Mean 15 . 00 14. 92 
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separately. The value of parameter A (maximum yield when x = infinity) 

in the fitted regression equation was used to convert all yield data 

to relative yields whe re 

relative yield_ actual yield x 100 
- max imum yield (A) 

Corresponding data for the two soils could then be dir ec tly compared 

by plotting relative yie lds a gainst extractable soil P levels. Correlation 

coefficients for the curvilinea r r e l a tionships between yield and 

extractable soil P were cal cula t ed. 

All correlations and regr essions were calculated using programs 

available on the DSIR computer PDP 11/45. An exponential function 

was used to relate yi e ld t o ex trac table soil P, in pre ference to other 

mathematical expressions, becaus e f irstly , immobile s oil nutrients 

such as P tend to be r e lat ed to plant yield in an exponential manner 

(Melsted and Peck, 1977) and s econdl y , the coefficients in the 

exponential equation have s ome meaning . 

3. 3 RESULTS 

3.3.1 First and second ha rvests. 

Olsen P levels in the soil s amples coll ected f r om around the outside 

of the intac t cor es, a s de termined in June 1978, are shown in Appendix 3. 

No samples were collec t ed from around th e +P cores since the extractable 

P levels initially present in thes e core s would have been irrelevant 

once P had been applied to the core s. 

For the Konini soil, Olsen P ranged from 7 to 32 µg/g soil in 

the 0-8 cm depth and fro m 9 t o 50 µg/g j n th e 0-4 cm depth. The range was 

smaller for the Kumeroa soil since no lime x P trial plots had been 

sampled. Variation in Olsen P level between cores from the same plot 

was generally small for the "nil P" and "low P" cores but was greater 

for the "medium" and "high P" cores. Except for the "low P" treatment, 

the fertilizer P applied to the field plots in 1973 and 1974 had 

raised the level of Olsen Pin both sampling depths, relative to the 

"nil P" treatment (Appendix 3). 

Water-extractable P levels in the same soil samples were not 

determined until June 1979 and were then found to be 50-100% greater 

than expected based on the Olsen P: water-ex tractable P ratios for these 

soils and the water-extrac table P levels in the preliminary field 

samples (section 3.2.1). Despite the apparent increases in water

extractable P levels during storage of the air-dry samples, Olsen P 
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levels determined again in June 1979 were found to be within ±1 µg/g of 

the o riginal figures (Appendix 3). No attempt was made t o correlat e 

the "inflated" water-extractable soil P values with dry matter yields. 

Yields of dry matter per core for the first and second harvests 

are listed in Appendix 4. The cores of Konini soil yielded on average 

25% more dry matter than the Kumeroa cores in the first harvest, though 

this difference was reduced to less than 15% in the second harvest. 

For both harvests there was considerable variation in yield between 

cor es of similar soil P status and even between cores taken from the 

same field plot. These differences were particularly large for cores 

10A, Band C of the Konini soil (Plate 3.1 and Appendix 4) and for cores 

4A, Band C of the Kumeroa soil (Plate 3 . 2 and Appendix 4) . 

Although yields were more than 30% higher on average in the second 

harvest than in the first, there appeared to be little if any reduction 

in yield variability in the second harvest. In both harvests considerable 

differences between cores in terms of species composition were apparent, 

though most cores contained negligible clover. 

Dry matte r yields for the fir s t and sec ond harvests were combined 

as both gave essentially the same results. Combined yields were plotted 

against Olsen P levels in the 0-8 cm a nd 0- 4 cm sampling depths . 

Attempts to fit an exponential equation to the data were unsuccessful 

in the case of the Konini cores, even when core lOA was excluded, 

while for the Kumeroa soil the fitted curves conflic ted with the law 

of diminishing returns. 

Linear regressions were then fitted to each set of data as 

illustrated in Figures 3.1 and 3.2 for the Konini and Kumeroa soils 

respectively. The i ntercepts and regression coefficients for the lines 

of best fit and the linear correlation coefficients a re shown in Table 

3 . 3 . For the Konini cores, about one quarter of the variation in yield 

was accounted for by differences in the l evel of Olsen Pin both sampling 

depths . However , core lOA was excluded from the analysis on the basis 

that it was considered to be an outlier (see below), which undoubtedly 

increased the correlation coefficients. For the Kumeroa cores, only 

10-12% of the yield variation could be accounted for by differences in 

Olsen P (Table 3.3) . 

The levels of inorganic nitrogen in the 0- 8 cm soil samples, most 

of which was in the ammonium furm, are shown in Appendix 3. Much 

higher levels were present in the Konini samples (mainly 20-40 µg N/g soil) 



PLATE 3.1: "Pasture" growth at the second harvest showing variation 

b e tween co res from plot 10 on the Konini s oil . 

PLATE 3 . 2: "Pasture" growth at the second harvest showing variation 

between cores from plot 4 on the Kumeroa soil . 
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FIGURE 3.1: Dry matter yield per core in harvests 1 + 2 as a function of 

the level of Olsen Pin 0-8 cm (A) and 0-4 cm (B) samples of 

Konini soil taken from around the cores. 
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38. 

TABLE 3.3: Va lues of th e intercept a ( g) , the regre ssion coeffic ient 

b (g2 /µg), a nd the correla tion coef ficient r , for the fitted 

linear r egressions . 

Konin i soil : 

0-8 cm dep th 

0-4 cm depth 

Kumeroa soil : 

a b r 

2 . 38 0 . 036 0.49** 

2.40 0.023 0 . 52** 

0-8 cm depth 1. 94 0 . 038 0. 34 ns 

0-8 cm (adjusted yields) 1 . 17 0 . 047 0. 49* 

0-4 cm dept h 

ns no t significant 

* significant at 5% l evel 

** significan t at 1% lev e l 

1 . 92 0.032 0. 32 ns 
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than in the Kumeroa s amples (mainly 8-15 µg / g ) . Core lOA of the Konini 

soil contained an abnormally high level of inorgan i c nitrogen (106 µg / g ) 

which sugges ts this was the reason for the high yield of this core in 

harve sts 1 and 2 (Figure 3 .1 and Appendix 4 ) . 

When core lOA was exc luded, a bivariate r egr ession fitted to the 

data for the Konini soil indica t ed tha t i no r ganic soil nitrogen had 

had no signif i cant effec t on yield . The eq uation was: 

y 2 . 25 + 0.036 (Olse n P) + 0.0035 (Inorganic N) 

with t-values of 2 . 83 (P <0 .01 ) and 0. 20 (not sign i fican t) for the 

Olsen P and inor gan i c nitrogen coeffic i en ts respectively . 

For the Kumeroa soil a bivariate regression fitted to the data 

indicated that inorganic soil nitrogen h ad significantly influenced 

yield. Th e eq uation was : 

y 1 . 17 + 0 . 047 (Olsen P) + 0 . 054 (Inorganic N) 

with t-values of 2 . 55 (P <0 . 05) and 3 . 5 1 (P <0 . 01) for the Olsen P and 

inorganic nitrogen coeffic ients resp ec tive]y . 

Dry matter yields for the Kumeroa cores were adj ust ed t o remove 

th e e ff ect of nitro gen : ie 

adjusted yield actua l yield - 0 . 054 (I norganic N) 

Adjusted yields are listed in Appendix 4 . When a linear regression 

wa s f itted to a plot of the adjusted yields aga inst Olsen P (0-8 cm), 

as illustrated in Figur e 3.3, about one quarter of the variation in 

yield was accounted for (Table 3 . 3) . 

3.3 . 2 Third and fourth harvests . 

Ols en P levels in the soil sample s collec ted from within the intac t 

core s after the experiment s a r e list ed in Appendix 5. These value s, on 

average, we re slightly less than the Olsen P levels in the samples 

collected from around the cores before the experiments (Figu res 3 . 4 and 

3.5). The difference between the two sets of fi gures tended to b e 

g rea t es t for the 0- 4 cm samples (Figure 3 . 5 ) and at the higher leve ls of 

Olsen P where yield would be expected to be least affec ted . It was 
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therefore considered that relating within-core soils data to yields for 

the third and fourth harvests would not significantly alter the 

relationship between yield and Olsen P. This allowed the yield and 

extractable soil P data for the +P cores to be included. 

Water-extractable P l eve ls within the intact cores, determined in 

June 1979 after storing Lhe s oil sampl~s in the glasshouse sinc e 

September 1978 , are also listed in Appendix 5. They ranged from 

1 to 18 µg/g for the Konini soil and from 4 to 21 µg/g for the 

Kumeroa soil . It was assumed that water-extrac tabl e P levels within 

the cores , like Olsen P, had not changed sufficiently during the 

e xperiments t o significantl y alte r the relationship be tween yield a nd 

water-extractable P. 

Compared to wate r-ex trac t able P l eve l s within the intac t cores, 

those in s oil sampl e s fr om il r ound the int ac t cores (sec tion 3.3 . 1) 

we re 50-100+% greater whe n determined in June 1979 (Figure 3 . 6) . This 

was t a ken t o indicate that wate r-extrac t a ble P l ev e ls had increased 

<luring storage o f these so il sample s in the labo rator y . Howeve r , since 

thes e s ample s had no t pr evious l y been a na l ysed following their coll ec tion 

in May 1978 , it is no t poss ibl e t o say with absolute ce r ta inty t hat wate r

ex tractable P l eve l s had i nc r eased during s t o rage . Inc rea se s in the 

water-extrac t a bl e P cont en l o f s t o r ~d soil samp l es wi l l be dis cusse d 

further in Chap t e r 5 . 

Dry ma tte r y i e l ds pe r co r e for the third and f ourth harvests are 

list ed in Appe ndix 6 . The Kumc r oa s oil co r es outyie lde d the Konini 

co res, partic ul a rly in the third harvest , in contrast t o the first two 

harvests . In both the third ha r ves t a nd the f ourth ha rvest , yields 

were about 45% higher tha n in the preceding harve st , undoubtedly due 

in part to the nitrogen applied . Yie lds were still rather variable in 

harvests 3 and 4 though l ess so Lhan in the earl i er harvests . Thus prior 

to the fourth harvest a n i nc r easing yi e ld trend amon ~~ "average" cores 

representing ea ch of th e pr evious fie ld treatments was readily discernable 

(Plates 3 . 3 and 3 . 4) . 

Considerable spec ies differ ence s be tween cores were apparent in 

harvests 3 and 4 , as in the earlie r harvests. The spec ies composition of 

individual cores appeare d no t t o change much during the experiments . 

The proportion of yield atLributa bl e t o ryegrass and t o other grass 

species in the fourth harvest is shown in Append i x 6; the balance 

unaccounted for ( generall y l ess than 10%) was ma de up o f weeds and 
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PLATE 3 . 3: "Pasture" growth at the fourth harvest on average c ore s of 

Konini soil arrang ed in order of increasing ~xtractable P 

level (L to R). 

PLATE 3 . 4 : "Pasture" growth at the fourth harvest on average cores of 

Kumeroa soil arranged in o r der of increasing extractable P 

level (L to R) . 



clove rs. The Kume r oa cores and the Konini co res from the Li me x P 

trial contained more ryegrass than most of the other Konini cor es . 

The proportion of ryegrass varied widely between cores (from 4 to 

50+%) . Poa species made up the largest componen t of "other grasses" 

on the Konini cores while o ther species on both soils incl uded brown

top, Yorkshire fog , c rested dogstail , sweet vernal , goose grass and 

timothy . 

Yields for the third a nd fourth ha rve sts were combined as both 

gave similar results . The mean yield of the six +P cores was 6 . 03 g 

and 7.50 g for the Konini and Kumeroa soils respectively . Combined 

yields were plotted aga inst Olsen P and water- extractable P levels 

within the cores for the t wo soils separately. 

46 . 

It was found that exponential c urves of a diminishing re tu rn s 

na ture could be fitted to al l plots of yield ve rsus ex trac table soi l P . 

Most of the exponential curves did not give a significantly better 

f it than a stra i gh t line , the only exception being for water- extractable 

Pin the Konini s oi l (P <0.01) . Fo r these data , howeve r, the fitted 

curves intercep ted they axes (ie where ext ractable soil P is zero) 

at yield s approaching ha1f of the max i mum values predi cted by the 

curves (Table 3 . 4) . For the Kumeroa soil they inter cepts varied from 

16 to 30% of the predicted max i mum yield (Table 3 . 4) . 

Exponential c urves constrained to pass through the origin were 

also fitted t o the data. Table J . 5 shows the values of parame t er A 

(maximum yield) , parameter c (curvature coeffi c ient) and of th e 

co rrelation coeff icient for both cons trained and unconstrained curves . 

Constraining the c urves through the o rigin improved agreemen t between 

predi c ted maximum yiel d and the mean yi e ld of the +P co r es , but decreased 

the proportion of variation accounted fo r (r2) . Differences between 

the soils i n terms of th e magnitude of the c coefficient were large for 

the water-extractable P cu rves but much smaller for the Olsen P curves , 

particularly when constrained through the or i gin (Table 3 . 5 , Figures 

3 . 7, 3.8, 3.9and 3 .10 ) . 

Extrac table soil P l evels at 90% of the predicte d max i mum yields , 

whic h will be referred to as " c ritica l" l evels , were calculated for 

both cons trained and unco nstrained curves and are shown in Table 3 . 6 . 

For the constrained curves , the c ritical levels of Olsen P were almost 

identical for both soils while the c ri tical water-extractable P level s 

were much highe r for the Kumeroa soi l than for the Kon i ni soil . Critical 
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TABLE 3.4 : Values of parameter B (g) fo r unconstrained exponential 

curves , and of they intercept (j e A- B) expressed as a 

propo rtion(%) of maximum yield (paramete r A) . 

Konini soil Kumeroa soil 

Yield of cuts 3 + 4 versus : B y intercept B y intercept 

Olsen p (0- 8 cm) 5 . 05 39 6 . 22 28 

Olsen p (0- 4 cm) 4 . 16 43 6 . 23 30 

Wa t er- extractable p (0- 8 cm) 3 . 45 46 7 . 92 22 

Water- extractable p (0- 4 cm) 3 . 27 47 7 . 51 16 
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TABLE 3.5: Values o f parame ters A (g ) a nd c ( g/µg), and of the correlation 

coeff i cient r , fo r cons t rained and un constrained exponential 

curves .* 

Yield of c uts 3 + 4 versus : Konini soil Kumeroa soil 

Parameter A 

Olsen p (0- 8 cm) 6 . 20 (8.27) 7 . 73 (8 . 64) 

Olsen p (0- 4 cm) 6 . 13 (7 . 31) 7 .80 ( 8.91) 

Wate r-ext r a c t able p (0-8 cm) 5 . 97 (6 . 37) 8 . 29 (10 .1 5) 

Water-extractable p (0- 4 cm) 5 . 92 (6 . 2 1) 8 . 32 (8 . 93) 

Mean yield of +P co r es : 6 . 03 g 7 . 50 g 

Parame ter c 

Olsen p (0- 8 cm) 0 . 129 (0 . 031 ) 0 .130 (0 . 070) 

Olsen p (0-4 cm) 0 . 106 (0 . 033) 0 . 11 2 (0 . 054) 

Water-extrac tabl e p (0- 8 cm) 0 . 874 (0 . 390) 0 . 18 1 (0 . 088) 

Water - extrac tabl e p (0- 4 cm) 0 . 576 (0.269) 0.136 (0.098) 

r.!l 

Olsen p (0- 8 c m) 0 . 732 (0 . 768) 0.82 1 (0.831) 

Olsen p (0- 4 cm) 0. 735 (0 . 769) 0 .855 (0 . 871) 

Water-ex t rac tabl e p (0-8 cm) 0 . 74 7 (0.794) 0.8 13 (0 . 822) 

Wate r-extrac tab l e p (0- 4 c m) 0. 739 (0 .77 3) 0 851 (0 . 853) 

* Figures wi th i n brac ke t s r e l ate t o unconstrained curves . 
6 All value s of the corre l a tion coeffic i ent a r e signif i cant a t t he 0 . 1% 

level. 
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TABLE 3.6: Critical values of extractable soil P (µg / g) for which 

yield given by th e fit t ed curve s equals 90% of the maximum 

yield (parame t e r A) for cons tra ined and unconstrained 

exponentia l curves . * 

Yield of cu ts 3 + 4 versus : Konini soil Kume roa soil 

Olsen p (0-8 cm) 17 . 8 (57 . 8) 17 . 7 ( 28 . 1) 

Olsen p (0-4 cm) 2 1. 7 (52.2) 20 . 6 (36 . 0) 

Wate r- ex trac t ab l e p (0 - 8 cm) 2 . 6 (4. 3) 12 . 7 (23 . 4) 

Water-ex trac t able p (0- 4 cm) 4 . 0 (6.2) 16 . 9 (21. 7) 

* Fi gu r es within brackets relate to unconstra ined curves . 
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levels were higher for the un constrained c urves than for the 

constrained c urves, particularly fo r Olsen Pin the Konini soil 

(Table 3 . 6) . 

3 .4 DISCUSSION 
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The first t wo harvests from the intact soil cores we r e character i zed 

by considerable yield variability . Inor ganic nitrogen l eve l s in the 

soil appeare d to be one factor causing , or at least related t o , some 

of this va ria tion, particul~rly for the Kume r oa soil. The soil samples 

in which inor gan i c nitrogen levels were det e r mi ned had been air-dried 

and stored a t room t empe r a t ure for several weeks, hence the actual levels 

may not have accurate l y reflected the inorganic ni t rogen status of the 

so il cores a t the start of the experiments . However , the inorganic 

nitrogen l evels measured would have reflected the initial nit rogen status 

of the cores in a relative sense , since a ny changes which occurred 

during air-drying and storage of the so il samples prior t o anal ysis 

should have affected al] samples similarly. 

Th e contrast between the soils in terms of t he effec t of inorganic 

soil nitrogen on yield in the first two harvests appea r ed t o reflect 

the contrasting management o f the two trial sites just pr ior to 

collect i ng the co r es . Pasture g r owth on both sites had been spelled 

from gr azing fo r several weeks t o permit assessment o f pas ture responses 

to fert ilizer treatments in adjacent f ield trials . The Konin i site , 

normally grazed ma i nly by sheep , was sampled during this s pelling period 

which enabled most urine patches to be avoided . The Kumeroa site , on the 

o ther hand , had been hard gra zed by cattle immediately preceding 

collection of the intact cores , some of which are sure to have been 

influenced by freshly depos ited ur i ne . In addi t i on to this , the average 

l eve l of inorganic ni trogen in the Kumeroa soil (11 µg/g ) was l ower than 

in the Konini so il (28 µg/g ) wh i ch suggests that the pasture gr owing 

on the Kumeroa soil would probably have been more responsive t o a ny 

nitrogen added t o the soil in the form of urine . 

The difference between the soils in terms of their inorganic 

nitrogen content may have partly accounted for the 25% highe r mean yi eld 

from the Kon ini cores i n the fi r st harvest , particularly s ince the 

Kumeroa cores were higher yi e lding than the Konini cores in t he 

third and fourth harvests afte r n itrogen had been applied in the nutrient 

solutions. However, the lower yi el ds of the Kumeroa cores in the 



ear lier harvests may also have been partly the result of treading 

damage to the sward caused by the hq.rd grazing immediately before 

the cores were co llected fr o m the field trial. 

For both so ils, approximately three quarters of the variation 

in yield between cores in harvests l + 2 was due t o factors other 
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than inorganic soil nitroge n and Olsen P (Table 3 . 3). These other 

fac t ors may include previous grazing effects, carry-over of previous 

differences in fertility and variation in plant density or in species 

composition. Thus, at least for the Kumeroa soil , cores with a low 

ryegrass conten t tended to yield less in harvests 3 + 4 than predic ted 

by the fitted cu r ves and vice versa . Another factor whic h may have 

helped to reduce the correlations between yield in harvests 1 ~ 2 

and Olsen P level was the us e of " estima ted" Olsen P levels instead 

of a c tual levels within the intac t cores . Figures 3 . 4 and 3 . 5 g ive 

some indication of the erro rs involved in es timating the Olsen P status 

of the cores from sampl e s taken a round th e c ores , although some 

allowance must be made for diff e rences due to the different sampling dates. 

Yields of dry matt e r fro m the intact co res were less variable 

in t he third and fourth harvests; at l east 50% of the varia tion wa s 

accounted for by differ e n ce s in ex tractable soil P (Table 3 .5). The 

extent to whic h variabilit y was r educed by apply ing nitr ogen to 

the co r es is difficult to judge . Sinc e inorganic nitrogen in the 

Konini soil was found not to h a v e signifi c an tl y affected yields in 

harvests 1 + 2 , applying nitro gen would not have been expec t ed to 

significantly reduce yi e ld va riability for the Konini cores in harvests 

3 + 4 . It therefore app ears that at least some of the reduction 

in variability between the two s e ts of yield da t a would have occurred 

even without applying any ni trogen t o the co r es . This may have been 

partly due t o , firstly, th e use of " within co re" extractable P levels 

and, secondly, the inclusion of data for th e +P cores . These latter 

co res provided more data points in the "high P" range where previously 

there were relatively few points. 

Although ex tractabl e soil P accoun t ed for more than half of the 

variation in y ield in harve sts 3 + 4 , most of the exponential curves 

fitted to the data without any constraints did not give a significantly 

improved fit over a straigh t line . Thi s can be attributed to the yield 

variability and to the lack of data in the low to medium yield range ; 

almost all cores yielded between 65 % and 110% of the mean yield of the 
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+P cores . As a result of the lack of data with which to define th e 

lower ends of th e c urv es , those fitt e d to the Konini data intercepted 

they axes at yields of 40- 50% of thE maximum y i eld (Table 3.4) . Though 

nil extractable soil P ma y not n ecessarily imply zero yield , it would 

be expected that yield wo uld b e low r e lative to that a ttainable with 

a non-limiting P supply . This suggests that the curves are likely to 

be more r ealistic whe n co n s traine d t o pass through the origin . 

Be tt er a g reeme nt b e t ween pr e di c ted maximum y i eld (parame t er A) 

and measured maximum yi e l d (mean yield of the +P cores) was achieved 

when the curves were constraine d throu g h the origin (Table 3 .5). For 

the Konini soil , parame t e r A express e d as a proportion of the mean 

y ield of the +P c o r e s vari e d fr om 10 3 t o 137 % for the unconstrained 

c urve s and f r o m 98 t o 10 3% for th e co nstraine d curves . Similarly 

for the Kume roa soil, parame t e r A v a ri e d from 115 to 136 % for the 

unconstrained c urves and f r om 10 3 to 111 % for the constrained curves . 

On this b asis also th e cons tra ine d c urve s appear pref e rable to the 

un constraine d c urv e s . 

It is i mpo rtant tha t th e magnit ude o f the c coe ffi c ient be 

determine d as a cc uratel y as po ssi b l e s inc e e x ponential relative yi e ld 

c urves (i e wh e re A= 100) co n s tr a in ed t h rou gh the orig in differ only 

in t e rms o f the c coeff i c i e nt . Uncon st ra ine d c urve s ma y differ also 

in terms o f parame t e r B . Fo r any g i ve n set of yield-ex trac t able s o il 

P dat a , th e c ho ice th e r efo r e is e s sen tia ll y b e twe e n constrained an d 

unc onstrain ed c urv e s . These d i ffe r ma rk e dly in t erms of the magnitude 

of the c coef fi c i e nt as shown in Ta bl e 3 .5. 

For Ols e n Pin the Ko nini s o i l a nd wat e r-ex tra c table Pin the 

Kumeroa soil, the c c o ef fi cent fo r the 0- 4 c m depth was larger than 

that for the 0-8 cm depth when the c urv e s were not cons trained through 

the origin (Table 3 . 5). This was refl ec ted in higher c ritica l extractable 

P levels for the 0-8 cm d e pth than for the 0 - 4 cm depth (Table 3 . 6) 

which is illog ical since ex tra c table P level s were in all case s 

higher in the 0-4 cm depth than i n th e 0-8 c m depth (Appendices 3 

and 5). On the oth e r hand, when all c urve s were co nstrained through 

the o rigin , c coefficients were c onsisten tl y grea t er and crit ical 

levels consistently small e r for the 0-8 cm depth than for the 0-4 cm 

depth . This is furth e r e vid e nce that the cons trained curves (Figures 

3 . 7, 3 .8, 3 . 9, and 3 .1 0) a r e mo r e realistic and t he r e f o re to be preferred 

to the curves fitted witho ut any constraints . Consequently, only 



the constrained curves will be considered in the General Discussion 

(section 4.5) covering both the intact core experiments (Chapter J) 

and the pot experiments (Chapter 4) . 
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The intac t cor e t echnique adopted for this glasshouse study appears 

to have provided reasonably realistic "pasture growth" data otherwise 

obtainable only unde r field conditions . Initially the major problem 

e ncountered was one of variability which is not surprising in view of 

the very small surface area of t he cores in relation t o the size of 

normal field plots . Consequently, yield data from the init i al ha r vests 

was of little value . As the number of ha r vests increased , so also did 

the proportion of yield variation wh i ch could be accounted for . Even so, 

differences in the level of ext r actable soil P explained little more 

than half of the yield variation in the third and fourth harvests. 

There would appear to be relatively little scope for reducing 

this variability othe r than by selecting cores which appear to be of 

similar sward composition and vigour, by avoid i ng cores which have 

obviously been con taminated by anima] excre ta, and possibly by increasing 

the size (surface area) of the cores . Given that variability will be 

high, it would be advisable to collect more cores than a re r eq uired, so 

allowing outliers t o be subsequently el i minated , and to subject the 

cores to a uniformity period before yield measurements a re commenced . 
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CHAPTER 4 

GLASSHOUSE STUDY WITH CONVENTIONAL POTS 

4.1 INTRODCCTION 

The intac t cor e experiments (Chapter 3) suggested that the relationship 

be tween relative yield and Olsen- ex trac table soil P was similar for 

the two soils studied. When s oil P was extrac ted with distilled water, 

however, the r e lationship be tween r e lative yi eld and extractable P 

appeared to differ be tween the two soil s . The yield data for t he intact 

co res, particula rly in the fir s t two harvests, were affected by fac tors 

other than so il P status which meant tha t the yield-ex tractable soil P 

r elationships could no t be def ine d acc ura t e ly. 

The purpo s e of this gl as shouse study was therefore to define mor e 

acc urately the yield-extrac table so il P relationships for the Olsen and 

water e xtraction procedur es . The Kumer oa so il included in the previous 

study was r eplaced by the Pirinoa* s oil , a moderately l ea ched soil fr om 

f i ne sa nd y sil ts t one with s ome a dmi xed l ocss . The Pir i noa soil had 

l ower P retention and a sma l ler r a lio of Olsen P:wa t e r-ex trac t a ble P 

(Appendix 1) t ha n the Kume r oa soil , which inc r ea sed t he con t r a st betwe en 

the two soil s (Konini and Pi rinoa) be i ng compa r ed . 

4 .2 MATERI ALS AND METHODS 

4 . 2 . 1 Coll ec t i on of soil sampl es f r om fi e ld plo ts . 

Two main r eq uirements had to be me t if the yield-extrac table so il 

P r el a tionships fo r ea ch soil we r e t o be de fined a s pr ec is~ly a s possible . 

Firstly, varia tion due t o ( ac to r s o ther tha n s oil P sta tus had to be 

r e duc ed to a minimum and, secondly , a s l ar ge a range a s possible of 

extractable soil P values was r equire d . 

The fir st requirement was me t by collecting approximate ly 30 small 

soil cores (2 . 5 cm diame t er, 8 cm deep) f rom each fi eld plo t, instead 

of a small number of large co r es as in the previous study . All the 

smal l cores from a plot we r e bulke d to f o rm one sample representing that 

plot. It was expected that for the same soil type the se bul ked soil 

samples would vary mainly in P sta tus , with minimal variation due to 

other factors. Any variation due to o the r nutrients, in part i cular 

* See f ootnote on page 27 . 



nitrogen and sulphur, would be unimportant because it was intended to 

use nutrient so lutions conta ining al l nutrients except P . 

59 . 

To maximise the range of soil P values it was decided to restric t 

the number of glasshouse pots per field plot t o one (ie no replication) 

and sample all ava ilable field plots a t each site ; i e 32 plots for 

each rates of P .I{ sulphur trial nu mbered from 1 to 32 . In add ition, four 

bulked samples numbered 33 to 36 were co llected from around the outside 

of both rates of P x sulphur trials to give extra "low" P samples , and 

eight bulked samples were collec ted from an adjacent rates of lime x P 

trial on each soil , which had received the same lime treatmen t as the 

corresponding rates of P x sulphur trial in 1973 (Ap pendix 1). 

The eight p l ots of the r a tes of lime x P trials included four 

cont r ol (nil P) plots , and fo ur plots which had received 50 kg P/ha 

each autumn from 1973 to 19 78 (ie "very high" P status) . These samples 

were identified by the prefix ~Il.. o r PL before the plot number , the plots 

sampled being as follows : 

Konini soil : plots ~Il.. 4 , 16 , 19 , 29 (nil P) and ML 3 , 15, 17, 28 

(high P), a ll of whic h received 2500 kg lime/ha in 

June 1973 ; 

Pirinoa soil: plots PL 7 , l '.'., 24, 27 (nil P) and PL 8, 15, 22 , 31 

(high P) , none of whic h r eceived any lime in 1973 . 

In t o tal 44 bulked soil samples were col lec ted from both sites, 

covering as wide a range of soil P status as possible. Sampling was 

carried out on 12 September 1978 . 

4 . 2.2 Preparation and potting of soils. 

Each bulked sample of soil was passed through a 6 mm sieve to 

r emove most of the vegetation and was then air - dried. A 20- 30 g subsample 

was taken for chemi cal analysis and 660 g of each sample was weighed 

into a labelled 10 cm x 10 cm plastic po t and firmed down. One extra 

pot of each of samples ML 3 , 15, 17, 28 and PL 8 , 15, 22 and 31 was 

prepared to which P would be added to give an estimate of maximum yield . 

These pots were labelled with +P after the appropria t e number and will 

be collectively referred to as the +P pots. 
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A composite sample of eac h of the Konini and Pirinoa soils was 

saturated with water in the laboratory, then allowed to drain at 50 cm 

tension to provide a laboratory estimate of field capacity . The moisture 

content (oven-dry basis) a t "field capacity" was 54% for the Konini 

soil and 50.4% for the Pirinoa soil. Hence the weights at " field 

capacity" of the 660 g air-dry Scimples i n each pot we r e 985 g and 960 g 

for the Konini and Firinoa soils respectively . 

4 . 2.3 Design and conduct of glasshouse experiments . 

On 25 September 1978, 45 Ruanui ryegrass seeds were surface- sown 

into each pot and gently pressed into the soil, after which dist i lled 

water was added. The young seedlings, once es tablished , were thi nned 

to 25 per pot and the pots were placed on two separate trolleys, one 

for each soil, in a completely randomized design . Wa tering of the 

pots with nutrient solutions was commenced a week after sowing the seed 

and was carried out every 2-3 days initiall y and daily during the latter 

s tages of the exper iments . Each time the pots were watered, their positions 

were changed by shifting each pot to the position previously occupied 

by the pot numbered one less than itself . The two trolleys were also 

inte r changed and turned end-for-end regularly. 

Nutrient solutions with and without P, but containing nitrogen , 

were prepared as detailed in Appendix 2. The nutrient solution without 

P was used for all pots except the +P po ts, which received only the 

+P nutrien t solution so as to provide an estimate of maximum yield 

with P non-limiting . Prior to the first harvest all pots were given 

the same amount of nutrient so l u tion but because of the large growth 

differences and hence large differences in water use it became necessary 

to apply larger amounts of nutrient solution to the higher yielding 

pots. Throughout the experiments , however , the +P pots (eg HL 3 +P) 

received identical amounts of nutrient solution to the corresponding - P 

pots (eg ML 3) . 

The ryegrass growth was harvested on three occasions when the yiel d 

of the bes t pots was estimated to have reached 4- 5 g of dr y ma tter per 

po t . For the firs t two harvests the ryegrass was cut 1.5 cm above the 

soil surface but for the third harvest all herbage "above gr ound" was 

harvested. The weight of herbage removed from each pot was determined 

after oven-drying overnight at 75°c . The date of each harvest and the 

maximum amount of nutrient solution applied per core prior t o each harvest 

are shown in Table 4. 1. 



TABLE 4 .1 : Harve st dates , growth i n terva l s and max i mum amounts 

of nu trient solution (ml) applied per po t prio r to each 

harvest. 

Konin i soil Pirinoa soil 

First harvest : 

Date of harvest : 9 . 11. 78 8 . 11. 78 

Days of growt h (since sowing) : 45 44 

Nu t rient solution applied : 550 560 

Second harves t: 

Date o f harvest: 28 .11. 78 27 .11. 78 

Days o f gr owth : 19 19 

Nutrient s olution a ppl i ed : 600 670 

Third harvest: 

Date of harvest: 12. 12 . 78 12.12.78 

Days o f gr owth: 14 15 

Nutrient solution a pplied : 890 980 
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4.2 .4 Analytical procedures . 

Olsen P , wa t e r-extractable P , P retention and pH we re determined 

on air-dry soil samples ( <2 mm) by the methods desc ribed in section 

3 . 2 . 5. 

4.2 . 5 SLatistica l tre 8tmenl of data . 
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Dry matter yi elds representing inc r eas i ng periods of growth were 

calculated as follows : Harves t 1, harvests l + 2 and harvests 1 + 2 + 3. 

Exponential r egr essions were fitted to the yield-extrac table soil P 

data for each soil , a nd cor r e lation coe fficients calcula ted , a s 

described in sec tion 3.2.6. 

4.3 RES ULTS 

The levels o f Ols en P and water- extrac table Pin the soil sampl es 

used fo r the pot expe riments , as dete r mined in mid - October 197 8 , are 

listed in Appendix 7 . Olsen P ranged from 6 to 47 µg/g and from 5 to 57 

µg/g in samples o f the Konini and Pirinoa soils r espectively . However 

the only samples of Konin i soil with more Lhan 22 µg/g we r e the fou r 

samples from tlie lime x P trial. h'a ter-ext rac t able P ranged from 

1 to 12 µg/g and from 6 to 44 ~g/g in samples of the Kon i ni a nd Pirinoa 

soils r e spec tively . All but four of t he Konini samples contained 

less than 4 ~g/g of water- ext r actable P . 

Phosphate retention and pH for a select i on of samples of both soils 

are shown in Table 4.2. The values indica t e a certain amount of spat i a l 

variabili t y within the f lcld trial sites . Phosphate retention was 

highe r for the Konini soil (52 . 5 to 64 . 5%) than for the Pirinoa so il 

(24 . 5 to 32%) , whereas pll was highe r for the Pirinoa soil (5 . 7 to 6 . 6) 

than for the Konini soil (5 . 3 t o 5.8) . 

Dry matter yields per po t for eac h of the three harvests of ryegr ass 

are shown in Appendix 8 . The Pi rinoa soil out- yielded the Konini soil 

in all three harvests . Differences in ryegrass growth between pots 

covering a range of extrac t able P l evels a r e illustrated in Plates 4 . 1 

and 4 . 2 . 

Exponential curves were fitted without any constraints to the 

yield- extrac t able P data for ea c h so il separately. Table 4 .3 shows t he 

values of parameter A (maximum yie l d) , parame ter C (curva ture coeff i c i ent) 

and they intercept for the fitted curves . All c urves gave a signi f icantly 

(P < 0 . 001) better fit to the data than a straight line . Ex t rac table 

P i n the Pi rinoa so i l ac coun t e d for at least 94% of the y i e ld variat ion . 

For the Kon i ni soil a similar proportion of yield variation was accounted 
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TABLE 4 . 2 : Phosphate r etention (%) and pH of sel ected samples of 

Konini and Pirinoa soils us ed f o r the po t experime nts . 

Konini soil Pirinoa soil 

Pot No 
p 

pH 
p 

pH r e tent i on 
Pot No r e t ention 

1 5.60 55 . 0 6 .45 25 .5 

8 5 . 70 53 . 5 8 6 . 60 25.0 

25 5.60 64 .5 25 6. 35 24 . 5 

32 5 . 80 57 . 5 32 6 . 50 28. 5 

33 5 . 30 58 . 0 33 6 . 25 31. 5 

34 5 . 60 52 . 5 34 6 . 00 28 .0 

35 5.35 62 . 5 35 6.25 25 . 5 

36 5.60 53 .0 36 5.70 27 . 0 

ML 3 5 . 75 56 . 5 PL 7 6. 15 29 . 5 

ML 29 5 . 65 67 . 5 PL 31 6.05 32 . 0 



PLATE 4 . 1: Rye grass growth at the third harvest on selected pots of 

Konini soil arranged in order of increasing extractable P 

level (L to R) . 
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PLATE 4 . 2: Ryegrass growth at the third harvest on selected pots of 

Pirinoa soil arranged in order of increasing extractable P 

level (L to R) . 



TABLE 4.3: Values of (i) parameter A expressed as a proportion(%) 

of the mean yield of the +P pots ; (ii) they intercept 

(A - B) expressed as a proportion (%) of maximum yield 

(parameter A); (iii) parameter c (g/µg) ; and (iv) the 

correlation coefficient (r); for exponentia l curve s fitted 

without any constraints (data from the +P pots excluded). 

Yield versus Olsen P 

Konini soil: 

Harvest 1 

Harvests 1 + 2 

Harvests 1 + 2 + 3 

Pirinoa soil : 

Harvest 1 

Harvests 1 + 2 

Harvests 1 + 2 + 3 

Yield versus water-ex tra c table P 

Konini soil: 

Harvest 1 

Harvests 1 + 2 

Harvests 1 + 2 + 3 

Pirinoa soil : 

Harvest 1 

Harvests + 2 

Harvests 1 + 2 + 3 

(i) (i i) (iii) (iv)* 

131. 7 

107.1 

98.5 

5.4 0.028 0.946 

6.0 0.039 0.944 

8.1 0.046 0.948 

99.3 17. 2 0.058 0.972 

98 .7 22 .5 0.049 0.977 

96 . 9 24 .7 0.047 0.982 

97 . 3 

89 . 3 

86 . 3 

8 . 5 0.287 0.966 

9.6 0.339 0.965 

13. 8 0 .363 0.960 

97 . 4 -0.5 0.087 0.97 2 

96 . 8 10.2 0 .07 2 0.972 

94 . 7 13.6 0.070 0.973 

* All values of the correlation coefficien t are significant at the 

0.1 % level. 
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for by water-extractable P, though Olsen P accounted for slightly 

less of the variation (Tabl e 4.3). 
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The values of parameter A for cut l closely approximated the mean 

yields of the +P pots for all curves except yield versus Olsen Pin the 

Konini soil. As the number of harvests increased parameter A decreased 

relative to the mean yields recorded for the +P pots. They inte r cept 

was gene rally low for the first harvest but increased as the number of 

harvests increased . For the Konini soil the size of the c coefficient 

also increased as the number of harvests increased but the reverse 

occurred with the Pirinoa soil (Table 4.3). 

Exponential curves were also f itted without any constraints t o 

all the available data, including the +P pots, because of the large 

discrepancy between measured maximum yield in cut 1 and that predicted 

by the curve for yield versus Olsen Pin the Konini soil (Table 4.3) . 

On the assumption that growth of t he +P pots was not limited by P, 

Olsen Pin both soils and water - extractable Pin the Pirinoa soil were 

arbitrarily set at 500 µg/g , while water-extractable Pin the Konini 

soil was set at 100 µg/g . Table 4 . 4 s hows the values of parameter A, 

parameter C and they inte rcepts for c urves f itted to both the - P and +P 

data . 

Not surprisingly, there was very good agreement between parameter A 

and the mean yie l d of the +P pots for all curves , with negligible 

change as the numbe r of harvests increased. They intercept was generally 

small for harvest 1 but increased as the number of harvests increased. 

The size of the c coeff i cient declined i n all cases as the number of 

harvests increased (Table 4.4). 

Exponential curves, constrained to pass through the origin, were 

also fitted to the data (excluding the +P pots) because not all 

curves fitted without this constraint intercepted they axis close 

to the origin (Table 4 . 3). Table 4.5 shows the values of parameter A 

and parameter C fo r the constrained curves . Almost without exception, 

constraining the curves through the origin decreased parameter A and 

increased the c coefficient . Also, the size of the c coef ficient 

increase d in all cases as the number of harvests increased (Table 4 . 5). 

Attempts to fit c urves to all the data (both -P and +P) and at 

the same time constrain the curves to pass through the origin were 

mostly unsucc ess ful and will therefore not be considered . For all 

other fi.tt e .:l curves (Tables 4 . 3 , 4 . 4 and 4 .5), "critical" extrac t able 

soil P levels at 90% of the predicted maximum yields were calculate d 
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TABLE 4.4: Values of (i) parameter A expressed as a proport i on (%) 

of the mean yield of the +P pots ; (ii) they i ntercept 

(A - B) expressed as a proportion(%) of maximum yi eld 

(parameter A); and (iii) parameter c (g/µg); for exponential 

curves fitted without any constra ints (data from the +P 

pots included). 

(i) (ii) (ii i ) 

Yield versus Olsen P 

Konini soil : 

Harvest 1 102. 1 - 2.3 0.048 

Harvests 1 + 2 100.6 3 . 5 0.046 

Harvests 1 + 2 + 3 99 .9 8.7 0. 04L1 

Pirinoa soil: 

Harvest 1 99.8 17 . 6 0 . 057 

Harvests 1 + 2 99.7 22 . 9 0.047 

Harvests 1 + 2 + 3 99 . 5 25 . 8 0 . 043 

Yield versus water- extrac table P 

Kon ini soil : 

Harvest 1 99 . 3 9 . 5 0.270 

Harvests 1 + 2 97 . 1 14.0 0.262 

Harvests 1 + 2 + 3 96 . 5 19.8 0 . 248 

Pirinoa soil : 

Harvest 1 99 . 3 3 . 1 0 .08 1 

Harvests 1 + 2 99.5 13 . 3 0.065 

Harvests 1 + 2 + 3 99.3 18 . 2 0 . 059 
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TABLE 4 . 5 : Values of (i) parameter A expressed as a proportion(%) 

of the mean yield of the +P pots; and (ii) parameter c 

(g/µg) ; for exponen tial curves cons trained through the origin 

(data from the +P pots excluded). 

Yield versus Olsen P 

Konini soil: 

Harvest 1 

Harvests 1 + 2 

Harvests 1 + 2 + J 

Pirinoa soil : 

Harvest 1 

Harvests 1 + 2 

Harvests 1 + 2 + 3 

Yield versus wate r-extrac table 

Konin i so il: 

Harvest 1 

Ha rvests + 2 

Harves ts 1 + 2 + 3 

Pirinoa soil: 

Harvest 1 

Harvests 1 + 2 

Harvests 1 + 2 + 3 

(i) (ii) 

113.5 0.040 

98.8 0.050 

91. 6 0.059 

93.J 0.081 

89 .1 0.082 

86.4 0.085 

p 

93.0 0.362 

86 . 2 0.423 

82 . 5 0.488 

97 . 5 0 .087 

93 . 1 0.087 

89.9 0.091 



and are shown in Table 4 .6. Critical levels of water-extractable 

P were consistently very much less for the Konini soil than for the 

Pirinoa soil. ihere was l ess difference between the soils in terms 

of critical Olsen P levels, which were invariably higher for the 

Konini soil than for the Pirinoa soil. 

4.4 DISCUSSION 
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In contrast to the intact core experiments , the yield data obtained 

in the pot experiments included only a small amount of unexplained 

variation as indicated by the high correlation coefficients (Table 4.3) . 

It is possible that some of the unexplained variation was caused 

by differences in P retention (Table 4.2) since, for both soils, pots 

with higher P retention tended to yield lower than predicted by the 

Olsen P curves (Table 4.3) and vice ve rsa . However, there were 

insufficient data to draw any definite conclusions about the effect 

of P retention. 

When exponential curves were fitted without any constraint to 

the data from the - P pots only , the curves tended either not to intercept 

they axis close to the origin~ not to accurately predict measured 

maximum yield. The curve f or yield versus water-extractable Pin 

the Pi r inoa soil was a notable exception (Table 4 . 3). When the +P 

data were included to improve agreement between predicted and measured 

maximum yields (Table 4.4), or when the c urves were constrained through 

the origin (Table 4.5), the magnitude of the c coeffic ient tended to 

change considerably. Since they inter cept (ie where extractable soil 

P is zero) might be expected to occ ur c l ose to the origin, the relation

ship between relative yield and extractable soil P is essentially 

described by the c coefficient. It is therefore important to ascertain 

which values of the c coefficient given in Tables 4.3, 4 . 4 and 4.5 are 

most realistic for each set of yield- extractable P data . 

Results for the Pirinoa soil will be considered first. Both the 

Olsen P and water-extractable P curves accurately predicted the 

maximum yield recorded in the first harvest (Table 4.3). Such close 

agreement was probably achieved because most of the pots were in the 

medium to high yielding range ; ie between abou t 50% and 95% of the 

mean yield of the +P pots . This strongly suggests that the mean yield 

of the +P pots was in fact an accurate estimate of the maximum yield 

a ttainable under the conditions of the experiment. 
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TABLE 4.6 : Critical val ues of extrac table soil P (µg/g) for which yield 

given by the fitted c urve equa l s 90% of the maximum yield 

(paramete r A) for (i) curves fitted without constraint t o -P 

data onl y ; (ii) curves fitted without constraint to both -P 

and +P data; (iii) curves f i tted to -P data only and constrained 

through or igin . 

Yield versus Olsen P 

Kcnini soil: 

Harvest 1 

Harvests 1 + 2 

Ha r vests 1 + 2 + 3 

Pirinoa soil : 

Harvest 1 

Harvests 1 + 2 

Harvests 1 + 2 + 3 

Yield versus water-extractable P 

Konini soil: 

Harvest 1 

Harvests 1 + 2 

Ha rvests 1 + 2 + 3 

Pirinoa soil : 

Harvest 1 

Harvests 1 + 2 

Harvests 1 + 2 + 3 

(i) 

79 . 7 

5 7. 1 

48 . 2 

36 . 7 

42 .0 

42 .8 

7 . 7 

6 . 5 

5 . 9 

26.5 

30 . 3 

30 .6 

(ii ) 

48 . 4 

49.8 

49.8 

37.2 

43.4 

46.5 

8 . 1 

8 .2 

8.4 

28. 1 

33. 0 

35.5 

(iii) 

57.9 

46 . 3 

38.8 

28.5 

28 .2 

27 . 1 

6 . 3 

5 .4 

4 . 7 

26.6 

26.3 

25.2 



The Olsen P cur ve , however, intercepted they axis at 17 . 2% of 

the maximum yield which may simply have been a reflection of the lack 

of data with which to define the lower end of the cur ve ; ie between 
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0 and 50% of the mean yield of the +P pots . Yet when the Olsen P curve 

was cons trained through the origin , agreemen t between predicted and 

measured maximum yield declined (Table 4 . 5) . It has already been 

conc luded that the maximum yield as measured was accurate . This 

implies that even if data were available to define the lower end of 

the Olsen P curve, it may still not have intercepted they axis any 

c lose r to the origin . 

As the number of harvests increased , constraining the curves for 

the Pirinoa soil through the origin further reduced agreement between 

predicted and measured maximum yi e ld and , particularly for Olsen P , 

increased the magnitude of the c coeff icient (Table 4 . 5). On the other 

hand, when the +P data were inc luded and the curves were left uncon

strained the c coefficient decreased only slight l y while agreement 

between predicted and measured maximum yield improved, particularly as 

the number of cuts inc r eased (Table 4 . 4). This suggests that the c urves 

should not be cons trained to pass through the origin but that the +P 

da ta should be inc luded . 

Support for these conclusions is prov ide d by the calculated r esults 

for critical extractable soil P l evels shown in Table 4 . 6 . The main 

effec t of including the +P data fo r the Pirinoa soil was to increase 

the difference in critical leve l between harvests l + 2 and harvests 

1 + 2 + 3. For both sets of data (ie with and without the +P pots), 

critical extractable P l evels increased as the number of harvests 

increased . This indicates, as would be expected , that the level of 

extractable soil P required to achieve a given proportion of maximum 

yield increased as the period of growth increased. When the curves 

were const r ained through the origin, on the other hand, critical levels 

were lower and tended to dec line slightly as the number of harvests 

increased (Table 4 . 6). This contrasts with results obtained by Holford 

and Mattingly (1976) in pot experiments with ryegrass. They found that 

critical levels inc r eased as the number of harvests increased , irrespective 

of whether the extraction procedure measured P intensity or quantity. 

Results for the Konini soil differed in some respects from those 

of the Pirinoa soil. Only the water-extractable P curve accurately 

predicted the mean yield of the +P pots (Tab l e 4 . 3) . The maximum yield 
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predicted by the Olsen P curve , on the other hand, was more than 30% 

higher than the mean yield of the +P pots. This indicates that at least 

one of the fitted c urves was inaccurate . Since the P applied to the +P 

pots durin~the experiment could have been inadequate to achieve 

maximum yield, it is possibl e that either or both curves was inaccura te. 

The discrepancy between the Olsen P and water-extractable P curves can 

probably be attributed to the lack of data with which to accurately 

define the upper portion of the curves . In contrast to the Pirinoa 

soil, only four pots of Konini soil yielded more than 65% of the mean 

yield of the +P pots. 

If the Olsen P curve for harvest 1 is assumed to be correct, then 

both the water-extractable P curve and the mean yield of the +P pots 

underestimated maximum attainable yield. This would imply that the P 

applied to these pots during the experiment was insufficient to achieve 

maximum yield. Of the two soils, this would be more likely to occur 

with the Konini soil because of it ' s higher P retention (Table 4.2). 

However, the critical Olsen P leve l was very high (80 µg/g) for the 

first harvest and declined markedly as the number of harvests increased 

(Table 4.6), in contrast to the results for the Pirinoa soil and also 

in marked contrast to the findings of Holford and Mattingly (1976). 

Also, it can be argued that logically the critical level must increase, 

rather than decrease , as the number of harvests increases. It is 

therefore concluded that the Olsen P curve for the Konini soil was 

anoma l ous, and the water- extractable P curve was accurate . The mean yield 

of the +P pots is therefor e considered to provide an accurate es timate of 

maximum yield for the Konini so il also. 

An increase in the c coeff icient (Table 4 . 3) and a decrease in the 

crit i cal level (Table 4.6) as the number of harvests increased occurred 

not only with Olsen P but also with water- extractable Pin the Konini 

soil. The same trend s were present when the c urves were cons trained 

to pass through the origin (Tables 4.5 and 4.6). However, when the +P 

data were inc luded these trends were compl etely reversed (Tables 4.4 and 

4.6), in line with the findings of Holford and Mattingly (1976) discussed 

earlier. 

It is therefore concluded that the curves for the Konini soil, as for 

the Pirinoa soil , should not be constrained through the origin but that 

the data fo r the +P pots should be included. Curves fitted to the data 

in this way (Table 4 . 4) a r e s hown in Figures 4 .1 and 4 . 2 for Olsen P and 
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and in Figures 4 . 3 and 4 . 4 for water-extractable P . Only the curves 

for harvest 1 and harvests 1 + 2 + 3 are shown to illustrate the effect 

of different periods of growth. 

4.5 GENERAL DlSCUSSION OF POT EXPERIMENTS AND INTACT CORE EXPERIMENTS 

The pot experiments clearly showed that a curvilinear relationship 

existed between yield of dry matter and the amoun t of soil P extracted 

by either water or sodium bicarbonate. This curvilinear relationship 

was defined much more accurately in the pot experiments than in the intact 

core experiments for two main reasons . Firstly , variation in yield 

between pots caused by factors other than extractable soil P was greatly 

reduced and, secondly, the pot trial data covered a greater range of 

relative yields . As a result the difference between soils could be more 

accurately assessed in the pot trials than in the intact core experiments . 

Against this, however, is the disadvantage that the r esults of the pot 

trials are not directly applicable to the field situation. 

The Konini soil was common to both the pot experiments and the intact 

core experiments which permits results obtained by the two techniques 

to be compared. For Olsen P (0-8 cm depth), the c coefficien t (as g 

soil/µg P) decreased from 0.13 in the intact core experiment to about 

0.05 in the pot experiment, while the co rresponding c ritical level of 

Olsen Prose from 18 to 48 µg/g . For wa ter-extractable soil P (0-8 cm) 

the c coeffici~nt decreased from 0.87 in the intact core experiment to 

0.27 in the pot experiment, resulting in an increase in the critical 

level from 2.6 to 8 µg/g. Thus there was an approximately three-fold 

difference between the t echniques in t erms of the magnitude of both 

the c coefficients and the critical levels of extractable soil P. This 

difference is a r ef l ec tion of the l ower relative yields recorded in 

the pot experiment compared with those recorded in the intact core 

experiment at the same l evels of extractable soil P. This would be 

expected since it is invariably found that responses to appl i ed Pin 

pot experiments are much greater in relative terms than those obtained 

on the same soil in the field (Sherrell and Saunders, 1974). 

The intact core experiments were essentially a compromise between 

much more demanding fi e ld trials on the one hand and much quicker, less 

variable but less applicable pot experiments on the other. Although the 

intact core technique appears not to have been investigated previously 

for soil t es t correlation purposes, it was hoped that results from such 

experiments would be more applicable to the field situation than are 
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pot experiments. The results of Grigg (1972) tend to confirm this. 

He found that an Olsen P l evel (0-7-Scn, depth) of 20 µg P/g soil best 

distinguished responsive and non-responsive pasture trials on a range 

on zonal soils in New Zealand . These trials were assessed for response 

to applied Pin spring. If it is assumed that pastures become responsive to 

applied P when yield in the absence of applied P falls below 90% of 

that obtained in the presence of applied P, then Grigg ' s (1972) "c ritical" 

Olsen P level of 20 µg/g is very similar to the critical levels of about 

18 µg/g found for both soils in the intact cor e experiments. Further, 

had Olsen P been determined for the 0-7.5 cm depth, instead of the 

0-8 cm depth, the critical levels found in the intact core experiments 

would have tended to be slightly greater . 

The results of the two glasshouse techniques appear to differ more 

when the Olsen P curves are compared than when the water- extractable 

P curves are compared. It was not possible to distinguish between the 

Konini and Kumeroa soils on the basis of the relationship between yield 

and Olsen Pin the intact c ore experiments (Figures 3.7 and 3 . 8) . In 

the pot experiments , on the other hand, a difference between the soils 

studied was plainly evident in the first harvest , the less-buffered 

Pirinoa soil yielding more than the more-buffered Konini soil at equal 

levels of Olsen P (Figure 4.1) . This may have been partly because the 

Pirinoa soil was usEd in place of the Kumeroa soil in the pot experiments , 

however. 

Barrow (1967) obtained similar results to those obtained in the pot 

experiments in a glasshouse study in which soft brome grass was grown in 

42 different surface soils and harvested on several occasions . In the 

first harvest, P uptake from so ils of equal bicarbonate-extractable P 

(Colwell ' s method) decreased with increasing buffering capacity , 

suggesting that Colwell ' s bicarbonate extraction overestimates the 

availability of Pin soils of high buffering capacity and vice versa. 

This would appear to be true of any soil P extraction method which 

measures quantity, as opposed to intensity, because the higher the 

buffering capacity the lower will be the P concentration in solution 

and hence plant uptake will be lower (Holford and Mattingly, 1976). 

Olsen ' s extraction method, which provides less of a P quantity measurement 

than Colwell's method, was found to overestimate soil P availability 

in soils of high buffering capacity t o a lesser extent than Colwell's 

method in pot trials with both clover and grass (Barrow and Shaw, 1976b) . 



79. 

Because extraction methods which measure P quantity underestimate 

the effects of buffering capacity on soil P availability, the critical 

level (for say 90% of maximum yield) is higher for soils of high buf fering 

capacity than for soils of low buffering capacity. This has been demon

strated in pot trials with ryegrass in which soil P quantity was 

measured as adsorbed P plus isotopically-exchangeable P (Holford and 

Mattingly, 1976) and also in field trials on subterranean and white 

clover pastures in which P quantity was measured by Colwell's bicarbonate 

extraction procedure (Helyar and Spencer, 1977). Likewise in the present 

pot experiments, the critical Olsen P level was higher for the more

buffered Konini soil than for the less-buffered Pirinoa soil in the 

first harvest (Table 4 . 6), suggesting that Olsen extraction also at 

least partially reflects P quantity. 

The difference in cri tical Olsen P level between the soils decreased 

from 9.2 to 3.3 µg/g as the number of c uts increased from one to three 

(Table 4.6), indicating that the effec t of the different buffering 

properties of the two soils on the cri tical level had declined. Both 

Barrow (1967) and Holford and Mattingly (1976) also found that in pot 

trials the effects of buffering capac ity became smaller with time. 

Barrow attributed this t o more rapid depletion of soil Preserves in 

soils of low buffering capa c ity as a r esult of grea ter P uptake, and 

also to more extensive r oot explora tion with time in soils of high 

buffering capacity . On this basis it would be expected that the effects 

of buffering capacity differences on yield-Olsen P relationships and on 

critical Olsen P levels would be at a minimum in undisturbed soils 

supporting permanent pasture and at a maximum shortly after plant 

establishment in pots. 

It is not surprising, therefore, that no difference in the critical 

Olsen P level was found between the Konini and Kumeroa soils in the 

intact core experiments. This does not imply that a difference would not 

have been found between soils of more contrasting P retention properties. 

In Australia, Helyar and Spencer (1977) found that the critical level of 

bicarbonate-extractable P varied by up to three-fold for pasture soils 

of widely different buffering capacities. However, since these workers 

used Colwell's method to extract soil P, the variation in critical 

level between soils of different buffering capacity was probably 

greater than it would have been for soil P extracted by Olsen' method. 
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In the present study quite different relationships between yield 

of dry matter and water- extractable P were found to exist for different 

soils, not only in the pot experiments but also in the intact core 

experiments . At equal levels of water- extrac table P, the more - buffered 

Konini soil was much higher yi elding than the l ess-buffered Kumeroa and 

Pirinoa soils (Figures 3 . 9, 3.10 , 4.3 and 4.4), suggesting that water 

extraction unde restimates the availability of Pin soils of high buffering 

capacity and vice versa. This indicates that the water extraction method 

measures predominantly P intensi ty, as opposed to quantity, since the 

higher the buff e ring capacity of soils of equal intensity, the more P 

is desorbed as intensity is lowere d by root uptake, and hence plant 

uptake and yield will be higher (Holford and Mattingly, 1976) . 

As a result of very d i ffer ent r e lationships between yield and the 

amount of soil P extracted by water, the c ritical levels of water

ex tractable P were much higher for the less-buffered soils than for the 

more-buffered Konini soil (Tables 3 . 6 and 4.6). This result is in 

general agreement with the findings of Holford and Mattingly (1976) who 

showed that for extraction methods which measure intensity, critical 

levels decrease as the buf fe r capac ities of soils increase. Consequently, 

even greater differences between soils than those found in the intact 

core experiments seem likely to exist between soil s of more contrasting 

P retention properties. 

The difference ~n critical water-extractable P level between the 

Konini and Pirinoa soils inc reased from 20 t o 27 µg/g as the number 

of harvests increased from one t o three (Table 4.6). Holford and 

Mattingly (1976) similarly s howed that with intensity measurements the 

effects of buffering capacity became greater as the period of growth, 

and hence the time since sowing, increased . Since this trend is t he 

opposite of that for Olsen P discussed earlier, it might be expected 

that the effects of buffering capacity on yield-water-extractable P 

relationships and on critical levels of water-extractable P would be 

greatest in long-term pot trials and in undisturbed soils in the field 

supporting permanent pasture. 

The effects of buffering capacity on critical levels led Holford 

and Mattingly (1976) to conclude that it is impossible to set a universal 

critical level for either quantity or intensity of soil Pin a group of 

soils, unless the buffering capac ity and time of cropping are uniform. 

While critical l evels for quantity increase, those for intensity decrease , 



as the buffer capacities of soils inc rease . However, the extent to 

which critical levels for quantity increase with increasing buffer ing 

capacity, must decline as the emphasis of soil P extraction gradually 

shifts away from quantity measurement towa rds intensity measurement . 

Conversely, the extent to which c ritical levels for intensity decrease 
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with increasing buffering capac ity , must decline as the emphasis of 

extraction shifts away from intensit y measurement towards quantity 

measurement. This sugges ts that for a soil P extraction procedure to be 

independent of soil type (ie the critical level is the same for all soils) 

it should provide a composite measure of both intensity and quantity. 

The Olsen extraction procedur e , according to Williams (1967), falls 

within this ca t ego r y . 

When the Olsen extraction method r eplaced the Truo g method in 

New Zealand in 1976, interpr e tation of the Olsen soil t es t was based on 

the division of North Island soils into low rainfall (ye llow-grey earths, 

some recent alluvial soil s , some yell ow-brown sands) and high rainfall 

(yellow-brown earths, yellow-brown pumice soils, red and brown loams) 

categories (W.M . H. Saunders, pers. comm .). However, no published 

information is available t o indica t e the ex tent to which critical Olsen 

P l evels vary between diff eren t soils within New Zealand. The prese nt 

glasshouse studies provide some information in this respect. The r esul ts 

of the intac t core experiments indica te a c ritica l Olsen P level (0- 8 c~ 

depth) of about 18 µg /g in both th e Konini and Kumeroa soils. Further 

information i s r e quired for New Zealand soils of more contrasting sorption 

properties. 

Critica l lev els o f water-extractable P, in contrast to Olsen P, 

varied between the soils studied. The results of the intact core experiments 

indicate critical water-ex trac table P l evels (0-8 cm depth) of 2.6 and 

12 . 7 µg/g for the Konini and Kumeroa soils respectively . These findings 

conflict with the suggestions of Ryden et al (1976), which appeared 

to be confirmed by LuscombE (1976) , that the water extraction method should 

be essentially independent of soil type . The glasshouse study of 

Luscombe (1976) included five soils, comprising three soil types of widely 

varying P retention. The response of ryegrass to applied P was better 

correlated with water-extractable P than with Olsen Pin the five soils . 

There is no obvious reason for the discrepancy between Luscombe ' s results 

and those of the present experiments, except perhaps that the number of 

soils included in Luscombe ' s study was insufficient to provide a reliable 

comparision of the different extraction procedures . 
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The Olsen procedure would provide a more suitable index of plant

available soil P for any simulation model intended to predict pasture 

production from soil P ex tract ion data . The relationship between yield 

and Olsen-extractable P, and hence the c coefficient, would not need 

to be determined for each different soil type. The magnitude of the c 

coefficient , at lea st for soils of low to medium P retention (20 - 60%), 

appears to be of the order of 0.13 g/µg P. This compares with values 

of 0.03 (more-buffered soils) to 0.08 (less-buffered soils) found by 

Helyar and Spencer (1977) for constrained exponential curves fitted to 

data from pasture trials in Australia . The smaller values of the c 

coefficient obtained by these workers can be attributed to the greater 

amounts of soil P extrac t ed by the Colwell method as compared with the 

Olsen method. 

In addition to the need for information on possible variation in 

the c coefficient between New Zealand soils of more contrasting soil 

properties, information is also required on the extent to which the c 

coeffic ient varies between different seasons of the year. In spring 

the P status of pastures is generally hi gher than in autumn and responses 

to applied P occur less frequently within a given range of soil test 

values (Saunders and Metson, 1971). This seasonal variation in the 

availability of soil P for pasture g rowth prompted the soil testing 

service of the Ministry of Ag ricu lture and Fisheries to have different 

soil test interpretations for spring and autumn when the Olsen procedure 

was introduced in 1976. These observations suggest that the magnitude 

of the c coefficient may vary between seasons, possibly to a greater 

extent than the variation between contrasting soils. This could only 

really be determined under field conditions although it may be possible 

to investigate variation in the c coefficien t between simulated 

seasons through the use of controlled climate facilities. 
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CHAPTER 5 

FIELD STUDIES 

5.1 INTRODUCTION 

The field studies had two main aims. Firstly to determine whether 

the level of extractable soil Pin a typical New Zealand pasture soil 

chan ged s easonal l y in the absenc e of any fer tilizer P applications t o 

the soil. The s econd ma in aim of the field studies was to measure 

increases in extractable soil Pat var i ous time intervals after the 

applica tion of fertilizer Pa t normal rates of usa ge. A secondary 

aim was t o dete rmin e whethe r c hanges in e x tractable soil P following 

the applica tion of f e rtili ze r P diff e red ac c o rding to the time of year 

when the fertilizer was applied . 

Seasonal varia tion in e xtractable soil P was studied in detail at 

one site over a full yea r . The effects of fer tilizer P applications on 

ex trac t a ble soil P l eve ls were studi e d at the same site a s above and a t a 

second site. The two e xp e rimental sites were located on soils of contras ting 

P retention properties. The soil P e x traction pro cedures used in the 

g lasshouse studies wer e also us e d in the fie ld s tudies . 

5.2 MATERIALS AND METHODS 

5 . 2 .1 Selection of soils and tria l sites. 

The trial site selec t e d for the major part o f the field studies 

was located on Tokomaru silt loam, a weakly leac hed, moderately to 

strongly g l eyed soil formed on thick loess deposits (Cowie, 1978). The 

Tokomaru soil is c harac teri zed by a fine texture d B horizon and a 

fragipan which to ge ther imp e de drainage through the profile. 

The site selected fo r the trial was on the Agronomy Research Ar ea 

(paddock 13), having previo usly been part of a University sheep farm 

prior to 1970. The area was us e d as a dairy beef unit between 1970 

and 1976, and was taken over by the Agronomy Department in January 1977 

who grazed the pastures with sheep. The paddock in which the trial 

was located was topdressed with 2 50 kg/ha of 50% potassic superphosphate 

in May 1977 and was closed fo r a hay crop later in the year . The 

hay was cut and baled in mid-January 1978. The dominant pasture spec ies 

present included r yegrass, white c love r and Poa species. 

The second trial site was located on Ra miha silt loam, a strongly 

leached soil formed on loess, solifluc tion material and slope deposits 
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(Cowie, 1978) . The Ramiha soil is free-draining because of a very 

fr iable, weakly struc tured B horizon, t ypical of soils with high amounts 

of allophane. Other chemical and ?edological informa tion r elevant to 

the soils a t bo th trial si t e s is given in Appendix 1. 

The trial located on the Ramiha soil was on a sloping site adjacent 

t o the Pahia tua Track road between Palmer s t on North and Pahi atua. The 

site had been initially cultiva t ed, sown to pasture and topdressed 

r egularly with fer til izer for man y years, a lthough receiving l ess 

fer tilizer in total than the site on the To komaru soil. The pasture sward 

incl uded a large component of low fertility spec ies such as browntop 

and l otus in add ition to some ryegrass, cocksfoo t and white clover . 

The site was previously grazed by both cat tle and sheep . 

5.2 . 2 Pr eliminary ass essment of spatial variabili t y of extractable 

soil P. 

A preliminary sampl i ng of the trial s ite on the Tokomaru soil 

was carried ou t in December 1977, some weeks after the paddock had been 

closed for a hay c r op . Three plots, each of abou t 6 m2 , wer e selected 

wi thin the trial area, one towards each end ( plo ts A and C) and the third 

(plot B) midway be tween the firs t two. A di s tance of about 20 m separated 

adjacent plots. Within eac h plo t twelve soil cores (three across x four 

along the plot) t o 4 cm depth were col l ected a t 1 m intervals . 

A further three soil cores w~r e collec t ed at poin ts about 2 m on 

e ither side of plots A, Band C and at points midway between adjacent 

plo ts; each s e t of three cores was bulked toge ther . After air-drying 

and sieving (secrion 5.2 . 4) , t he soil s amples from within plots were 

analysed fo r Olsen P a nd water-ex tractable P (sec tion 3.2.5) , while t he 

bulked samples were analysed only fo r Olsen P . 

The l eve l s of Ol sen P and water-ex t ractable P recorded a r e listed 

in Appendices 9 and 10 r espec tive l y , whic h s how the spatial distribution 

of individual plots r el a t ive to a n adjacent fencel ine , and of cores within 

each plo t, as they occ urred in the fie l d . The l owes t, highest and mean 

extr actable P levels f or eac h plot, and the overall mean and standard 

error associated with individua l cores, a r e shown in Table 5 . 1. The 

mean and standard e rror for water - extractable P were approximately half 

those for Olsen P. For individual cores within plots both Olsen P and 

water - extrac table P varied mo r e than two-fold, the va r iation being 

three-fold for Olsen Pin plo t B. 



TABLE 5 .1: Mean level s of Olsen P (µg/g) and wa t er- extractable P 

(µg/g) in 0-4 cm cores of Tokomaru soil. 

OLSEN P 

Plot A Plot B Plot C 

Lowest value 

Highest value 

Pl ot mean 

Overall mean (plots A + B + C) 

Standard erro r of overall mea n 

Lowest value 

Highest value 

Pl ot mean 

Overall mean (p] o t s A+ B + C) 

Standard error c f ove ral l mea n 

21.4 13 .1 22.7 

49 . 0 39 . 9 47 . 6 

35 . 7 26.0 36.8 

32. 8 

8. 1 

WATER-EXTRACTABLE P 

Plot A Plot B Plot C 

9 . 2 10 . 6 9.9 

24.2 23 . 4 22.6 

17.5 16 . 4 17 . 5 

17 . 1 

4 . 1 
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The spatial variability of extractable soil Pin the Ramiha soil 

was not measured since the Ramiha soil contained lower levels of 

extractable soil P t han the Tokomaru soil. Spatial variability was 

therefore expected to be less in the Ramiha soil because spatial 

variation and the overall level of extractable soil P appear to be 

directly r e lated (During and Mountier, 1967 ). 

5.2 . 3 Fertilizer treatments and trial designs. 
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For the experiment on the Tokomaru soil , five treatments cover i ng 

normal rates and times of superphosphate applicat ion were selected: 

Trea tment l: Control (nil fertilize r) 

Treatment 2: Superphosphate 250 kg/ha in autumn 

Treatment 3 : Superphosphate 500 kg/ha in autumn 

Treatment 4: Superphosphate 250 kg / ha in spring 

Treatment 5: Superphosphate 500 kg/ ha in spring 

The superphosphate used was the 0.5 to 2 . 0 mm fraction sieved from 

a bag of commercia l " Fl owmaste r Super" with a total P content (O ' Connor 

and Syers, 1975) of 8 . 0% and a water-soluble P con tent (Fertil izer 

Regulations , 1969) of 2 . 0%. The a utumn treatments (2 and 3) were 

applied on 26 . 3 . 78 and the spring treatments (4 and 5) on 29 . 8.78. 

The five trea tments were r epl i cated six times giving a total of 

30 plots whic h were arranged in a randomized complete block design. The 

results of the initial variability study indicated that a fertility 

gradient exis t ed in the direc tion at right angles to the fenceline, with 

low extrac table P levels close t o the fence and higher levels away 

from the fence (Appendix 9). Individual plots measuring 1 . 5 x 5.25 m 

were therefore al igned at right angl es to the fence in one long block 

running parallel to the fence so as t o minimise differ ences between plots. 

For the experiment l ocated on the Ramiha soil, four treatments were 

selected: 

Trea tment 1 : Control (nil fertilizer) 

Treatment 2: Superphosphate 250 kg/ha in autumn 

Treatment 3: Superphosphate 500 kg/ha in autumn 

Treatment 4: Superphosphate 1000 kg/ ha in autumn 
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The highest rate of superphosphate (treatment 4) was included because 

the treatments were expected to increase extractable soil P (especially 

water - extractable P) levels in the high P retention Ramiha soil to a 

smaller extent than in the low P retention Tokomaru soil . 

The four treatments were replicated six times in a randomized 

comple te block design. The individual plots measuring 1 m x 4 m were 

aligned to run down the slope and were arranged in three blocks of 

eight plots running across the slope . 

A fifth treatment was subsequently included in the experiment on 

the Ramiha soil when it appeared that the comparison between au tumn

applied and spring- applied treatments on the Tokomaru soil would be 

inconclusive. This extra treatment (i e superphosphate 1000 kg/ha 

in spring) was intended to provide additional information as to whether 

time of applica tion affec ts subsequent changes in extractable soil P . 

Since the six extra plots could not be included in the original trial 

design , one plot was added on to the end of the first and second blocks 

and a fourth block of four plots was located below the exis ting three 

blocks. The original control plots were retained for comparison 

with the spring-treated plots, which were sampled at only one depth. 

The autumn-treated plots were soil sampled at two depths (see section 

5 .2.4). 

The autumn and spring treatments were appl i ed to the Ramiha soil on 

3.4.78 and 5.9 . 78 respectively. Both field trials were fenced to reduce 

variability resulting from contamination of soil samples by animal 

excre ta. Pasture growth on the trial plots was trimmed off with a 

rotary mower as necessary and the clippings discarded . 

5.2 . 4 Field sampling , drying and sieving of soils. 

In view of the large spatial variabili t y of extractable soil Pin 

the Tokomaru soil, it was apparent that as many cores per plot as possible 

should be taken at each sampling in attempting to measure small changes 

in extrac t able soil P over time. A sampling intensity of 20 cores per 

plot at each sampling was selected. This number was based on cons i der ation 

of the area available per plot, the number of samplings likely to be made 

and the time likely to be involved in the collection and pr eparation of 

samples for chemical analysis. 

Each pl ot on the Tokoma ru soil was subdivided into 20 subplots 

(two across x ten a l ong the plot) to ensure good coverage dur ing soil 



sampling. Within each subplot were 30 potential core sampling sites 

(ie 600 sites per plot) evenly distributed on a 10 cm x 10 cm grid. 
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A large metal frame subdivided with appropriately spaced strings running 

across and along the plot was used to define subplot boundaries and to 

locate individual sampling sites within each subplot. In this way it 

was possible to avoid resampling sites which had previously been sampled. 

A systematic sampling procedure was used. The 30 sampling sites 

within each subplot were id entified numerically in a clockwise sequence . 

For the first sampling (8.2.78) , one core was taken at random from one 

of the 30 possible sites within each s ubplot. At each subsequent 

sampling the next co r e in sequence was taken so that over time there 

was no net shift in any direc tion of the positions from whic h samples 

were collected . 

A similar sampling procedure was used on the Ramiha soil except 

that the number of cores per sampling taken from each plot was r educed 

from 20 to 16. However, sampling intensity was greater than on the 

Tokomaru soil because of the smaller plot size on the Ramiha soil. 

Two depths of sampling were carried out on both soils. The 0-8 cm 

depth was selected as being close to the conventional depth (three inches) 

of sampling pasture soils in New Zealand fo r soil testing purposes. 

The second sampling depth was 0- 4 cm which it was thought may show up 

seasonal changes and fertilizer effects on extractable P levels more 

clearly than the deeper depth . To minimise variations in sampling 

depth as soil moisture content varied throughout the year , the method 

of sampling adopted involved taking cores to a depth of about 9 cm. 

A sharp knife was then used to cut each core precisely into 0-4 cm and 

4-8 cm sections. The double lots of 20 (or 16) cores per plot were 

bulked together according to depth. A standard 2 . 5 cm diameter tubular 

corer was used for all soil sampling in both field trials. 

If the soil cores were too moist to sieve immediately, they were 

spread out on paper in the glasshouse for a period. Each bulk sample 

was then passed through a 4 mm sieve to remove most of the plant 

material and allow thorough mixing of the whole sample. A 20 to 30 g 

subsample was taken, passed through a 2 mm sieve and air-dried. Further 

subsamples were taken from both the 0-4 cm and 4-8 cm bulk samples from 

each plot, in proportion to their respective weights, and combined to give 

a 0-8 cm subsample . This 20-30 g combined subsample was also passed 

through a 2 mm sieve and air-dried. The subsamples were then transferred 
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to labelled polythene bags and stored unsealed in cardboard cartons 

in the laboratory. 

5.2.5 Estimation of initial effects of fertilizer Pon extractable 

soil P. 

To estimate the initial (time - zero) increases in extractable P 

level as a r esult of applying superphosphate to the field plots, soil 

samples were analysed after adding finely ground fertilizer to air-dry 

soil in the laboratory . To reduce variability, it was necessary to 

grind the superphospha te to a smaller particle size than the 0.5 to 2.0 mm 

fraction applied in the field. 

When mixing superphosphate with soil in the laboratory an attempt 

was made to ac hieve the same ratio of fertilizer : soil as in the field. 

For one particular sampling of each soil t ype the whole sample from 

each plot was air-dried and weighed . The mean weights ( ± SE) of 20 

cores of Tokomaru soil were 360 ± 11.6 g a nd 807 ± 17.6 g for the 0-4 cm 

and 0-8 cm sampling dep ths respectively; the mean weights ( ± SE) of 16 

co res of Ramiha soil were 205 ± 10 . 4 g and 462 ± 16.7 g for the 0-4 cm 

and 0-8 cm sampling depths respectively. The surface area sampled was 

100 cm2 for 20 cores and 80 cm2 for 16 cores. 

Based on these measurements and the amounts of fertilizer applied 

per unit surface area in the field, the ratios of fertilizer: soil for 

the two depths of sampling on both soil types were calculated. The 

following soil-fertilizer combina tions were analysed: 

Tokomaru soil: Superphosphate equivalent to 250 and 500 kg/ha was 

Ramiha soil: 

mixed with samples of both "low" and "high" extractable 

soil P levels from both depths of sampling. Superphosphate 

equivalent to 750 kg/ha was similarly mixed with soil 

samples from the 0-8 cm sampling depth. 

Superphosphate equivalent to 500 kg/ha was mixed with 

one "average" sample from both sampling depths. Only 

one rate of superphosphate was used because the results 

obtained for the Tokomaru soil confirmed the findings 

of other workers that extractable P is increased in 

proportion to the amount of Padded ( see Results and 

Discussion). 



After thorough mixing of the fertilizer and soil, Olsen P and 

water-extractable P levels in each sample were immediately determined 

in quadruplicate. The same soil samples without superphosphate added 

were similarly analysed and the net fertilizer effect calculated by 

difference. 

5 . 2.6 Analytical procedures. 
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Olsen P, water-extractable P, P retention and pH were determined 

for samples of air-dry soil (<2 mm) by the methods described in section 

3.2.5 . The mean level of extractable Pin some "standard" soil samples 

was found to fluctuate by several µg/g when determined on a number of 

occasions during the early stages of this study. Two factors possibly 

causing some of this variation were considered to be temperature and 

pH of the extracting solution. 

Simple experiments were carried out to evaluate the effects of 

varying temperature or pH on the amount of soil P extracted by the 

Olsen bicarbonate solution from samples of Tokomaru soil . The results, 

shown in Table 5.2, indicated that the amount of Olsen P extracted was 

sensitive to both temperature and pH. The temperature of the ex tracting 

solution was recorded immediately before adding the solution to the 

sample of soil in the centrifuge tube, so was not the temperature of 

extrac tion . 
0 

The shaker temperature was set at 20 C; consequently there 

was little difference in temperature between the "high" and "low" 

temperature solutions at the end of the 30 minute extraction period. 

Colwell (1963) similarly noted that temperature was a critical 

fac tor in the Olsen extracti on and concluded that extraction in a constant 

temperature room was essential. Since it was desired t o measure accurately 

changes in extractable soil P ove r time, care was taken in the present 

study to ensure that the temperature of the extracting solution 

(bicarbonate and water) was always at 20.0 ± 0.5°c before Deing added 

to the soil samples. Standard buffer solutions were also prepared with 

which to calibrate the pH meter prior to adjusting the pH of the Olsen 

solution to 8. 5. 

A constant temperature room in which to carry out soil P extractions 

was not available . Actual air temperatures within the laboratory 

varied from less than 10°C in winter to more than 25°c in summer. It was 

therefore decided to store soil samples collected on different dates, 

then analyse them all together to further reduce variations resulting from 
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TABLE 5 . 2 : Effect of initial temperature (°C) and pH of the bicarbonate 

solution on the level of Olsen-extractable P (µg/g) . 

Initial tempe rature of 
extrac ting solution 

16. 5 

28.0 

pH of extracting solution 

8 . 1 

8.3 

8.5 

8 . 7 

8.9 

* Mea ns of triplica te determinations . 

t Means of duplica t e determinations . 

Sample A>'< Sample B* 

13 . 4 20.5 

15 . 7 24 . 9 

Sample Bt 

19.2 

20 . 4 

22.2 

25 .5 

28 . 1 
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differences in the conditions of extraction. It was considered that 

changes in the extractable P content of stored, air-dry soil samples 

were very unlikely to occur, particularly for periods of up to one year. 

5.2.7 Other measurements. 

The moisture con t ent of the Tokomaru soil was determined weekly. 

Composite samples representing the 0-4 cm depth ( 10 cores) and the 0-8 cm 

depth (6 co r es) were collected from the trial area and oven-dried over

night at 105°C. Soil moisture content was calculated as the weight 

loss upon drying expressed as a percentage of the oven-dry weight. No 

soil moisture determinations were made for the Ramiha soil . 

5.3 RESULTS 

5 . 3.l Changes in extractable P during storage of air-dry soil samples. 

When the temperature and pH of the bicarbonate extrac ting solution 

were controlled, the levels of Olsen Pin soil samples were found to be 

reasonably repeatable. As the field study prdgressed, however, it became 

apparent that the levels of water-extractable Pin stored soil samples 

were changing. This is illustrated by the levels of extractable Pin 

soil samples from the Tokomaru control plots collected in the summer 

(Table 5.3) and winter (Table 5.4) of 19 78. 

The mean level of Olsen Pin the samples collected in surruner did 

not change between April 1978 an<l February 1979 (Table 5 .3A). Higher 

levels were recorded in February 1978, reflecting the lack of control 

over extraction temperature (and possibly pH) at that time. Water

extractable P, on the other hand, was apparently less affec t ed than 

Olsen P by the higher temperatures in February 1978 but increased 

during the subsequent twelve months, the mean inc reases being 24% in 

the 0-4 cm samples and 35% in the 0-8 cm samples (Table 5.3B). 

Similar results were obtained for soil samples collected in 

June 1978 . Olsen P increased by 7% between July 1978 and February 1979 

(Table 5.4A) probably caused by differences in ambient temperature . 

Mean levels of water-extractable P, on the other hand, increased by 42% 

in the 0-4 cm samples and by 53% in the 0-8 cm samples between July 

1978 and May 1979 (Table 5 . 4B). 

Water-extractable P levels in air-dry samples of Ramiha soil also 

increased during storage in the laboratory (Table 5.5). The levels of 

water-extractable P in samples collected from the Ramiha control plots 

and first analysed in April 1978 had more than doubled by March 1979 . 



TABLE 5.3A: Levels of Olsen P (µ g/g) dete rmined on various dates in 

soil samples collec ted from the Tokomaru control plots 

on 8 February 1978. 

0-8 cm depth : 

Plot 
Dates of Analysis 

No Feb 19 781
• 22 . 4 . 78 23.2.79 

5 14. 8 13.2 14. 5 

9 17 . 5 14 . 0 15 .2 

14 24 . 5 19 . 3 19.5 

19 19.0 14 .9 15.2 

22 19 . 8 16.3 16.0 

30 20.9 1 7 . 1 1 7. 7 

Mean 19 . 42 15 .80 16.35 

0-4 cm depth : 

Plot Dates of Analysis 

No 
Feb 1978>'< 22 . 4 . 78 23 .11. 78 14. 2. 79 16.2. 79 

5 21. 2 18 . 7 20 . l 19.3 19.6 

9 22 . 7 20.0 20 . 0 20.2 20 . 7 

14 32 . 8 29 . 4 29 . 0 27 . 3 28 . 6 

19 24 . 2 20.8 20. 5 20 . 2 20.5 

22 26 . 0 22.7 22 . 7 22 .5 21. 9 

30 28 .1 25 .0 25.2 25 . 0 25.8 

Mean 25 .83 22 . 77 22.92 22 . 42 22.85 

* Means of triplicate determinations. 

93 . 
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TABLE 5.3B: Levels of water - extrac t ab l e P (µg/g) determined on various 

dates in soil samples coll ected from the Tokomaru control 

plo t s on 8 Feb ruary 1978. 

0-8 cm depth : 

Plot 
Dates of Analysis 

No 14. 2 . 78* 13.7 . 78 21.11. 78 21. 2.79 

5 7 . 9 8.8 11. 0 10.3 

9 7.4 9. 1 10.4 10.3 

14 11. 2 11. 7 13.9 13.8 

19 10 . 4 l l. 9 14. 3 13.9 

22 11. 7 13. 3 15.4 15.6 

30 9.3 12 . 2 13.5 14 .4 

Mean 9 . 65 11. 1 7 13 . 08 13 . 05 

0- 4 cm depth : 

Plot Dates of Analysis 

No 
14 .2. 78* 11. 7 . 78 19.2 . 79 

5 11. 5 14 . 0 15 . 6 

9 11. 8 13 . 0 14 . 5 

14 15 . 7 1 7. 7 20 . 0 

19 14 . 0 15 . 9 17.0 

22 15.7 18 . 2 19 . 0 

30 15.0 16.3 17.6 

Mean 13 . 95 15.85 17 . 28 

* Means of duplicate determinat i ons . 
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TABLE 5 .4A: Levels of Olsen p ( µ g/ g) detennined on various dates 

in so il sampl es collec t ed from the Tokoma ru control 

plots on 16 J une 1978 . 

0- 8 cm depth: 

Plot Dates of Analysis 

No 5.7.78 24 .1 0 . 78 23 . 2.79 

5 14 . 4 14. 6 15 . 7 

9 13.6 13 . 8 15 .0 

14 19. 6 20 . 2 21. 7 

19 1 7. l 18. 3 17.9 

22 15 . 6 16 . 4 15 . 7 

30 19.0 20 . 0 19. 9 

Mean 16.55 17 . 22 17. 65 

0- 4 cm depth: 

Plot 
Dates of Analysis 

No 5.7.78 26 .1 0. 78 23 . 11 . 78 15.2.79 

5 19.9 21.4 2 1. 7 22 . 7 

9 19.6 20 . 8 21. 1 21. 8 

14 26.8 27 . 6 28.5 26.8 

19 23.0 22 . 7 23.6 24 . 3 

22 19.9 21. 5 21.4 21. 4 

30 25 . 4 26 . 8 27 . 5 26.4 

Mean 22 . 43 23 . 47 23 . 97 23.90 



96. 

TABLE 5.4B: Levels of water- extractable r (µg/g) determined on 

various dates in soil samples col lee ted from the 

Tokomaru control plots on 16 June 1978. 

0-8 cm depth: 

Plot 
Dates of Analysis 

No 8.7.78 15.11.78 2 1. 11. 78 11.12.78 30.5 . 79 

5 7.2 9.7 10.2 10.4 11. 1 

9 5.9 7.4 8.4 7 . 0 8.4 

14 10.0 13.7 14. 0 13.3 15. 4 

19 10.2 13.3 14. 7 14 . 2 14 . 7 

22 9.5 11. 6 13.4 12 . 3 15. 3 

30 8.6 12 .0 13.0 12 . 5 13.9 

Hean 8 . 57 11. 28 12 . 28 11 . 62 13.13 

0-4 cm depth: 

Plot 
Da t es of Analysis 

No 9.7.78 30.10 . 78 17.11.78 5.12.78 11.12 . 78 19.5.79 

5 10. 7 15.8 12.9 15.3 15 . 0 18. 0 

9 9 . 5 12.6 11. 2 13.9 15 . 3 14. 1 

14 14.6 19.0 17 .3 19.0 19 . 1 19 . 7 

19 14 . 1 19.0 17.4 18 .4 17.9 18 . 9 

22 12 . 8 1 7. 9 17.0 17.3 16.6 17 . 4 

30 13 .7 17 . 9 15.4 17.9 17.9 19.3 

Mean 12. 57 17.03 15 . 20 16.97 16 .97 17.90 



TABLE 5 . 5: Levels of water-extractable P (µg/g ) determined on 

various dates in 0-4 cm s oil samples col lected from the 

Ramiha control plots on 25 April 1978. 

Plot 
Dates of Analysis 

No 30.4.78 25 . 3 .79 30 . 3 . 79 30 . 3 . 79 2 .4. 79 
(am) (pm) 

2 1. 7 3.8 3 . 2 2.8 2.7 

8 1. 4 3.4 2 . 8 2.8 2.2 

12 1. 9 4 . 1 3 . 2 3.4 2.9 

13 1.5 3 .6 3 . 2 2 . 9 2.7 

18 1. 2 3 . 2 2.6 2 . 7 2.5 

23 1. 5 3 .9 3 . 7 3.3 2 .9 

Mean 1. 53 3 . 67 3 . 12 2.98 2 . 65 

Plot 
Dates of Analys i s 

No 3.4.79 13 . 4 . 79 15. 4 . 79 19 . 5 . 79 

2 2 . 5 3 . 7 2 . 9 2.5 

8 2 . 0 3 . 4 2 . 5 2.0 

12 2 . 7 4 . 3 3 .0 2. 5 

13 2 . 6 3 . 9 2 . 9 2 . 2 

18 1. 7 3.3 2 . 3 1.9 

23 2 .5 4 . 5 3. 0 2 . 5 

Mean 2 . 33 3 . 85 2 .77 2 . 27 

97 . 
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In addition to an overall increase with time, water-extractable P 

levels were found to fluctuate over time in samples of both Tokomaru 

soil (Table 5.4B: 0-4 cm depth) and Ramiha soil (Table 5 . 5) while stored 

in the laboratory. 

While investigat ing possibl e reasons for the fluctuations in 

water-extractable P, it was found that distilled water from two different 

stills in the laboratory differed in pH. The water-extractable P contents 

of two samples of soil were therefor e determined using the two different 

sources of distilled water. The results, shown in Table 5.6, indicated 

that more soil P was ext r acted f rom both soils by the lower pH water 

than by the higher pH water. 

5.3.2 Seasonal changes in extractable soil Pin the Tokomaru soil . 

The Tokomaru control plots were sampled on 22 occasions between 

February 1978 and February 1979 and again in late March 1979 when the final 

sampling of the fertilized plots was made . Olsen P levels in the 

control plots, det e rmined at the completion of the sampling programme, 

are listed in Appendices 11A (0-8 cm depth) and llB (0-4 cm depth) . 

The variance associated with changes in Olsen P between consecutive 

sampling dates did not appear to change between seasons. Standard 

deviations were therefore calculated for pooled data from the whole year . 

Standard deviations of Olsen P changes o f individual plots between 

consecutive samplings were 1. 05 and 1.1 3 µg/g for the 0-8 cm and 0-4 cm 

depths respectively. 

Mean Olsen P levels plotted over time are shown in Figures 5.1 

(0-8 cm depth) and 5.2 (0-4 cm depth), as are weekly soil moisture 

measurements and mean weekly soil temperatures (10 cm depth). Daily 

(9 am) soil temperature measurements at Massey University, approximately 

1 km from the trial site, were used to calculate the weekly means. 

The standard errors of mean Olsen P changes between consecutive 

samplings were 0.40 and 0.46 µg/g for the 0-8 cm and 0-4 cm depths 

respectively. 

Olsen Pin both sampling depths increased to a peak in late 

April-early May and then declined in June-July when soil temperatures 

were at a minimum and soil moisture levels were rapidly increasing . 

After levelling out slightly in August-September, Olsen P again declined 

between October 1978 and February 1979. Throughout this period soil 

temperatures gradually increased and soil moisture levels, while variable, 

gradually declined. Both the absolute levels of Olsen P and the 

magnitude of the changes over time were greater in the 0-4 cm depth 



99. 

TABLE 5.6: Levels of water-extractable P (µg/g) in two soils determined 

in quadruplicate using distilled waters of pH 4.9 (low pH) 

and pH 6.1 (high pH). 

Soil Name 

Tokomaru 

(sample B) 

Pirinoa 

Low pH water 

15. 1 

16. 9 

16.6 

15.5 

Mean 16.02 

33. 1 

33 . 8 

33.4 

32. 3 

Mean 33 .15 

t:iASSEY UNIVERSITY, 
LIBRA. Y 

High pH water 

14.2 

14. 7 

14.6 

14.2 

14.42 

30 . 1 

31. 3 

31.0 

31. 9 

31.07 
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(Figure 5.2) than in the 0-8 cm depth (Figure 5. 1) 

Levels of water-extractable Pin the Tokomaru control plots, 

determined for every second sampling date at the completion of the 

sampling programme, are listed in Appendix 12. Mean levels of water

ex tractable P plotted over time are shown in Figures 5 . 1 (0- 8 cm depth) 

and 5.2 (0-4 cm de pth) . Seasonal c hanges in water- extractab le P 

appeared to follow quite closely the changes in Olsen P, even though 

the levels of water-extractable P shown a r e inflated values . 

5 .3.3 Initial (time-zero) effec ts of fertilizer Pon extractable 

soil P. 

5 .3.3.1 Tokomaru soil. 

Increases in ex tractable soil P, dete rmined after mixing appropriate 

rates of superphosphate with samples of Tokomaru soil in the laboratory 

are shown in Table 5.7. The initial level of extractable soil P had 

no consistent effect on the ma gnitude of the ferti li zer effect, although 

the range of initial extractable P levels compared was rather restric ted. 

The rate of superphosohate also had no consistent effect on the mean 

increase in extractable soil P per unit of added P. All data for the 

same extrac tion me thod and samp ling dep th were therefore ave raged t o 

give an overa ll mean increase per 250 kg/ha of superphosphate. Thi s 

f i gure was doubled t o ob tain the mean increase pe r 500 kg/ ha of 

superphosphate (Table 5 . 7) . 

Water-extrac table P was i ncreased more by superphosphate than was 

Olsen Pin soil samples fr om both depths of sampling . This was in 

contrast to the greater amounts of P extracted by the Olsen method from 

unfertilized samples of Tokomaru soil. The recovery of a greater 

proportion of added fertil izer P by w2ter extraction is presumably due 

to the greater volume of extracting solution and the much longer extraction 

time in comparison to the Olsen procedure. 

The highest proportion of P recovered (ie from the 0-8 cm samples 

by water extraction) was equivalent to 24% of the total Padded in 

superphosphate (Table 5.7). This equates very c losely with the 25% 

water - solubility of the P applied as superphosphate to the field plots 

(section 5.2.3). However, the two figures are not directly comparable; 

firstly, the superphospha te mixed with the soil in the laboratory was 

finely ground, and secondly, the wate r extraction method (for soil P) 

involved a longer ex traction time and a muc h wider fertilizer: water 



TABLE 5.7: Mean increases (± SE) in extractable P (µg/g) a ft er 

mixing finely ground superphosphate wi t h air- dry 

Tokomaru soil at rates equivalent to field application 

rates. 

Initial Superphosphate rate in field (kg/ha) 
extractable P 
level (µg/g) 250 SOO 750 

OLSEN P 0-8 cm depth: 

Low P (12 . 0) 4.9 ± 1. 2 11. 2 ± 3 . 6 10 . 9 ± 1. 3 

High P (17 . 8) 5. l ± 1.4 9.7 ± 1.6 13.6 ± 1. 3 

Overall mean increase 4 . 8 9.6 

(= 19% of total added P) 

OLSEN P 0-4 cm depth: 

Low P (18. 0) 10. 0 ± 1.0 19. l ± 2.5 

High P (23 . 5) 8.9 ± 2 . 3 18.0 ± 1. 3 

Overall mean increase 9.3 18.6 

(= 16.5% of total added P) 

WATER-EXTRACTABLE P 0- 8 cm depth: 

Low P (6.0) 6 .7 ± 2 . 3 10 . 4 ± 2.3 18.9 ± 2.6 

High P (8.9) 6 . 2 ± 1. 7 11. 1 ± 2.0 17.5 ± 2.6 

Overall mean increase 6. l 12.2 

(• 24 % of total added P) 

WATER-EXTRACTABLE P 0-4 cm depth: 

low P (7. 1) 11. 5 ± 0.5 23.9 ± 3. 1 

High P (10.3) 13.4 ± 3.5 26.4 ± 4.4 

Overall mean increase 12.5 25 . 0 

( = 22% of total added P) 

103. 



104. 

ratio than the procedure used to determine the water-soluble P content 

of the fertilizer. 

There appeared to be a slightly hi gher proportion of added 

P recovered from the 0-8 cm samples than from the 0-4 cm samples of 

Tokomaru soil (Table 5.7). For a given rate of superphosphate per 

hectare, the ratio of added fertilizer : soil was greater for 0-4 cm 

samples than for 0-8 cm samples. However, the proportion of added P 

recovered from a given sample was independent of the amount of Padded 

suggesting that the greater recovery of added P from the 0-8 cm samples 

was possibly due to some other fact or, such as a difference in soil 

properties between the two sampling depths . 

5.3.3.2 Ramiha soil. 

Initial increases in ext ractable Pin the Ramiha soil, after adding 

superphosphate at rates equivalent t o 500 kg/ha in the laboratory, are 

shown in Tabl e 5 . 8. It was ass umed that ex tra c table Pincreases, as 

in the Tokomaru soil, would occur in proportion to th e rate of added 

P. The results shown in Table 5.8 provide some evidence to support 

this assumption. When sup e rphosphate was mixed with 0-8 cm samples at 

two different rates, the proportion of added P recovered was essentially 

c ons tant. Initial increases in extractable P for the superphosphate 

rates 250 and 1000 kg/ha were therefore ca l cula ted by respectively halving 

and doubling the mean increases recorded for the 500 kg/ha rate. 

Olsen P was increased more by superphosphate than was water-ex tractable 

P, in contrast to the results obtained for th e Tokomaru soil . However 

the amounts of added P recovered by the two ex traction procedures differed 

less than the amounts of soil P extracted from unfertilized Ramiha soil. 

The Olsen method removed about nine times more P from unfertilized soil 

(Appendix 1) but recovered less than twice as much added P from fertilized 

soil (Table 5.8) in comparison to water extraction . This difference 

was again presumably due to the greater volume of solution and the 

longer time involved in the water extraction method. 

There appeared to be a higher proportion of added P recovered 

from the 0-4 cm samples than from the 0-8 cm samples (Table 5.8), again 

in contrast to the results obtained for the Tokomaru soil. The difference 

between the sampling depths was g r ea ter for water-extrac table P than for 

Olsen P. It is assumed that the difference was probably due to variation 

in soil properties between the two sampling depths and not to the different 

ratios of fertilizer: soil. 



TABLE 5.8: Mean increases ( ± SE) in extrac table P (µg/g) after 

mixing fin ely ground superphospha t e with air- dry Ramiha 

soil a t rates equivalent t o superphosphate 500 kg/ha 

in the field. 

Sampling depth Olsen P Water-extrac table p 

0-8 cm 9 . 0 ± 1.1 5. 8 ± 0.8 

% of total added P 13 8 

0-8 cm* 6.6 ± 1. 1 3.4 ± 0.6 

% of t o tal added p 13 7 

0-4 cm 23 . 8 + 2.2 18.6 ± 0.9 

% of t o t al added P 15 12 

* Same r a tio of supe rphospha t e : soil as for Tokomaru soi l (0- 8 cm) . 

105. 
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Reference to Tables 5.7 and 5.8 permits a comparison of the Ramiha 

and Tokomaru soils. Increases in Olsen P were similar in both soils 

or greater in the Ramiha soil, although a greater proportion of added P 

tended to be recovered by Olsen extraction from the Tokomaru soil. Both 

the increases in water-extractable P and the proportion of added P 

recovered by water extraction were greater for the Tokomaru soil 

than for the Ramiha soil. 

5.3.4 Effects of fertilizer P applied in the field on extractable soil P. 

5.3.4.1 Tokomaru soil. 

The levels of Olsen P (0-4 cm depth) in the autumn-fertilized 

Tokomaru plots on various sampling dates are listed in Appendix 13. 

The control and fertilizer treatment means plotted over time are shown in 

Figure 5.3. The "low P" and "high P" trea tment means differed by 

less than 2 µg/g at all times, being higher initially for the low P 

treatment, Both rates of superphosphate increased Olsen P above the 

mean level of the "control" treatment by 4 to 6 µg/g . 

Changes in the levels of water-extractable Pin the autumn-

fertilized Tokomaru plots appeared to be similar to those for Olsen P 

(Appendix 13), but are not presented because the levels of water-extractable 

P increased substantially during storage of the soil samples. 

The levels of Olsen Pin the spring-fertilized Tokomaru plots on 

various dates are list ed in Appendices 14A (0-8 cm depth) and 14B 

(0-4 cm depth). The control and fertilizer treatment means plotted over 

time are shown in Figure 5.4. Changes in Olsen P with time followed 

a similar pattern in both sampling depths . The mean increases in Olsen P 

in the fertilized plots were approximately in proportion to the rate of 

superphosphate applied. 

The levels of water-extractable Pin the cont rol and spring-fertilized 

plots on various sampling dates are listed in Appendices 15A (0-8 cm depth) 

and 15B (0-4 cm depth). The treatment means plotted over time are 

shown in Figure 5.5. The levels of water-extractable P had increased 

during storage but the changes over time followed a similar pattern to 

the changes in Olsen P. The magnitude of the increases in water-extrac

table P (ie the difference between control and fertilized plots) 

,appeared to undergo relatively little change during storage, unlike the 

absolute levels of water-extractable P. 
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Q_ 

109 . 

15 

l A 

13 

11 

9 

7 

18 
o""' 

0 

B 

1 I 

10 • 

aug. sept . oct. nov. dee . jan. feb. mar. 

FIGURE 5.5: Mean levels of water- extractable Pin 0- 8 cm (A) and 0- 4 cm 

(B) depths of Tokornaru soil fol l owi ng the application of nil 

( • ) , 250 ( D ) and 500 ( O) kg/ha of superphosphate in 

August 1978. 



llO. 

Mean increases in extractable P due to superphosphate applied in both 

autumn and spring , and the mean increases expressed as a proportion of 

the initial (time-zero) increases in extractabl e P (Table 5.7), 

are shown in Tables 5.9 ( Olsen P) and 5 .1 0 (water- extractable P). These 

"proportional increases" in extractable soil P showed some variation 

between sampling da t es but did not differ consistently between the two 

rates of superphosphate, except for the a utumn treatments (Table 5.9). 

Since the proportional increases for the high P treatment were in 

general agreement with the results for the spring- applied treatments, it 

is assumed that the proportional increases for the low P treatment were 

abnormally high. 

These apparently anomalous results imply that application of the 

autumn fertilizer treatments, o r at least the low P treatment, was 

faulty . Consequently, no valid comparison between the two different 

times of application is possible, even though proportiona l increases at 

the high rate of superphosphate appeared not to differ between the spring 

and au tumn applications. 

There were no consistent differences in the proportional increases 

in extrac table soil P between the two depths of sampling (Tables 5.9 

and 5.10). Because of the a bsenc e of any consistent differences 

between the sampling depths, the rates of superphosphate and the times 

of application , all data were plotted t oge t her as shown in Figures 5.9 

(Olsen P) and 5 .10 (water-extrac tabl e P). "Proportional decline curves" 

were fitted by eye t o the plotted data . 

5 .3. 4 . 2 Ramiha soil. 

The levels of Olsen P in the control and autumn-fer tilized Ramiha 

plots on various dates are listed in Appendices 16A (0- 8 cm depth) and 

16B (0-4 cm depth). The control and fertilizer treatment means plotted 

over time are shown in Figure 5.6. Changes in Olsen P with time 

followed a similar pattern in both sampling depths. The mean increases 

in Olsen Pin the fertilized plots were approximately in proportion to 

the rate of superphosphate applied. 

The leve ls of water- extractable P (0-4 cm depth) in the control and 

autumn- fertilized plots on var ious sampling dates are listed in 

Appendix 17. The treatment means plotted over time are shown in Figure 5.7. 

The levels of water-extrac table P had increased during storage of the 

soil samples which may account for the different patterns of change over 

time compared with changes in Olsen P (Figure 5.6). Water- extractable P 
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TABLE 5.9: Mean increases in Olsen Pin Tokomaru soil due to 

superphosphate, as µg/g soil and expressed as a 

proportion ( %) of the initial ( time-zero) increase . 

AUTUMN FERTILIZER TREATMENTS 

0- 4 cm deeth 

Days since application 0 26 52 82 133 197 

SuEer 250 kg/ha : 

Inc r ease over control 9.3 7. 10 4 . 91 4.75 5.24 3 . 68 

Proportional increase 100 76 53 51 56 40 

SuEer 500 kg/ha: 

Increase over con trol 18.6 5 .37 4 . 70 6.05 6.15 4.08 

Proportional increase 100 29 25 33 33 22 

SPRING FERTILIZER TREATMENTS 

0-8 cm deeth 

Days since application 0 24 57 99 152 214 

Sueer 250 kg/ha: 

lncrcase over cont r o l 4 . 8 1. 13 1. 60 1.40 1. 79 1.64 

Proportional inc rease 100 24 33 29 37 34 

Sueer 500 kg/ha : 

Increase over control 9.6 3 . 68 3 . 40 2 . 93 2 . 70 2 . 55 

Proportional increase 100 38 35 31 28 27 

0- 4 cm deeth 

Sueer 250 kg/ha: 

Increase o~er con trol 9. 3 2 . 66 3. 14 3 . 17 2 .87 2. 10 

Proportional increase 100 29 34 34 31 23 

Sueer 500 kg/ha: 

Increase over control 18.6 6. 13 6 . 62 5 . 69 4 . 65 4.48 

Proportional inc rease 100 33 36 31 25 24 
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TABLE 5.10: Mean incr eases in wa t er- ext r actabl e Pin Tokomaru 

soi l due to super phospha t e , as µg/g soil and expr essed 

as a proportion(%) of the initial (time-zero) incr ease . 

0- 8 cm depth 

Days since application 

Super 250 kg/ha : 

Increase over control 

Proportional increase 

Supe r 500 kg/ha : 

Increase over control 

Proportional increase 

0- 4 cm depth 

Super 250 kg/ha: 

Increase over control 

Proportional inc rease 

Super 500 kg/ha: 

Increase over cont rol 

Proportional increase 

0 

6 . 1 

100 

12 . 2 

100 

12. 5 

100 

25.0 

100 

SPRING FERTILI ZER TREATMENTS 

24 

0 . 66 

11 

3 . 18 

26 

2 . 21 

18 

5 . 25 

21 

57 

1. 37 

22 

3.57 

29 

2.60 

2 l 

5.41 

22 

99 

1. 04 

17 

2.65 

22 

2 . 04 

16 

4 . 42 

18 

152 

1. 09 

18 

2 . 77 

23 

1.89 

15 

3 . 70 

15 

214 

1. 31 

21 

2.40 

20 

1.80 

14 

3 . 85 

15 
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levels did not increase at the August and November samplings, possibly 

because the levels of water-extractable Pin soil from the earlier 

samplings had increased more during storage than had the levels in 

soil from the later samplings. 

Despite the increases in water-extractable P levels during storage 

of soil samples, the magnitude of the fertilizer effects (ie the 

difference between control and fertilized plots) appeared to undergo 

relatively little change during storage. In general, these increases 

were approximately in proportion to the rate of superphosphate applied 

(Figure 5.7). 

The levels of Olsen P and water-extractable Pin the control and 

spring-fertilized plots (0-4 cm depth) on various dates are listed in 

Appendices 18 and 19 respectively. The treatment means plotted over 

time are shown in Figure 5.8. Different patterns of change over time 

between Olsen P and water-ex tractable Pare apparent, particularly at 

the final sampling. The inc reases in water-extractable Pin late-January 

seem unlikely to have occurred during storage as the soil samples collected 

in January 1979 had been sto red for a much shorter time than those 

collected earlier. 

Mean increases in extractable P due to superphosphate applied in 

both autumn and spring, and the mean increases expressed as a proportion 

of the initial (time-zero) increases in ex tractable P (Table 5.8), are 

shown in Tables 5.11 (Olsen P) and 5.12 (water-extractable P). There 

appeared to be a tendency for proportional increases in Olsen P to 

increase as the rate of superphosphate increased. This was more 

apparent in the 0-8 cm depth but was not very consistent in the 0-4 cm 

depth (Table 5.11). In view of the variation between samplings, however, 

the different proportional increases are more likely a reflection of the 

relatively large errors associated with attempting to measure the 

small increases in Olsen Pat the lowest rate of superphosphate and in the 

0-8 cm depth of this soil. 

Proportional increases in Olsen Pin the Ramiha soil at the highest 

rate of superphosphate appeared to be smaller for the spring application 

than for the autumn application (Table 5.11). The same effect was not 

apparent in the data for water-extractable P (Table 5.12) and since the 

spring plots were not part of the original trial design, the comparison 

between spring and autumn applications is again of doubtful validity. 
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TABLE 5.11: Mean increases in Olsen Pin Ramiha soil due to 

superphosphate, as µg/g soil and expressed as a 

proportion (%) of the initial (time-zero) increase. 

0-8 cm depth 

Days since application 

Super 250 kg/ha: 

Increase over control 

Proportional increase 

Super 500 kg/ha: 

Increase over control 

Proportional increas€ 

Super 1000 kg/ha : 

Inc r ease over control 

Proportional i nc r ease 

0-4 cm depth 

Super 250 kg/ha : 

Increase over control 

Proportional increase 

Super 500 kg/ha: 

Inc r ease over control 

Proportional increase 

Super 1000 kg/ha: 

Increase over control 

Proportiona l increase 

0- 4 cm depth 

Days since application 

Super 1000 kg/ha: 

Increase over control 

Proportional increase 

0 

4 . 5 

100 

9.0 

100 

18.0 

100 

11. 9 

100 

23.8 

100 

4 7 . 6 

100 

0 

47.6 

100 

AUTUHN FERTILIZER TREATI1ENTS 

22 

3 . 35 

19 

1. 39 

12 

2 . 75 

12 

6 . 35 

13 

53 

0 . 25 

5 . 6 

1.09 

12 

3.39 

19 

o. 78 

7 

2. 70 

11 

5.92 

12 

82 

3 . 89 

22 

1. 20 

10 

2 . 50 

11 

7 . 13 

15 

131 

0.61 

14 

1. 28 

14 

4 . 16 

23 

1. 40 

12 

2 . 86 

12 

7.06 

15 

SPRING FERTILIZER TREATI1ENT 

29 

5.05 

11 

59 

5.02 

10 

92 

4.4 3 

9 

148 

4.23 

9 

117 . 

209 

0 . 25 

6 

1. 25 

14 

3.56 

20 

0 . 45 

4 

2 . 90 

12 

6 . 87 

14 
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TABLE 5.12: Mean increases in water-extractable Pin Ramiha soil 

due to superphosphate, as µg /g soil and expressed as a 

proportion (%) of the initial (time-zero) increase . 

AUTUMN FERTILIZER TREATMENTS 

0-4 cm de:eth 

Days since application 0 22 53 82 131 209 

Su:eer 250 kg/ha: 

Increase over control 9.3 0.40 C. 33 C.33 0.38 0. 32 

Proportional increase 100 4 4 4 4 3 

Su:eer 500 kg/ha: 

Increase over control 18.6 0. 78 1. 06 0.86 0.65 0.62 

Proportional increase 100 4 6 5 3 3 

Su:eer 1000 kg/ ha: 

Increase over control 37 . 2 1. 61 1. 90 1. 7 5 1. 70 1. 24 

Proportional increas e 100 4 5 5 5 3 

SPRI NG FERTILIZER TREATMENTS 

0-4 cm de:eth 

Days since applica tion 0 29 59 92 148 

Su:eer 1000 kg/ha: 

Increase over con trol 37 . 2 1. 62 1. 52 1.10 2.12 

Proportional increase 100 4 4 3 6 
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Proportional increases in extractable soil P for both autumn and 

spring applica tions were plotted toge ther as shown in Figures 5.9 (Olsen 

P) and 5.10 (water-extractable P) . Proportional decline curves were 

fitted by eye to the plot ted data. The proportional decline curves for 

the Ramiha so il a r e much lower than those for the Tokomaru soil, particularly 

for water-extractable soil P (Figure 5. 10). In absolute terms, the 

overall "average" increases in extractable soil P six months after 

t he application of 500 kg/ha of superphosphate (40 kg P/ha) were as 

shown in Table 5 .13 . 1\gain the soils differed more in terms of water

ex tractable P increases than in terms of Olsen P incr eases . 

5.4 DISCUSSION 

5.4.1 Changes in extractable so il P during sample s t orage . 

Throughout this study, analy tical difficulties which appeared to 

be of two main types were encountered with the water ex traction procedure . 

Firstly, short-term fluc tuations in extractable P content occurred when 

analyses were repeated and, secondly, the levels of water-extractable P 

in ai r-dry soil samples inc r eased during storage in the laboratory . 

Short-term fluctuations were unlike ly to be a reflection of real 

changes in extrac table P levels within the soils but probably re sulted 

instead from a change in the conditions of ex trac tion. Changes in 

temperatur e can be eliminated since t he temperature of extracting 

solutions was c losel y controlled for all analyses carried out after 

March 1978. This was reflec ted in r easonably repeatable Olsen P levels 

despite wide fluctuations in air temperature within the laboratory 

between winter and summer. 

One factor which was shown to apparently influence the amount of 

water - extrac t able P removed was the pH of the distilled water . This is 

somwhat surprising in view o f the totally unbuffered nature of distilled 

water. Consequently, it would be expected that the pH during the 

extrac tion would be controlled by the soil. It is not possible to 

de termine, however, whether the pH difference per se caused different 

amounts of soil P to be extracted or whether a difference in some other 

unmeasured property of the distilled water was responsible. 

The longer-term i ncreases in water - extractable P occurred in all 

.soil samples stored in the laboratory , irrespective of so il type. In 

samples of Tokomaru soil water-extractable P typically increased by 

3 to 5 µg/g (or 25-50%). I n samples of Ramiha soil, increases were 

typically from 1 to 2 µg/g (or about 100%). Similar large increases 
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TABLE 5.13: Overall average increases in extractable soil P (µg/g), 

six months after the application of 500 kg/ha of super

phosphate (40 kg P/ha). 

Depth of sampling 

OLSEN P: 0-8 cm 0-4 cm 

Tokomaru soil 2 .7 5.2 

Ramiha soil 1. 1 2.9 

WATER-EXTRACTABLE P : 

Tokomaru soil 2.3 4.7 

Ramiha soil 0.2 0.6 

122. 
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in water-extractable P occurred in samples of Konini and Kumeroa soils 

during storage in the labora tory (section 3.3.1). On the other hand, 

in other sampl e s of these soils, which had been stored in the glasshouse, 

water-extractable P levels ap peared not to have changed (section 3.3.2). 

This sugges ts that some facto r assoc iated with the conditions of storage 

in the laboratory caused wa t er- ex tractabl e P l evels t o increase. 

Contamination of the soil samples or of the analytical equipment can 

be ruled out as this would have been expec ted to similarly affect 

Olsen P levels. 

Changes in the mineral nitrogen content of soils have been widely 

r epo rted, indicating tha t microbiological activity continues during 

storage, even in air- dry soils (Gasse r, 1961). In contrast , relatively 

few workers have invest i ga t ed c hanges in the l eve l of extractable s oi l 

P. Bajescu et al (1958) reported that acid - extractable P levels 

f luc tuated during storage and incr eased at higher temperatures (28°C). 

Nowosielski and Sklodowski (1963) fo und that "available" P, 

determined by the Ao pe!LgiU.u,o nige!l. method, may increase by 14% during 

storage. 

More r ecen tl y , Gupta and Rorison (1974) measured short-t erm change s 

in the leve l of soil P soluble in 0 . 01 M CaCl 2 solution in samples of 

three soils during storage . Over a six week pe riod, soluble P levels in 

air-dry soil stored at 20°c , and in soil oven- dried and stored at 

40° C, increased each week except for a marked decrease in the second 

week. The decline in the seco nd week was appa r ently as a result of 

tempora ry immobili za tion of so luble sc,il P by the soil microflora. 

Increases after the second week, which were sever al time s grea t e r t han 

the level of solubl e P initially present, we re attributed to mineralization 

of both dead mic robes and eas ily mineralizable or ganic matter. 

Drying the soils at 100° c markedly increased the levels of soluble 

P which then remaine <l relatively constant when subsequently stored at 

room temperature. Soluble P levels in fresh soil stored at 5°c did not 

increase (Gupta and Rorison, 1974). 

Batten (1978) recently reported long-term increases in acid-extract

able soil P. The mean ex tractable P level of twenty soils increased by 

3-5 ppm (about 20%) when stored in paper bags at room temperature for six 

.years. Possible reasons for the increases were not discussed. 

That the changes in water-extractable Pin the present study 

cccurred in the absence of any concomitant changes in Olsen P suggests 
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that there was a change in the form of soil P. The implication is that 

part of the Olsen P f r action which was initially not water- extractable 

subsequently became water-extractable during storage. Similar conclusions 

were reached by Peverill et al (1975) with respect to changes in 

the l evel of extractable soil sulphur during storage. Oven-dried (40°C) 

soils stored at room t emperature 
0 or 3 C for up to twelve months showed 

significan t increases in sulphur ex trac table with calcium phosphate but 

not in sulphur extractable with charcoal plus calcium phosphate. The 

increases, while r educed, still occurred when toluene was applied t o 

pr even t bac terial activity, suggesting that the increases were caused 

by changes in the form of soil sulphur in addition to microbial release 

of inorganic sulphur . However , if the increases in water-extractable P 

in the presen t study r esulted from changes in the f orm of soil P, it is 

not known why this occurred for samples s tored in the laboratory but 

not for those stored in the glasshouse. 

When it became obvious that the longer-term increases in water

ex tractable Pin the pr esent study were real , most soil samples had 

been collected and stored for some period of time . Few of the samples 

had been analysed immediately after col lec tion, therefore the extent to 

which wa t er- extractable P levels had increased during storage was not 

known for the majority of samples. 

When soil sampl es collected throughout the year were analysed 

together at the end of the sampling programme, the samples had been 

stored for widely varying intervals of time. Consequently, it is 

likely that the extent t o which water- ex tractable P had increased also 

varied , being greatest for the samples stor ed longes t (eg Table 5.48) 

and least for the most r ecently co llected samples. As a r esult, 

discussion of the fi e l d trial results will be concentrated on changes 

in Olsen P, both between seasons and fol lowing the application of P 

fertilizer. 

5 . 4 . 2 Seasonal changes in extrac t able soil P. 

Seasonal changes in the levels of extractable Pin the Tokomaru 

soil can be conveniently divided into four main phases . The changes 

included an initial inc r ease to reach a peak in April - May , followed by a 

,decrease in June-July, a level ling out in August -September and then a 

more or less steady decline through to February 1979. 



An increase in extractable soil P during the "dry" season has 

previously been r eported by a number of workers, including Robertson 
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and Simpson (1954), Blakemore (1966) , Childs and Jencks (1967) and 

Saunders and Metson (1971). In the present study, mean Olsen P levels in 

the Tokomaru soil initially increased by about 2 . 5 and 4.0 µg/g in the 

0-8 cm and 0-4 cm depths respectively. Pasture growth was negl igible 

before mid- April because of drought condit ions as evidenced by the low 

soil moisture levels (Figures 5 . 1 and 5.2) Hence plant P uptake was 

likely to have been negligible during this time . This suggests that 

the late summer-autumn increases in Olsen P may have resulted from 

release of inorganic P by mineralization of organic residues, as 

postulated by Saunders and Metson (1971) . 

Such a conclusion implies that soi] moisture levels which are 

inadequate for plant growth still permit mi crobial activity in the soil , 

though presumably a t a reduc ed rate . This is consistent with the 

findings of Gasser (1961) and Gupta and Rorison (1974) discussed earlier 

(section 5.4.1) . 

In the study of Saunders and Metson ( 197 1), covering a range of 

New Zealand soils, extractable P levels tended to r each a peak in 

February rather than in April - May as occurred in the presen t study . The 

differ ent weather patterns experienced during the two studies possibly 

account for this difference. March was an abnormally we t month during 

the Saunders and Metson study whereas March a nd early April were 

exceptionally dry du ring the present study . 

Mean Olsen P levels dec lined during June- July 19 78 from the peak 

values recorded in the autumn . Similar observat i ons have been made 

by o ther workers, including Childs and Jencks (1967), Williams (1968), 

Saunders and Metson (1971) and Sharpley et al (1977). Soil temperatures 

were at their lowest during the winter while soil moisture levels were 

rapidly increasing (Figures 5.1 and 5. 2). Under these conditions 

microbial mineralization would be expected to be minimal (Dala l , 1977) . 

On the o ther hand, pasture growth in the late autumn- early winter 

period would have resulted in significant uptake of soil P which may 

have been partly responsible for the winter decline in Olsen P . It is 

also possible that the decline was initially assisted by microbial 

~nunobilization of inorganic soil P during breakdown of plant res idues 

accumulated during the previous dry season. This is particularly likely 

when the plant residues have a high carbon: P ratio (Cosgrove , 1967). 
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The magnitude of th e winter decrease in Olsen Pin the 0-4 cm 

depth (5.3 µg/g) was more than twice that in the 0-8 cm depth (2.4 µg/g). 

When the difference in soil density between the two sampling depths 

(Appendix 1) is taken into account, it is apparent that most, if not 

all, of the Olsen P decrease in the 0-8 cm depth is attributable to 

the decrease in the 0-4 cm depth. It plant P uptake was largely 

responsible for the decline in Olsen P , the decrease might be 

expected to occur predominantly in the top 4 cm since most of the soil 

P taken up by pasture plants is obtained from the P-enriched surface 

layer of soil (Jackman and Mouat, 1972). 

As a result of the more rapid rate of decline in the 0-4 cm depth, 

the mean level of Olsen P in this surface layer fell below the early 

February l evel in July 1978 (Figure 5.2). In contrast, this did not 

occur until three months later in the 0-8 cm depth . The tendency for 

extractable P to "level out" between July and September may have reflected 

low plant uptake caused by low soil temperatures and high soil moisture 

levels. 

A further decline in mean Olsen P levels commenced in early October 
0 

which coincided with soil temperatures rising above 10 C and therefore 

wi th a rapidly increasing rate of pasture grow th. This suggests that 

the decline was a reflection of rapid plant uptake of soil P, implying 

that the rate of mineralization of organic residues was insufficient 

to satisfy plant P requirements during the spring flush of growth. 

Saunders and Metson (1971) found little or no change in extractable soil 

P during the spring flush. They co ncluded that the high rates of P 

uptake at that time of year were largely met by increased release of 

inorganic Pas a result of microbial activity . 

On the other hand, differences in trial technique could also 

account for the different results. The trials carried out by Saunders 

and Metson (1971) were occasionally mown with clippings returned to 

the plots . The trials were grazed between mowings. There was therefore, 

some return of nutrients in the form of both clippings and animal 

excreta . In the present study the trial plots were mown at regular 

intervals and the clippings were discarded. This continuous drain on 

soil nutrients, including P, was probably sufficient to cause extractable 

P levels to decline when plant uptake of soil P increased rapidly in the 

spring. 
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By late March 1979 the mean levels of Olsen Pin the Tokomaru 

control plots were little more than 60% of the March 1978 levels . Also 

there was no indication of any increase in Olsen Pas occurred in the 

previous late sununer-early autumn period. The 40% decrease in mean 

Olsen P levels in only one year and the absence of any summer-autumn 

increase were probably due to a combinat ion of the relatively wet 

summer in 1979 and loss of Pin discarded clippings. The possible 

significance of discard~d clippings is obvious when it is considered 

that the removal of 10 OOO kg/ha of pasture dry matter containing 

0.30% P would be equivalent to losing more than 35 µg P/g soil in the 

0-8 cm depth, assuming that most of the P was taken up from this soil 

layer. 

The Ramiha control pl ots were sampled less frequently than the 

Tokomaru plots and over a shorter period of time ; certain seasonal changes 

in Olsen P were never-the-less apparent. Mean Olsen P levels declined in 

May-June, slightly earl i e r than in the Tokomaru soil, and again in the 

period November through to January 1979. These decreases also could 

r eflect a loss of so il P through plant uptake and its subsequent removal 

in clippings. In the August-September period, however, Olsen Pin the 

Ramiha soil increased while in the Tokomaru soil it remained relatively 

constant . These differences between the soils may be a reflection of 

differences in patte rns of pasture growth, soil microbiological activity 

and climate . 

If the loss of soil Pin discarded cl ippings significantly influenced 

changes in extractable P, as suggested, then the changes over time 

recorded in this study were not true seasonal fluctuations. However, 

there was negligible pasture growth before April 1978 and relatively 

little growth during the winter. Prior to October 1978 therefore there 

was unlikely to have been sufficient P lost to have significantly 

influenced changes in extractable soil P . Consequently, the changes in 

Olsen P recorded prior to October 1978 are considered to represent 

genuine seasonal variation. 

During the spring flush and subsequent moist summer , P lost in 

discarded clippings was more likely to have modified seasonal variation 

in extractable soil P. The recorded changes in Olsen P during this 

period may therefore have been largely a reflection of the management 

of the pasture. This problem might have been avoided by returning clippings 



128. 

to the plots though it could also be argued that the even return of P 

in c lippings is a poor approximation of the uneven r eturn of P by grazing 

animals in the form of dung . 

Alternatively the study could have been conducted under normal 

grazing conditions. This may have c r ea ted other problems such as pugging 

of the so il surface in winter leading t o sampling depth errors and also 

the possible contamination of soil samples by dung , thus increasing 

variabili t y . The selec tion of trial sites on fr ee - draining soils under 

sheep grazing would be advisable t o minimis e s uch problems in any 

f uture work undertaken to assess seasonal variation in the level of 

ex tractable s oil nutrient s . 

5.4 . 3 Changes in ext rac t able soil P due t o a pplied fertilizer P. 

The results of the f i eld s tudies are in agreement with the conclusion 

of Rennes (1978) that proport ional dec line c urves for water-extractable 

P differ between soils of cont r asting P so rption proper ties. The present 

s tudy has shown this to be a lso true of pr oportional decline curves for 

Olsen P. Thus, bo th the water- extrac t ability and Olsen-extractability 

of appli ed fertilizer P , relative to the initia l increase in extrac table 

P, decline more rapidly in so ils of high P r e t ent i on than in soils of low 

P retention. For a given soil , however, common proport i ona l dec line c urve s 

appear to apply to diffe rent depths of sampling and differen t r ates o f 

P application . The latter f inding is consistent with the conclusions of 

Ryden et al (1977) and Rennes (1978) . 

The proportiona l decline cu rves derived in the present study indica te 

a much larger initial decline i n the relative wa ter-ex tractability of 

applied P thdn was found in a recen t fi eld study by Rennes (1978). The 

reason for this is at l east partly attribu table to different methods of 

expressing results. Rennes (1978) based his proportional decline curves 

on actual l evels of extractable P, not on increa ses in extractable P 

above the control l evel. 

In the present study, fluctuations over time in the level of 

extractable Pin the control plots were of comparable magnitude to the 

increases r esulting from applied ferti l izer. It was therefore essential 

to base the proportional decline curves on increases in extrac table P 

due to fertilizer instead of on actua l levels of extrac table Pin the 

fertili zed soil . 
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The proportional decline curves of Rennes (1978) also differed from 

those of the present study in another respect. Rennes (1978) estimated 

the initial increase in water-extractable P from soil samples collected in 

the field three days after superphosphate application. A preliminary 

investigation undertaken during the present study indicated that this 

method gave extremely variable results. It was found that initial 

increases in extractable P could be determined with greater accuracy 

after mixing finely-ground superphosphate with sieved, air-dry soil in 

the laboratory. Accuracy was considered important because of the 

comparisons that were to be made between different soils, rates of 

superphosphate and depths of sampling. However, the method used in the 

present study would tend to overestimate the initial effects of the 

applied fertilizer, thus reducing the relative extractability of 

applied P when subsequently measured in the field. The initial 

extractable P increases reported here are therefore essentially 

potential maximum increases. 

The initial recovery of Padded as superphosphate to soil in the 

laboratory was greatest (up to 24 %) from the low P retention Tokomaru soil. 

Rennes (1978) similarly recovered up to 20% of the Padded to a low P 

retention Pahiatua soil. Although other workers have usually not made 

time-zero measurements, they have sometimes recovered a much greater 

proportion of the Padded to soils. Fuleky (1978) measured increase s 

in Olsen Pone week after commencing incubation which accounted for 

33-40% and up to 80% of the P applied to noncalcareous and calcareous 

soils respectively. These high recovery rates suggest that the 

superphosphate P used by Fuleky (1978) was totally water-soluble. 

Kafkafi et al (1968), for example, added Pin a water-soluble form 

(monocalcium phosphate) to six calcareous soils and recovered up to 70% 

by Olsen extraction after two days incubation. 

The difference in recovery of added P between the two soils included 

in the present study can be attributed to their contrasting P retention 

properties. Superphosphate P dissolved during the extraction would be 

partially retained by the soil, particularly by the high P retention soil. 

Consequently, less of the added P was recovered from the Ramiha soil 

than from the Tokomaru soil. Rennes (1978) similarly recovered a smaller 

proportion of the Padded to a high P retention Egmont soil than he 

recovered from a low P retention Pahiatua soil. 
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Differences be tween so ils in t er ms of the recover y of added P 

have also been attributed to o ther soil properties . Kafkafi et al (1968) 

concluded that soil texture was important, the r ecover y of added P from 

coarse textured soils being greater than from fine tex tured soils . 

Ful eky (1978) conf irmed the importance of so il texture a nd also showed 

that r ecovery of added P from calcar eous so ils, using both alkaline 

and ac idic extractants. However, the effec t of texture and pH di fferences 

on the Olsen- extra ctabili t y of added P, while i mportan t initially , 

subsequently became insignificant. 

The initia l recovery of added P by water extr action diffe red more 

between the soi l s in the present study than did recovery by Olsen 

ex trac tion . For example , the proportions of added P recovered f r om 

0- 8 cm samples of Tokomaru and Ramiha soils wer e 19% and 13% r espectively 

by Olsen extrac tion, and 24% and 8% r espect ively by water extrac tion . 

These percentage recoveries suggest that probably about 70% o f the P 

dissolved from the s upe r phosphate was subsequently sorbed by the Ramiha 

soil during extrac tion with wa ter. In contrast, probably less than 

half as much was s or be<l by the same soil during Olsen ex trac tion . 

Hydroxide and bicarbonate i o ns compete with phosphate ions for sorption 

si tes (Barrow and Shaw , 197 6b) , resulting in less sorption of dissol ved 

superphospha t e P by soils of high P retent i on dur ing Olsen extraction 

r e lative to that whi ch occurs duri ng water extract i on . 

The proportion of added P recovered from th e Tokomaru soil, both 

init i ally in the laboratory and subsequently in the field , appea r ed to 

b e independent of the amount of superphosphate added . This r esult 

is in general agr eement wiLl1 the f i ndings of o ther workers . Power et al 

(1964) f ound that the relations hip between f ertilizer Padded and the 

c hange in Olsen P after 50 days was linear. Rennes (1978) recently 

showed that wa t er- ex tractable P values i mmediate ly after mixing super

phosphate with Pahiatua soil, and for up to 18 days after commenc ing 

incubation, similarly increased in proportion t o the rate of added P 

Fuleky (1978) , on the other hand, observed tha t the relationship 

be tween added P and the change in ext r actabl e P, while linear at rates 

up to 120 ppm of add ed P , deviated from linearity in some soils with 

the addition of 1200 ppm P. This was possibly caused by secondary 

adso r ption during ex trac tion , resulting in a curvilinea r relationship 

between the amount of Padded and the amount extrac t ed , as found by 

Barrow and Shaw (1976a). However, the r e l a tionship was essentially 
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linear at rates of less than 200 ppm P, such as were used in the present 

study. This supports an earlier suggestion that the lack of a linear 

relationship between added P and increases in Olsen Pin the Ramiha 

soil was a reflection of the errors associa t ed with measuring small 

increases in Olsen Pin the field. 

In the Ramiha soil, proportional increases in Olsen Pat the 

highest rate of superphosphate appeared to be smaller following the 

spring application than following the autumn applica tion . Higher soil 

temperatures in the six months after the spring application may account 

for this apparent differ e nce since the rate at which added P is 

immobilize<l in soils is positively related t o temperature (Barrow 

and Shaw, 1975a). The Olsen- and wa ter-extractability of addedPwere 

both reduced at higher temp e ratures in an incubation study by Power 

et al (1964). 

In the present study , however, the apparent difference between 

spring and autumn applications was not apparent in terms of the water

ex tractability of added P. Since th e spring plots on the Ramiha soil 

were not part of the original trial design, the comparison between spring 

and autumn applications is of doubtful validity. Further work would 

be required to determine whether r ea l differences exist in terms of 

the rate of dec line in ex tr ac tabilit y of applied P between spring and 

autumn applications. 

It is therefore apparent that th e major factor influencing the rate 

of decline in extractability of added Pin this st udy was the difference 

between soils. Both propo rtional increases and actual increases in 

extractable Pin the field were hig he r in the Tokomaru soil than in 

the Ramiha soil. These differences were apparent in the first sampling 

of the field plots and were maintained with relatively little change 

throughout the period of measurement . Rennes (1978) observed similar 

between-soils differences for water-extractable Pin an incubation study 

comparing two contras ting soils. However, the Olsen-extractability of 

added P was much higher than that recorded in the present study . No 

obvious reason could be found to explain these conflicting results. 

It is never-the-less apparent that more superphosphate must be 

applied to soils of high P retention than to soils of low P retention to 

achieve the same increase in extractable soil P. This is particularly 

so for water-extractable P, although the levels of water-extractable P 

required for near-maximum pasture growth are also much higher in soils 
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of low P retention (Chapters 3 and 4). Further work of a long term 

nature would be required to determine whether similar differences 

between soils exist in terms of the fertilizer rate required to maintain 

extractable soil Pat a given level, once this level has been 

achieved. 

-I 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

The purpose of the study was to obtain exper imen t al data which 

could be used t o quantify the relationships within a simpl e P submodel. 

The informa t ion r equired concerned the relationship between r elative 

pas ture yield and the level of extractable soil P, and changes in 

the level of extractable soil P both over time and as a func tion 

of applied fertilizer P. A review of the literature r evealed tha t there 

was a dis tinct l ack of this information , particula rly for New Zealand 

conditions. 

The relationship between yield and extractable so il P level was 

studied using two di fferent glasshouse techniques . Changes in extractable 

soil P over t ime and as a fun ction of applied fertilizer P were investigated 

in two field trials . 

In the fir st glasshouse study , " pasture" yield on intact soil cores, 

co llected from fie l d plots of vary i ng so il P status on two soil t ypes, 

was related to the l evel of soil P extracted by ei ther sodium bicarbonate 

solution (Ol sen P) or disti]led water. Differences in the level of 

extractable soi l P accounted for 25% or less of the yield variation 

between cores in harves ts l + 2, and for 50- 75% of the yi eld variation 

between cores in harvests 3 + 4 . The improved rel a tionships in harvests 

3 + 4 we r e the result of changes in both trial technique and methods 

of calculation . 

The r elati onship between yield in ha rvests 3 + 4 and the level of 

Olsen P was very similar in t he two soils studied . In contrast, the 

r e lationship be tween yi eld and the level of wa t er- ex trac table P differed 

between the two so ils . At the same level of water - ext r ac table soil P, 

relative yi eld was higher for the higher-P retention soil (Konini) 

than for the l ower-P retention soil (Kumeroa). As a result, critical 

levels of water-extractable P (ie those required f or 90% of maximum 

yield) were four t o five times gr ea ter in the Kumeroa soil than in the 

Konini soil, in contrast t o the almost identical critical Olsen P levels 

in the two soils. 

The second glasshouse study involved conventional pot experiments. 

Ryegrass yi eld was r elated to the l eve l of Olsen P and water-extractable 

Pin samples of two soils . A high proportion (89-97%) of the yield 
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variation in all harvests was explained by differences in the level of 

extractable soil P. For the Konini soil, relative yield was lower in the 

pot experiment than in the intact core experiment at the same level of 

extractable soil P. However, the results of the intact core experiments 

were considered to be more directly applicable to the field situation 

than the pot trial results. 

The relationship betwe e n ryegrass yield and the level of Olsen P 

in the pot experiments differed between the two soils studied, although 

the difference became less as the number of harvests increased. At the 

same level of Olsen P, relative yield was slightly lower in the higher-P 

retention soil (Konini) than in the lower-P retention soil (Pirinoa). 

The relationship between ryegrass yie ld and the level of water-extractable 

Palso differed between the two soils, but the difference was of much 

grea ter magnitude than, and in the opposite direction to, that found for 

Olsen P. 

The results of both glasshouse t echniques showed that in terms of 

the relationship between r ela tive yield and extractable soil P, the Olsen 

procedure is less affected, than the water extraction procedure, by 

differences in P retention and thus is nearer to soil type independence. 

It is concluded that the Olsen ex tra c tion procedure would therefore provide 

a more suitable index of plant-available soil P from which to predict 

pasture production on different soils. The extent to which the 

relationship between r ela tive pasture yield and Olsen P varies between 

more contrasting soils than those studied, and between different seasons 

of the year, requires investigation . 

The field studies were conducted on two pasture soils of contrasting 

P retention properti es. Seasonal variations in the level of extractable 

soil P were investigated in a low P retention Tokomaru soil and changes 

in the level of extractable soil Pas a function of applied fertilizer P 

were studied in the same soil and in a high P retention Ramiha soil. 

Seasonal changes in extractable Pin the Tokomaru soil included an 

increase during the dry season to reach a peak in late autumn, followed 

by a decline in winter. These changes in extractable soil P were 

considered to reflect the net effect of opposing processes within the soil, 

particularly plant uptake of soil Pandrnicrobial release of inorganic 

P from organic residues. Extractable P levels in the Tokomaru soil also 

declined gradually during the spring and second summer which was relatively 

moist in comparison to the first summer. The spring-summer decline was 

attributed largely to plant uptake of soil P and its subsequent loss 

in discarded clippings . Changes in extractable soil P during this period 
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were therefore considered not to reflect true seasonal fluctuations. 

The magnitude of increases in extractable soil P following the 

application of superphosphate was found to differ between the two soils 

studied. The increases per unit of applied fertilizer P, in both absolute 

t e rms and relative to an initial (time-zero) increase, were greater in 

the soil of low P retention (Tokomaru) than in the soil of high P retention 

(Ramiha). Increases in water-extractable P differed between the two 

soils more than did increases in Olsen P following superphosphate 

appl ication. Hence it is conclud ed that, in this respect also, the Olsen 

procedure is nearer to bein g independent of soil type than is the 

water extraction pro cedu re. 

The magni tude of the increase in ex tractable soil P was proportional 

to the amount of fertilizer P applied. Thus , although different propor tional 

decline curves were obtained for different soils, a common proportiona l 

decline curve was found to app l y to different rates of fertilizer P 

app lication to the same soil. A common proportional decline curve was 

similarly found to apply to the two different depths of sampling. Further 

work is requir ed to determine whether this a lso applies to different 

times of fertilizer appli cation . 

The level of water-e x tractable soil P was found to increase considerably 

when soil sampl es were stored for several months in the laboratory, 

though there was no concomitant increase in Olsen P. Short-term fluctuations 

in water-ex trac table P content also occur r ed. It is concluded that short

term fluctuations reflected changes in th e conditions of extraction, such 

as pH of the distilled water. Longer-term increases, although of 

unknown cause, appa rentl y reflected real change s in the level of water

extractable P within the soil samples. 

This study has shown how the r elationship between relative "pasture" 

yield and the level of extractable soil P can be expected to vary between 

soils of different P retention. The range of soils within which this 

relationship remains essentially constant is likely to be much greater for 

Olsen P than for water-extractable P. This study has also indicated the 

approximate magnitude of inc reases in extractable soil Pin contrasting 

soils resulting from the application of superphosphate fertilizer. These 

data, although somewhat limited in scope, will enable a preliminary 

evaluation of the P submodel. 
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APPENDIX 1: Some pedological and chemical information relevant to 

the soils included in the glasshouse and field studies. 

GLASSHOUSE STUDIES 

Soil name Konini Kumeroa Pirinoa 

Soil Group * YGE- YBE YGE-YBE central 

YEE intergrade intergrade 

Topsoil texture 

Phosphate retention (%) 

Approximate ratio of Olse n P: 

water-extractable p 

pH range (winter 1978) 

Lime applied in 1973 (kg/ ha ) 

fine s andy silt loam 

loam 

55-60 35-40 

4 . 0 2 . 0 

5.5-6.0 5.5-6.0 

2500 2500 

FIELD STUDIES 

Soil type 

Soil Group i, 

Bulk density of 0-8 cm depth (g/ cc ) 

Phosphate retention( %) 

Approximate ratio of OJsen P : 

water-extractable P 

pH range (autumn 1978) 

* YGE 

YEE 

Yellow-grey earth 

Yellow-grown earth 

Tokomaru 

silt loam 

YGE 

1.01 

20- 25 

1. 5-2 

5.9-6.3 

silty clay 

loam 

25-30 

1. 2 

6 .0-6.5 

nil 

Ramiha 

silt loam 

YEE 

0. 72 

85-90 

8-10 

6.0-6.4 

149. 



APPENDIX 2 : Composition of stock solutions and amounts of each used 

to make up nutrient solutions* for use in the glasshouse 

studies . 

150. 

Elements (me/1) in the stock solution 
Grams of salt 

Stock 
Salt per 4.5 1 of 

solution p s Cl K Na Mg Ca stock solution 

KH 2P04 66 22 13.5 

+P K2HP04 56 38 14 . 7 

K2S04 20 20 7.8 

-P KHC0 3 60 27 .0 

K2S04 20 20 7 . 8 

MgCl 2 .6H 20 10 10 4 . 6 
Other 

CaC0 3 10 2 . 3 
rr.ajor 

HCl (N) 10 45 ml 
element s 

Na 2S04 22 22 7.0 

mg/4 . 5 l 

C0Cl 2 . f.H ;: O 1. 8 

CuCl 2 , 2H20 4.5 

Trace MnCl 2 ,H20 90.0 

elemen ts (NH4) 5Mo 70 24 , 4H 20 1.8 

ZnCl2 6.8 

H3B0 3 13.5 

Amount of each stock solution +P Nutrient -P Nutrient 

per 4 . 5 1 of nutrient solution solution solution 

+P 250 ml 

- P 250 ml 

Othe r major elements 25 0 ml 250 ml 

Trace elements 100 ml 100 ml 

Ferric citrate solution (58.5 mg/1) 10 ml 10 ml 

* Nutrient solutions containing nitrogen were prepared after adding 

97.2 g of NH4N03 per 4 . 5 1 of the -P and +P stock solutions. 



Intact 
Core No 

7A 

7B 

7C 

26A 

26B 

26C 

lOA 

lOB 

l OC 

18A 

l 8B 

18C 

14A 

14B 

14C 

20A 

20B 

20C 

6A 

6B 

6C 

30A 

JOB 

JOC 

LP 3A 

LP 3B 

LP 22A 

LP 22B 

LP 25A 

LP 25B 
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APPENDIX 3 : Levels of Olsen P (µ g/g) and inorganic nitrogen (µg/g ) 

in soil sampl es co llec ted f r om around the intac t cores. 

KONINI SOIL KUMEROA SOIL 

Olsen p Inorganic Olsen P 
Inorganic 

Nitrngen Nitrogen 
-

Intact 
0-8 cm* 0- 4 cm7' 0- 4 crn·i" 0-8 cm Core No 0-8 cm1' 0-4 cm'~ 0-8 cm 

7.4 9 . 5 10 . 1 25 . 1 12A 7 . 1 8.8 14.0 

7.3 9 . 4 10. 0 25 . 1 12B 5.8 8.0 10.8 

7.7 11. 2 11. 5 21. 9 12C 7 . 1 9.2 35 .5 

12 . 3 16.3 15.7 42 . 8 19A 5 . 1 6.5 8 . 2 

12.0 16 . 1 16 . 0 24 . 4 19B 7 . 1 8.3 8.7 

10 . 8 14 .4 15 . 2 25.4 19C 7 .o 11.8 10.8 

9.8 15.4 15.5 106.l 6A 9.5 11. 9 11.1 

9 . 9 13.9 13.6 26.2 6B 8 . 3 11.9 11.1 

11. 8 15.6 15.6 21. 7 6C 8.5 10.8 1 7 . 1 

9 . 7 13.2 12.7 28.9 27A 7 . 9 9.4 14.2 

9.9 13.9 14 . 2 3 7. 1 27B 8.8 10 .1 11. 0 

9.8 13.0 12. 7 28.9 27C 7.9 12 . 7 12.1 

13 . 6 18.5 40 . 6 SA 11. 2 16 . 4 10 . 8 

13.8 18 . 7 29. 1 8B 12.6 17 .4 9 . 2 

11. 5 16.7 39 . 3 8C 12.9 15.5 10. 5 

20.5 25.7 25.8 22.8 32A 16.4 20 . 0 12 .7 

12. 1 16 .0 15 . 4 25. l 32B 21. 9 23 . 1 12 .4 

13.8 18 .1 18 . 6 23.5 32C 15 .4 20 . 7 11. 7 

14 . 8 21. 9 20 . 9 13A 16 . 2 18. 3 9 . 2 

16.9 24 .0 24 . 4 13B 16. 4 20 .0 9. 2 

19. 4 26.5 28 .0 13C 14 . 0 18.8 9.8 

14 . 0 19. 2 18 . 9 30 .0 17A 14.8 20 . 5 10.8 

19.9 26. 1 27.9 27 . 6 17B 18.0 20.0 16.5 

14.8 20.7 21. 1 26 . 2 17C 11 . 1 13.3 10.1 

31. 9 50.5 49.2 31. 6 

31.5 45.8 46.4 28 .9 * Analysed June 1978 

28 .8 43.1 43 . 5 33 . 9 t Analysed June 1979 

28 . 9 48. 3 26.0 

23 . 8 38.5 27 . 9 

29 . 2 49.0 31. 6 



APPENDIX 4 : Yields of dry matter (g/core) in the first and second 

harvests from the intact cores . 

KONINI SOIL KUMEROA SOIL 

Previous Dry Matter Yield Dry Matter Yield 

Fertilizer 
Treatment Core No Cut 1 Cut 2 Core No Cut 1 Cut 2 Cut 1 + 

7A 0.85 l. 78 12A 0 . 91 1. 32 1. 4 7 

7B l. 30 1.60 12B 0.91 1. 4 7 1. 80 

Nil P 7C 1. 43 l. 73 12C 1.66 1. 63 1. 37 

26A 1. 48 l. 52 19A 0 .55 0 . 96 1.07 

26B 1. 38 1. 79 19B 1.05 1. 56 2 .14 

26C 1. 16 1. 74 19C o. 77 1. 17 1. 36 

lOA 2.52 2.20 6A 0.60 0.98 0.98 

10B 0.86 1. 20 6B 1. 10 1.40 1.90 

Low P lOC 0 . 97 l. 14 6C 1.02 l. 33 1.43 

18A 1. 20 l. 38 27A 0.99 l. 40 1. 62 

18B l. 36 l. 55 27B 0 . 81 l. 42 1. 64 

18C o. 76 l. 27 27C 0.91 1. 32 1. 58 

14A 0 . 92 1. 36 8A 0 . 94 1. 14 l.SG 

l4B 1. 4 7 l. 79 8B 1. 10 1. 31 l. 91 

Medium P 14C 1. 14 1.52 SC 0.85 l. 18 1. 46 

20A 0. 73 1. 31 32A 1. 30 1. 87 2.48 

20B 1. 23 l. 70 32B l. 31 1. 79 2.43 

20C 1. 15 l. 62 32C 1. 17 1. 86 2.40 

6A 1. 38 l. SS 13A 0.60 1.02 1.12 

6£. 1.62 1. 86 l3B 0 . 82 1.05 1. 37 

High P 6C 1. 72 2 . 04 13C 0 . 72 1. 36 1.55 

30A 1. 76 1. 61 17A 1. 16 1.69 2 . 27 

30B 1. 29 2.00 17B 1. 35 1.65 2.11 

30C 1. 12 1.44 17C 0.98 1.49 1.92 

LP 3A 1. 76 2.57 

LP 3B 1.30 1. 63 

Lime x P LP 22A 1.10 1. 79 

LP 22B 1.40 1. 78 

LP 25A 1. 25 1.53 

LP 25B 1.85 2 .27 

152. 

2* 
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APPENDIX 4: continued . . . 

KONINI SOIL KUMEROA SOIL 
---- ------ --·- -

Previous Dry Matter Yield Dry Matter Yield 
Fertilizer 
Treatment Core No Cut 1 Cut 2 Core No Cut 1 Cut 2 Cut 1 + 2* 

6D 1. 26 1.87 4A 1. 74 2.80 

High P + 6E 1. 92 2 . 39 4B 0.99 1. 38 

Padded 6F 1. 55 1.69 4C 0.92 1.04 

during the 30D 0.98 1.83 28A 1. 77 2 . 22 

experiment JOE 1. 52 1. 68 28B 1. 20 1. 78 

30F 1. 33 1. 73 28C 1.03 1. 28 

* Combined yields adjusted for effec t of soil inorganic nitrogen. 
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APPENDIX 5 : Levels of Olsen P (µg/g) and water- extractabl e P (µg/g) 

within the intact cores at t he completion of the experiments . 

KONINI SOIL KUMEROA SOIL 

Ols en P 
Water- Olsen P Water-

extractable p extractable P 
-· -- -~ -

Cor e No 0- 8 cm 0-4 cm 0- 8 cm 0-4 cm Core No 0- 8 cm 0-4 cm 0-8 cm 0-4 cm 

7A 8.2 9 . 7 1. 5 2 . 3 12A 8 .1 9 . 3 4 . 9 7 . 5 

7B 7.4 8.6 1. 5 1. 8 12B 7 . 0 8 . 2 5 . 0 6 . 7 

7C 9 . 0 11. 1 2.4 2 .9 12C 8 .5 9 .4 6 . 8 9.5 

26A 7 . 6 11. 3 1. 0 2 . 3 19A 6. 5 7 .4 4.4 5 . 6 

26B 11.1 13 . 8 1. 7 3 . 0 19B 8 . 1 9 . 0 5 . 2 6 . 9 

26C 10.8 12 . 5 1. 5 2.3 19C 8.8 9 . 4 4.9 6 . 2 

10A 11. 0 12 . 6 1. 2 2 . 0 6A 8 . 9 9.5 6.7 7 . 9 

10B 10. 4 13.5 2.0 3. 4 6B 8 . 3 9 . 3 5 . 9 7 . 7 

lOC 10 . 6 13.9 1.8 3.4 6C 7 . 9 9 . 5 7.2 8. 1 

18A 10 . 2 12.4 1. 7 2.5 27A 8 . 6 9 . 5 6.5 8 . 4 

18B 11. 7 15. 1 1. 5 2.3 27B 9 . 4 10 . 1 5 .8 7 . 7 

18C 9 . 9 12.3 l. l 1.7 27C 8 . 7 9 . 4 4. 7 6 . 0 

14A 13.7 18 .0 2.0 3 .0 BA 10 .4 13 .0 4.6 7.4 

14B 13 . 9 17 . 6 2 . 4 3 . 4 BB 10 . 1 11. 5 6.2 7. 7 

14C 11. 7 15 . 4 2 . 0 3.2 BC 11. 1 13.0 5.3 7 . 2 

20A 15.2 20.7 3. 1 4.6 32A 16.7 19. 3 9 . 1 11. 4 

20B 11. 3 13. 7 1.8 2 . 5 32B 20 .1 23.7 8.0 10 . 6 

20C 15 . 1 17.6 2.6 3 . 3 32C 15 . 6 16.5 7.5 9.7 

6A 14 . 4 18.2 2 .4 3 . 7 13A 16. 1 16 . 7 8.6 10 .5 

6B 16.0 18 . 8 3.9 6 .0 13B 14.9 15.8 7. 1 9.9 

6C 18.2 21. 7 3 . 4 5 . 5 13C 12. 1 13.3 7. 9 9.6 

JOA 12. 7 16 .1 2.2 3.4 17A 12 . 4 17. 1 10.7 15 . 2 

30B 22.0 26 .7 4.7 7.2 l7B 18.6 19.8 11.8 13.7 

30C 13.2 18 . 1 2.6 5.2 17C 10.7 12.9 8 .6 11. 5 

LP 3A 30 .4 37.5 5.8 9.7 4A 28 . 8 36.8 13. 6 21. l 

LP 3B 33 . 3 47 .o 9.8 17.3 4B 29 . 3 33.7 14 . 7 20 . 4 

LP 22A 26 . 7 39 . 3 6 . 0 11. 6 4C 17. 4 18 .6 8 .1 11. 0 

LP 22B 27 .0 41. 7 6 . 0 10. 2 28A 20.5 28 . l 11. 2 17.5 

LP 25A 18. 8 30.7 3 . 7 7 . 2 28B 24 . 9 31. 3 13 .4 18 . 5 

LP 25B 25.0 37.0 5 . 0 9 . 6 28C 21. 8 25.8 10. 6 15 .0 
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APPENDIX 5: continued ... 

KONINI SOIL KUMEROA SOIL 

Olsen P 
Water- Olsen P 

Water-
extractable p extractable p 

Core No 0-8 cm 0-4 cm 0-8 cm 0-4 cm Core No 0-8 cm 0-4 cm 0-8 cm 0-4 cm 

6D 32.3 44.2 8.0 13.3 

6E 25.5 32.0 6.0 8.8 

6F 24.4 31.9 6.2 11. 7 

30D 26.7 34 .3 7.7 15.2 

30E 25.2 33 .8 6 .0 10.7 

30F 18.0 24 .5 4 . 1 7.9 



APPENDIX 6: Yields of dry matter (g/core) in the third and fourth 

harvests, and the proportion of yi eld in the fourth 

harvest due to ryegrass and other grasses . 

KONINI SOIL KUMEROA SOIL 

OM Yield (g/core) DM Yield (g/core) 

Core No Cut 3 Cut 4 % % Other Core No Cut 3 Cut 4 
% 

Ryegrass Gra sses Ryegrass 

7A 1.80 2.66 12 86 12A 2.51 2.65 43 

7B 1. 93 2.49 6 92 12B 2.26 2.87 26 

7C 2 .23 3.40 11 88 12C 2 . 45 2 . 74 32 

26A 1. 73 3.22 4 94 19A 1. 94 2 . 54 24 

26B 1.80 2. 81 15 82 19B 2.23 2 . 97 31 

26C 1. 62 2. 72 13 84 19C 2. 32 3 . 06 36 

10A 1. 64 2.41 11 88 6A 2.23 3 .10 52 

lOB 1.53 2.42 4 95 6B 2.33 3 .23 53 

lOC 1. 70 2 .46 4 93 6C 2.23 3.05 5 

18A 1.50 2. 19 10 85 27A 2 . 39 2 . 65 22 

18B 1. 93 3.08 10 87 27B 2.24 2.86 22 

18C 1.40 2.43 10 88 27C 2. 18 2 . 50 15 

14A 1. 81 2.86 11 88 8A 2 . 56 3.48 44 

14B 1. 78 3.46 15 82 8B 2.27 3 .36 31 

14C 1.82 3.31 23 72 8C 2 .13 2 .86 15 

20A 1. 75 3.38 17 82 32A 3 .07 4 . 05 39 

20B 1.90 3 . 04 19 80 32B 3 . 01 4.22 34 

20C 1. 70 3 .16 8 91 32C 3.08 3 .50 20 

6A 1. 88 3.3 1 27 69 13A 1. 94 3.39 36 

6B 2.37 3.95 17 83 13B 2.17 3 . 08 35 

6C 2.13 3.78 51 46 13C 2.52 3.52 51 

JOA 1. 77 3 . 18 30 66 17A 2.79 3.67 35 

30B 1. 90 3 .00 15 81 17B 3.22 4.53 45 

30C 1. 65 2 . 70 17 83 17C 2.87 3 . 68 28 

LP 3A 2 . 61 3 . 92 13 86 4A 3.94 4.59 23 

LP 3B 2 . 37 3.85 22 76 4B 2 . 43 4 . 07 23 

LP 22A 2 . 02 3 . 11 4 95 4C 2 .45 3 . 77 49 

LP 22B 2.40 3.91 21 78 28A 3.57 5 . 17 37 

LP 25A 2 . 24 3 . 57 17 78 28B 3.24 4 . 50 24 

LP 25B 2 .47 4 . 24 11 89 28C 3 . 14 4 . 12 14 
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% Other 
Grasses 

49 

71 

64 

61 

59 

57 

42 

42 

82 

74 

72 

77 

51 

66 

81 

59 

64 

78 

53 

62 

39 

60 

55 

69 

71 

73 

so 
61 

64 

74 



157. 

APPENDIX 6: continued ... 

KONINI SOIL KUMEROA SOIL 

DM Yield (g/core) DM Yield (g/core) 

Core No Cut 3 Cut 4 
% % Other Core No Cut 3 Cut 4 % % Other 

Ryegrass Grasses Ryegrass Grasses 

6D 2.73 4.21 39 60 

6E 2 .46 3.74 37 60 

6F 2.59 3.78 32 65 

30D 2 .16 3 04 44 51 

30E 1. 97 3.61 31 65 

30F 2. 15 3.74 46 51 
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APPENDIX 7: Levels of Olsen P (µ g/g) and water-extractable P (µg/ g) 

in sampl es of Konini and Pirinoa soils (0-8 cm depth) used 

in the pot experiments. 

KONIN I SOIL PIRINOA SOIL 

Pot No* Olsen p Wa t e r- Ol sen p Water-
ex trac t a bl e p extractable p 

1 12 . 6 2 . 2 22 . 6 20.8 

2 10.1 1.5 40.2 35.5 

3 16 . 8 2 . 9 30 .1 25.5 

4 8.0 1. 4 28 .3 22 . 1 

5 11. 0 1. 9 29 .5 25 .5 

6 15. 1 2 . 8 2 7 . l 26 . 2 

7 6 . 9 1.5 23 .9 21. 6 

8 11. l 2 . 4 15 . l 13.0 

9 11. 1 l . 4 15.0 15.3 

10 11. 2 1. 5 13 . 2 13.0 

11 13 . 1 1. 7 10. 2 9 . 7 

12 10. 7 1. 4 17 . 0 14. 1 

13 21. 8 3 . 3 8 . 9 8 . 1 

14 11. 3 I. 6 16 . 8 13. 1 

15 15 . 4 2 . 3 8 . 6 7.9 

16 8 . 2 1.0 21. 7 14.9 

17 14 . 0 1. 6 18 . 5 14. 9 

18 11. 7 1. 2 8 .9 9.4 

19 20. 6 2 . 7 10.7 9.7 

20 14 . 0 1. 8 21. 7 16.7 

21 19.6 2 . 8 11. 7 10.3 

22 8.9 1. 2 12. 7 10.4 

23 11. 1 1. 2 11. 7 9.5 

24 9.2 1. 1 1 7. 1 12.5 

25 12.7 1. 6 29 .9 23.9 

26 11. 9 1. 4 30 .1 25.3 

27 15.8 1.8 23.7 19.2 

28 10.5 1. 1 24. 3 18.4 

29 14. 0 1. 9 13.9 11. 5 

30 17.0 2.7 19.8 15.6 



APPENDIX 7: continued ... 

KONINI SOIL PIRINOA SOIL 

Pot No* Olsen p Water- Pot No 1< Olsen p Water-
extractable p extrac table p 

31 12.1 1. 7 31 18.5 13.5 

32 17.5 3 .0 32 16.0 12.8 

33 9.2 1.0 33 23 .7 19. 1 

34 6 .0 1.0 34 14. 5 13.0 

35 7.9 0.8 35 8.8 9.8 

36 8 . 6 1. 7 36 4.6 5.7 

ML 3 42 . 3 11. 7 PL 7 16.4 14. 0 

ML 4 11. 8 2 . 3 PL 8 56 .8 43.7 

ML 15 36.1 8.5 PL 12 23.3 17.2 

ML 16 10.1 2.0 PL 15 53.0 36.9 

ML 17 36.3 9.5 PL 22 43.3 27.3 

ML 19 12.7 2 . 1 PL 24 13.6 10.2 

ML 28 4 7 .4 10.7 PL 27 15.0 9.7 

ML 29 13.6 1. 5 PL 31 39.5 27.3 

* Pot numbers correspond wi th field plo t numbers except for pots 

33 to 36. 
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APPENDIX 8A: Yi elds of dry matter (g/po t) i n three har ves t s of 

ryeg rass grown i n Konini soil. 

Dr y Matter Yield Dry Matter Yield 

Pot No Cut 1 Cut 2 Cut 3 Po t No Cu t 1 Cut 2 Cu t 3 

1 1. 62 2 . 29 2 . 59 33 0 . 77 1. 22 1.44 

2 1. 38 1. 94 2 . 29 34 1.04 1. 54 1. 75 

3 2 .03 2 . 97 3 . 07 35 0.63 1. 20 1. 53 

4 1.11 1. 83 2 . 09 36 1. 46 1. 86 2 . 04 

5 1. 43 2.20 2.53 ML 3 3 .13 3 . 80 3 . 85 

6 1. 73 2.66 2 .95 ML 4 1. 24 1. 90 2 . 24 

7 I. 25 I. 77 2.06 ML 15 2 . 80 3 . 92 3.8 1 

8 1. 52 2 . 32 2 . 41 ML 16 1. 38 1.96 2 .1 9 

9 1. 27 l. 74 I. 97 ML 17 2 . 86 3 . 71 3 . 67 

10 1. 19 1. 76 2 .43 ML 19 1.36 2.08 2.32 

11 1.50 2.25 2 . 58 ML 28 3.02 3. 70 3 . 99 

12 l. 37 l. 99 2. 19 ~IL 29 1. 31 1.96 2 . 29 

13 2 .06 3.32 3 . 32 ML 3+P 3. 34 4.63 4 . 80 

14 l. 25 2. 16 2 . 54 ML 15 + P 3.30 4 . 59 4 . 76 

15 l. 73 2.54 2.80 ML 17 + P 3. 15 4 . 73 4.69 

16 1.05 1. 77 1.83 t!L 28 + P 3.07 4.39 4.80 

17 1. 18 l. 91 2.40 Mean of 

18 1. 19 l. 71 2 . 27 + P pots 3 . 22 4 . 58 4 . 76 

19 1. 85 2 . 70 2.85 

20 1. 63 2 . 11 2.65 

21 2 . 06 2 . 67 2 . 93 

22 1. 06 1. 59 1. 92 

23 l. 3 7 2 . 06 2 . 13 

24 0 . 92 1. 59 1. 85 

25 1.08 l. 65 2 . 14 

26 1. 29 l. 86 2. 15 

27 1. 63 2.52 2 . 86 

28 1.16 l. 72 2 . 67 

29 1. 67 2 . 34 2. 70 

30 1. 85 2 . 73 3. 10 

31 1. 30 2 . 14 2. 34 

32 1. 84 2 . 60 2.98 
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APPENDIX 8B : Yields of dry matter (g/pot) in three harvests of 

ryegrass grown in Pirinoa soil . 

Dry Ma tter Yield Dry Matter Yi eld 

Pot No Cut 1 Cut 2 Cut 3 Pot No Cut 1 Cut 2 Cut 3 

1 3 . 22 3 . 77 3.69 33 3 . 12 3 . 16 3 . 80 

2 3 . 83 4 . 00 4.73 34 2 . 61 2 . 57 3 . 18 

3 3 . 52 3 . 66 4 . 32 35 2 . 22 2 . 57 2 . 77 

4 3.44 3.56 4. 11 36 1. 77 2.08 1. 94 

5 3 . 57 3 . 83 3 . 87 PL 7 2 . 81 3.00 3 . 39 

6 3.66 4 . 16 3.98 PL 8 3 . 78 4.35 4 . 79 

7 3.30 3.78 3 . 79 PL 12 3 . 30 3 . 54 3 . 84 

8 2 . 84 2.99 3 . 49 PL 15 J . 97 4 . 49 4 . 86 

9 2 . 99 2 . 73 3 . 11 PL 22 3 . 80 4.23 4. 73 

10 2 . 36 2 . 77 3.32 PL 24 2 . 31 2 . 72 2 . 98 

11 2.12 2 . 45 2 .62 PL 27 2 . 64 2.73 3 . 09 

12 2 . 97 2 . 96 3 . 69 PL 31 3.56 4 . 16 4.23 

13 1. 93 2.35 2.59 PL 8+P 4 . 07 4 . 86 5 . 44 

14 2 . 86 3.23 3.63 PL 15 + P 4 . 12 4 . 84 5 . 59 

15 1. 92 2. 13 2.74 PL 22 + P 4 . 23 4 . 67 5.26 

16 3 .18 3.44 3 . 99 PL 31 + P 4.07 5. 17 5. 41 

17 3.03 3.20 3.54 Mean of 

18 2 . 18 2.32 2 . 80 +P pots 4. 12 4 . 88 5 . 42 

19 2 . 29 2 . 72 2.63 

20 3 . 03 3 . 45 3.34 

21 2 . 25 2 . 80 3 . 04 

22 2 . 23 2 . 72 3 . 25 

23 2 . 14 2 . 63 2 . 62 

24 2 . 93 3 . 04 3 . 82 

25 3 . 45 3.90 3 . 94 

26 3 . 67 3.91 4 . 13 

27 3 . 28 3.63 3 . 73 

28 3 . 18 3 .47 3 . 67 

29 2 .36 2.60 3.00 

30 2 . 87 3 . 16 3 . 26 

31 2 . 82 2.97 3.39 

32 2.75 2.68 3 . 41 
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APPENDIX 9: Levels of Olsen P (µg/g ) in individual cores of Tokomaru soil , 

according to their spatial distr ibution i n the field 

(no t to s cale) . 

--------------------------------------------------------

Plot C 36 . 0 39 . 8 '34 . 8 

27.4 44.0 47 . 6 

24.4 15.1 

42. l1 46 . 7 30. 1 ,t,, 

37.0 3 3 . l 22.7 

' 

24 . 9 

,P 

Plot B 20 . 8 
I 

2 2. 1 21. 7 

16.4 33.9 2 8 . 7 

32.0 15.0 

13 . 1 39 . 9 22 .6 

21. 2 39 . 8 31. 2 

23 . 4 
fence 

Plo t A 3L1 . 5 39.4 26 . 8 

31. 0 44 . 8 35.7 

33.8 18 .6 
45.7 31. 0 21. 4 

49.0 34. 6 34 . 4 gate 

gate 

SHANNON PALMF.RSTON NORTH HIGHWAY 
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APPENDIX 10: Levels of water- extractable P (µg/g) in individual cores 

of Tokomaru soil , according to their spatial distribution 

in the field (not to scale). 

---------------------------------------------------------
- -----

I 
Plo t C 13 . 3 l 7. 7 18. 9 ! 

I 

I 
I 

9.9 19 . 7 22.6 

22.6 20.4 15. 3 

18 . 0 l 7 . 1 14 . 7 

--··--·--··-- - "r., 

Plot B 13. 7 13.5 12.9 
fenc e 

15 . '3 21. 9 19 . 2 

10 .6 23.4 13 . 8 

14.0 20.2 18.6 

..----- -------
Plot A 15 . 4 20.2 15.1 

13 . 7 23 . 5 19. 0 · 

21. 5 14.6 9.2 

I 24. 2 17. 1 
I '-- ---------· 

16.8 
gate 

gate 

SHANNON PAT.MERSTOM NORTH HIGHWAY 



164. 

APPENDIX l lA: Levels of Olsen P (µg/ g) in the Tokomaru control 

pl ots (0- 8 cm depth) on various sampling dates. 

Plot Dates of Sampling 

No 8 . 2.78 22.2.78 15 . 3 .78 5.4 . 78 26.4 . 78 17.5.78 31.5 . 78 16.6.78 

5 13 . 5 13 . 2 15.4 14 . 0 15.8 16 .3 15.7 14 . 9 

9 14 . 3 14. 3 15.l 15.8 16 . 1 16.8 15.7 14.2 

14 19 . 0 18.9 20.4 21.3 21. 1 21. 7 21. 2 20 . 6 

19 15 .1 16 . 0 16.1 18.7 19 . 6 21.0 18 . 3 18 . 1 

22 16.2 14 . 9 16 . 5 17 . 1 17 . 4 15. 1 17.4 16.2 

30 17.5 17. 1 19 . 0 18.5 20.4 20 . 2 22 . 0 20.0 

Mean 15.93 15.73 17 . 08 17 . 57 18. 40 18 . 52 18 . 38 17.33 

8.7.78 24.7.78 6 . 8 .78 23.8 . 78 9.9 . 78 22.9.78 9.10. 78 25 .10. 78 

5 13 . 3 15 . 0 14 . 2 14 . 6 15.0 14 .4 13 . 3 14 . 8 

9 14.9 14 . 0 16.4 14.9 14. 8 13. 8 13. 5 13. 1 

14 20.5 19 .3 19 . 2 20.5 20.0 21. 7 20 . 6 20 .4 

19 1 7 . 1 16 . 1 16.2 15.0 15.0 15. 2 14 . 2 14 .9 

22 16 . 0 15 . 0 14.6 14. 2 14 . 8 14. 3 14 . 2 13. 7 

30 18.9 17.5 19. 4 20.4 18.8 21. 8 19.4 19.0 

Mean 16 . 78 16 . 15 16 . 6 7 16.60 16.40 16.87 15.87 15.98 

10.11. 78 1.1 2 . 78 20.12.78 5. 1. 79 23 . 1. 79 8 . 2 . 79 26.3.79 

5 13. 8 13.5 12. 7 12.3 11. 7 11. 1 9 . 3 

9 13 . 1 13. 5 13.3 12.4 12.4 11. 1 10 . 0 

14 17 . 3 16.1 16.0 16.5 15.8 13 . 5 13. 5 

19 14 .0 13.7 13.8 12 . 6 12.6 10. 6 9 . 3 

22 12 .7 11. 9 12.5 11. 9 11. 4 10.1 9 . 2 

30 16 .1 16.5 17. 7 14.6 13.7 12.9 13 . 7 

Mean 14.50 14. 20 14.33 13.38 12.93 11.55 10.83 
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APPENDIX llB : Leve ls of Olsen P (µg/g ) in the Tokomaru control plots 

(0-4 cm depth) on various s ampling dates. 

Plot Dates of Sampling 

No 8.2.78 22 . 2 . 78 15 .3 . 78 5 . 4 . 78 26 .4 .78 17. 5 .78 31. 5.78 16.6 . 78 

5 19.0 20 . 3 22 . 9 20 . 4 24 . 3 24. 3 23 . 2 21. 9 

9 20.2 21. 2 21. 5 22.5 24 . 3 23.8 23 . 7 21. 3 

14 28.8 28 . 4 28 .6 '29. 7 29 .6 30 . 0 30.2 27 .4 

19 20 . 5 22 . 4 22 .0 25 . 5 27. 0 26.9 26 . 9 24 . 3 

22 22. 1 22 . 1 22. 1 25.0 25 . 1 22.5 23 .7 21. 3 

30 25.2 25 .7 26 . 7 27.5 29.5 30 .1 29 . 2 26 . 5 

Mean 22.63 23.35 23 .97 25 . 10 26 .63 26 . 27 26.15 23 .78 

8 . 7 . 78 24 . 7.78 6 .8.78 23.8 . 78 9 . 9.78 22 .9.78 9.10 . 78 25 .10. 78 

5 19.8 20 .4 19 .6 19.8 18 . 9 18 . 9 17.9 18 .2 

9 21. 2 20 . 7 22 .4 20 . 7 19.5 19 . 5 18.5 17. 5 

14 25 .5 23 . 8 23 .8 ~5 . 0 '24 .8 25 . 5 25 . 4 24 . 6 

19 21. 2 20 . 7 19 . 8 18 . 8 17·. 5 18 . 6 17 . 3 17.7 

22 20.8 18.9 19. l 17.5 18. 5 18. 1 17 . 0 16.8 

30 25 .9 23 .3 24 . 8 25 .6 24 .0 27.3 24 . 3· 23.0 

Mean 22 .40 21. 30 21. 58 21. 23 20 . 53 21. 32 20.07 19 .63 

10.11. 78 1.12. 78 20 .1 2.78 5. L. 79 23. 1 .7 9 8.2.79 26.3.79 

5 16. 4 15 . 6 16 .4 15.5 14 . 0 13. 7 12 . 6 

9 16 . 7 17 . 0 16 . 5 15 .9 15. 7 14 . 3 14 . 6 

14 20.6 20 . 1 19.4 20.4 19.8 17 . 3 17.0 

19 16 . 5 15 .6 17 .6 15 .0 16 . 1 13.6 12.5 

22 15 . 8 15 .1 15.7 13.9 14.3 12.6 12 . 4 

30 20 . 0 20.0 20.7 18 . 6 16 .9 16.3 17.6 

Mean 17. 67 17.23 17. 72 16 .55 16 .13 14.63 14.45 
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APPENDIX 12: Levels of water- ex tractable P in the Tokomaru control plots 

on various sampling dates. 

Dates of Sampling 

Plot 
No 0-8 cm depth 0-4 cm depth 

8.2 . 78 15 .3. 78 26 .4.78 31.5.73 8 . 2 . 78 15.3.78 26.4 . 78 31.5 . 78 

5 10.2 11. 3 11. 0 11. 3 15.6 15 . 5 16.6 17.0 

9 10.2 9 . 0 10.0 8.7 14. 5 13.0 15.8 15.8 

14 13. 7 13 .2 14 .2 14 .8 20.0 18 . 0 20.5 20 .4 

19 13.8 13.2 15. 7 1 7. 1 17 .0 15 . 9 20.8 23. 1 

22 15. 5 13.7 14.2 15. I 19.0 16.l 19 . 2 .. 20 . 5 

30 14 . 3 11. 7 13.6 15.2 17 . 6 19.6 20 .6 21. 1 

Mean 12 . 95 12 .02 13 . 12 13. 70 17 . 28 16 . 35 18 . 92 19. 65 

8 . 7 . 78 6 .8 . 78 9.9 . 78 9.10.78 8 . 7.78 6.8. 78 9 . 9 . 78 9.10 . 78 

5 9.6 8 . 6 9.7 9 . 3 14 . 9 14 . 5 14.2 12. 2 

9 8.8 9.0 8 . 5 8.2 14 . 4 14 . 1 11. 9 13 . 1 

14 14 .0 13 . 0 I 2 . 7 14. 2 17 .8 16.4 16.6 18.2 

19 13.3 12.8 Ll.8 l2 . 2 18 . 1 15 . 7 15.0 15 .0 

22 13 . 0 12. 6 12. 7 l 2 . 7 16.8 15 . 9 15.6 16.0 

30 12 . 7 11. 7 11. 3 11. 5 18. 7 16 .4 14.6 15.4 

Mean 11 . 90 11. 28 11. 4 5 1l. 35 16 . 78 15. 50 14.65 14 . 98 

10.11.78 20.12.78 23.1.79 26 . 3 . 79 10 .11. 78 20.12.78 23 . 1. 79 26.3 . 79 

5 9.0 9 .1 6.8 6 .0 10 .7 10. 5 8 .4 8.4 

9 7.5 7 . 4 6 . 2 5.8 10 . 1 9.6 8.3 8 .1 

14 12.5 10.0 10.3 8.6 14. 3 12.4 13 . 2 11. 5 

19 12 . 0 11. 7 9 . 7 8. l 13.0 13.9 12.0 10.7 

22 10. 9 11.0 9.3 7.5 12.8 12 .4 10.7 9.1 

30 9.9 10 . 1 7. 6 7 . 6 12 .9 13.2 9 . 7 10 . 6 

Mean 10. 30 9.88 8.32 7 . 27 12.30 12.00 10.38 9.73 
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APPENDIX 13: Levels of Olsen P (µg/g) in the au t umn-fertilized 

Tokomaru plots (0-4 cm depth) on various sampling 

dates . 

Plot Dates of Sampling 

No 15.3 . 78 21.4 . 78 17 . 5.78 16 . 6 . 78 6 . 8 . 78 9. 10 .78 

Superphosphate 250 kg/ha : 

4 21. 2 30 . 0 25 . 5 22 . 7 23 .1 17. 1 

10 27.9 34 . 0 27.5 26.7 25 .1 21. 7 

13 25 . 7 31. 2 30 . 0 26 . 4 25 . 6 24 . 5 

17 25 . 4 37 . 7 35 . 6 35 . 4 31. 9 28 . 7 

25 25 . 7 35 . 7 35.0 30.8 27 . 6 26 . 2 

27 25 . 4 33 . 8 33.5 29 . 2 27.6 24 . 3 

Mean 25.22 33 . 73 31.18 28 . 53 26 . 82 23 . 75 

Superphosphate 500 kg/ha: 

1 26 . 9 34.5 27 . 3 32.9 30.6 27.0 

8 22 . 6 32 . 1 33 . 8 25.8 26 . 7 21. 9 

12 24 . 0 32 . 7 27.4 30.4 26 . 4 23 . 9 

20 21. 1 30.6 30.5 29 . 3 25 . 7 23 . 3 

21 25 . 1 28 . 7 29 . 8 28.0 28 . 2 24 . 0 

28 23 . 5 33 . 4 37.0 32 . 6 28.8 24 . 8 

Mean 23 . 87 32.00 30 . 97 29.83 27.73 24 .15 
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APPENDIX 14A: Levels of Olsen P (µg/ g ) in the spring-fertilized 

Tokomaru plots (0- 8 cm depth) on various sampling 

dates. 

Plot Dates of Sampling 

No 23 . 8 . 78 22 . 9.78 25 .1 0.78 1.12.78 23 .1.79 26 . 3 . 79 

Superphosphate 250 kg/ ha : 

2 14 . 5 16 . 1 LS.6 13.2 13.0 10. 2 

6 15.7 16. 1 15 . 8 14. 3 13.3 12 . 0 

11 15.5 17 . 9 18 . 6 17 . 3 16 .0 13 . 5 

16 19.5 2 1. 4 21. 2 20 . 5 18 . 3 15.7 

24 15.0 1 7 . 9 16.8 12 . 9 12 . 9 11.1 

29 17. 7 18. 6 17 . 5 15.4 14 . 8 12.3 

Hean 16.32 18.00 17. 58 15.60 14 . 72 12.47 

Superphosphate 500 kg/ha: 

3 14. 2 18.2 16 .5 14 . 3 12 . 8 10.6 

7 15.0 18.2 17 . 6 16 . 0 14. 7 11. 4 

15 19.2 22 . 7 21. 9 19 . 6 17.6 16.2 

18 18 . 7 21. 9 20.6 18.8 1 7. 6 15.7 

23 14.5 18 . 6 16 . 8 15.2 13 . 8 11. 8 

26 18 . 9 23 . 7 22 . 9 18.9 17 . 3 14. 6 

Mean 16.75 20 . 55 19 . 38 17 . 13 15.63 13. 38 
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APPENDIX 14B: Levels of Olsen P (µg / g) in the spring~fertilized 

Tokomaru plots (0-4 cm dep th) on various sampling 

da t es . 

Plot Dates of Sampling 

No 23 .8. 78 22 . 9 . 78 25 .1 0 . 78 1.12 . 78 23.1.79 26.3.79 

Superphosphate 250 kg/ha: 

2 19. 2 21. 3 21. 0 17.6 16.6 13. 6 

6 21. 1 23.0 20.7 19. 2 17.4 15.5 

11 21. 0 23 . 5 24 .9 22.6 20.9 19.5 

16 24 .9 26 .7 26 . 0 24 .9 23 .3 20.0 

24 19. 4 24 . 2 20 . 8 1 7. 5 16.3 14. 3 

29 22 . 5 25 . 2 23 . 2 20.6 19.5 16. 4 

Mean 21 . 35 23 . 98 22 . 77 20.40 19.00 16.55 

Superphosphate 500 kg/ha: 

3 18.7 23 . 7 2 3 . l 19 . 8 18 .0 15. 6 

7 19.5 26 . 8 27 .0 21. 7 20.0 17.5 

15 24 . 0 28 . 9 27 . 7 24 .8 22 .9 21. 1 

18 22 .3 28 . 7 26 .7 24 . 3 22 .4 22.0 

23 19. 2 25 . 2 23.0 2 1. 2 18 .7 16. 1 

26 24. 5 31. 4 30 .0 25 . 7 22 .7 21. 3 

Mean 21. 3 7 27 . 45 26 . 25 22.92 20.78 18.93 
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APPENDIX 15A: Levels of water-extractable P (µg/ g) in the control 

and spring-fertilized Tokomaru plots (0-8 cm depth) 

on various sampling dates. 

Plot Dates of Sampling 

No 23.8.78 22 .9. 78 25 .10.78 1.12.78 23 .1.79 26.3.79 

Nil Superphosphate: 

5 10.3 9.2 8.2 8.0 6 .9 6.0 

9 9.9 8.3 6 .7 7.5 6.0 5.8 

14 13.3 14. 6 13 . 4 10.4 10.3 8.6 

19 11. 7 12.9 11. 2 10.1 9.6 8 .1 

22 11. 3 11. 5 11. 1 10.3 9.4 7.5 

30 12. 1 12.9 11.1 9.4 7.8 7.6 

Hean 11. 43 11 . 5 7 10.28 9.28 8.33 7.27 

Superphosphate 250 kg/ha: 

2 11. 3 11. 9 11.8 10.2 8.9 8. 1 

6 10.6 10 . 6 10. l 8.9 8.7 8.0 

11 8.9 9.2 9.6 9. 1 8.4 7. 7 

16 14. 1 14.5 14 . 1 12. 1 11. 3 10. 1 

24 12. 1 14.9 12.9 10.3 9.7 9.2 

29 12.0 12.3 11. 4 11. 3 9.5 8.4 

Mean 11.50 12.23 11. 65 10.32 9.42 8.58 

Superphosphate 500 kg/ha: 

3 11. 5 12.2 11. 7 10.4 8.3 8.0 

7 10.6 13.4 11. 9 10.6 9.9 7.9 

15 12.7 15.7 14.9 11. 7 11. 3 10.1 

18 13.5 15.5 14.6 12.5 12.3 11.4 

23 11. 7 14.8 12.8 11. 8 10.9 9.5 

26 13.9 16.9 17.2 14.6 13.9 11.1 

Mean 12.32 14.75 13.85 11. 93 11.10 9.67 
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APPENDIX 15B: Leve l s of water - extrac t ab l e P (µg/g) in the con trol 

a nd spring-fertilized Tokoma r u plots (0- 4 cm depth) 

on various sampling dates . 

Plot Dates o( Sampling 

No 23 .8 . 78 22 . 9 . 78 25 .10. 78 1.12 . 78 23. 1. 79 26 . 3 . 79 

Nil Superphosphate : 

5 14. 0 12 . 2 10.9 9.4 8 . 4 8 . 4 

9 12 . 7 12 . 6 9 . 3 9 . 5 8 . 3 8. 1 

14 17 . 7 17.2 16. 5 12.8 13 . 2 11. 5 

19 14 . 3 13. 7 I 2 . 9 11 . 7 12.0 10 . 7 

22 13. 1 13 . 3 13. J 11. 8 10.7 9 . 1 

30 16 . 0 16.3 13. 7 11. 6 9 . 7 10.6 

Mean 14 . 63 14 . 22 12 . 77 11. 13 10.38 9 . 73 

Superphosphate 250 kg/ha: 

2 14 . 7 15. 7 14 . 4 12.9 10 . 9 10. 8 

6 13 . 9 15 . 6 13.0 11. 9 11. 5 10.9 

11 13.2 13 . 5 13.8 12 . 5 12 . 1 11. 9 

16 18. 2 18. 9 19.7 15.7 14. 3 13 . 5 

24 14. 5 18. 0 16.2 12 . 8 12 . 5 11. 2 

29 15. 1 16.9 I 5. l 13 . 2 12 . 3 10. 9 

Hean 14. 93 16 . 43 15.37 13. 17 12.27 11. 53 

Superphosphate 500 kg/ha: 

3 14 . 1 1 7 . 2 15 . 5 13.6 12 . 2 11. 8 

7 13. 2 19 . 2 16 . 3 14 . 5 12 . 3 11. 7 

15 17. 5 19. 6 19 . 1 16 . 0 15 . 4 14. 8 

18 15 . 8 21.1 18.6 16. 0 15.4 15 . 0 

23 14. 7 18 . 4 l 7 . 7 15.0 13 . 6 12.8 

26 16. 5 21. 3 21. 9 18 .2 15.6 15.4 

Mean 15 . 30 19. 47 18 . 18 15.55 14 .08 13 .58 
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APPENDIX 16A: Levels of Olsen P (µg/g) in the control and autumn-

fertilized Ramiha plots (0-8 cm depth) on various 

sampling dates. 

Plot Dates of Sampling 

No 23.3.78 25.4.78 26.5.78 28.6.78 16.8.78 3.11.78 

Nil Superphosphate: 

2 9.4 10.6 9.5 9.5 9.3 11. 0 

8 8.0 9.0 9.0 7. 7 8.2 9.0 

12 11. 8 11. 3 10.5 9.5 10.8 11. 6 

13 9.6 10.2 9.2 9.0 10.0 10.6 

18 7.6 8.5 7.9 7.4 8 .1 8.9 

23 9.3 10. 1 10.5 9.3 10. 1 11. 1 

Mean 9.28 9.95 9 . 4 3 8. 73 9.42 10.37 

Superphosphate 250 kg / ha: 

1 9.5 10 . l 10.7 11. 0 

6 8.6 9.3 10.6 10.6 

9 10.2 10.7 9.5 11.8 

14 10.2 9.6 10.4 11. l 

19 7.9 8 , 5 9.0 9.2 

24 9.0 9.9 10.0 10.0 

Mean 9.23 9.68 10.03 10.62 

Superphosphate 500 kg/ha: 

4 9.4 9.9 10 .6 11. 3 

7 8.0 9.6 9.6 9.4 

10 11. 7 12.0 11. 9 13.7 

16 9.3 10.5 11.0 12.4 

17 8.0 10.0 10.5 11. 2 

21 9.3 l l. 1 10.6 11. 7 

Mean 9.28 10.52 10.70 11.62 



173. 

APPENDIX 16A: continued . . . 

Plo t Dates of Sampling 

No 23.3.78 25 . 4 . 78 26.5 .78 28.6 .78 16.8.78 3.11.78 

Superphosphate 1000 kg/ha: 

3 8.8 11. 6 11. 1 12.0 11. 7 14.0 

5 7.9 13.0 12.9 11.5 13.3 12.5 

11 10.4 14. 9 14. 9 13. 5 14.8 16.8 

15 8.5 12.5 11. 9 10.6 14.9 13.5 

20 9.2 14. 9 13.0 13.8 13. 1 13.1 

22 9.0 12.9 13. 1 14. 3 13.7 13.7 
·-- -- -

Mean 8.97 13. 30 12.82 12.62 13. 58 13. 93 



174. 

APPENDIX 16B : Levels of Ol sen P (µg/g) in the control and a utumn-

f e rtilized Ramiha plots (0-4 cm depth) on various 

sampling da t es . 

Plo t Da t es o f Sampling 

No 23 . 3 . 78 25 .4 . 78 26 . 5.78 28 . 6.78 16 . 8.78 3 .11. 78 

Nil Superphosphate : 

2 12 . 6 15 . 2 13 . 1 12 . 5 12.5 13. 8 

8 10 . 4 12.4 11. 4 11. 2 11. 1 12.0 

12 13 . 9 15 . 5 13 . 7 12 . 7 13.6 14 .6 

13 12.4 14.6 13 . 1 12 . 1 13.2 13.2 

18 9 . 9 11. 4 10 . 0 9 . 2 10.7 11. 5 

23 13.6 13 . 9 13 . 9 12 . 3 14. 3 14.9 

Mean 12. 13 13 . 83 12.53 11 . 67 12 . 57 13 .33 

Superphospha t e 250 kg/ha : 

1 13 . 7 16 . 2 15 . 9 14.0 16.8 14 . 8 

6 11. 1 15.2 12 . 8 11. 9 14 . 3 13 . 6 

9 14 . 5 16 . 4 14.8 l4 .4 14. 0 16 . 0 

14 11. 8 15 . 8 12 . 8 12.6 14. 2 14 . 6 

19 10 . 4 13.4 11. 1 11. 8 11. 4 12. 1 

24 11. 7 14 . 3 12. 5 12 . 5 13. 1 13. 7 
·----

Mean 12.20 15 . 22 13. 3 1 12 . 87 13.97 13. 78 

Superphos pha t e SOO kg/ ha: 

4 11. 7 15. 5 13.7 11. 9 14 .9 14 . 4 

7 11. 5 14. 8 13 . 7 13 .0 15 . 1 12 .9 

10 16 . 8 19 . 3 17 .0 17.5 19.0 20. 4 

16 12.4 15. 9 16.8 15 .6 15 . 4 17. 3 

17 11. 0 1 7 . l 14 . 2 12 . 6 13 .9 16.2 

21 11. 8 16 . 9 16 . 0 14.4 14 .3 16. 2 

Mean 12.53 16 . 58 15 .23 14 . 17 15. 43 16 . 23 



175. 

APPENDIX 16B: continued ... 

Plot Dates of Sampling 

No 23.3.78 25.4.78 26.5.78 28.6.78 16.8.78 3.11.78 

Superphosphate 1000 kg/ha: 

3 11. 7 17.2 15.5 16. 1 16.4 18.3 

5 10.8 21. 3 19. 7 17. 3 17.4 19:.4 

11 13.2 23.7 22 . 3 21.4 23.2 23.1 

15 11. 3 17.5 17.2 18.6 19.3 19.3 

20 12.6 21. 2 17.7 20.4 21.0 20.4 

22 11. 9 20 . 2 18.3 19.0 20.5 20.7 

Mean 11. 92 20 . 18 18.45 18.80 19.63 20.20 



176 . 

APPENDIX 17 : Levels of water-extractable P (µg/g ) in the cont rol 

and autumn-fertilized Ramiha plots (0- 4 cm depth ) on 

various sampling dates . 

Plot Dates of Samp ling 

No 23 . 3 . 78 25 . 4 . 78 26 .5 . 78 28.6.78 16 . 8 . 78 3 . 11. 78 

Nil Superphosphat e : 

2 3 . 1 3.2 2 . 4 2.8 2 . 5 2 . 5 

8 2 . 2 2.7 2 .0 2 . 3 1. 9 2 . 0 

12 3.3 3 . 4 2. 7 2 . 5 2 . 5 2 . 3 

13 3 . 4 3 . 0 2 . 6 2.5 2 . 3 2 . 0 

18 2. 3 2 . 5 2 . 2 2.2 2.0 1. 7 

23 2 . 7 3 . 3 2.9 2 . 5 2 . 9 2 . 3 

Mean 2 . 83 3.02 2 . 47 2 . 47 2.35 2.13 

Supe rphosphat e 250 k g/ha : 

1 3 . 0 3.8 3 . 7. 3 . 0 2 . 7 2 . 3 

6 2.6 3 . 0 2.9 2.7 3.0 2 . 3 

9 3.4 2.9 2 . 8 2 . 7 2.5 2.4 

14 2 . 9 4. 1 3 . 0 2 . 8 3.4 3. 1 

19 2.6 3.4 2 . 4 2 .8 2.4 2.0 

24 2 . 7 3 . 3 2.5 2 . 8 2 . 4 2.6 

Mean 2 . 87 3 .42 2.80 2 . 80 2 . 73 2 . 45 

Superphosphate 500 kg/ha : 

4 2 . 9 3 . 5 3.0 3 .0 2.7 2.8 

7 2 . 3 3 . 6 3. 7 3 . 1 2 . 7 2 . 0 

10 3 . 5 4 . 3 3.8 3 . 7 3.8 3.3 

16 2 . 8 3 . 4 3.8 3.6 3.2 3.7 

17 2 . 9 3 . 7 3 . 2 3.1 3 . 0 2.3 

21 2 . 7 4.3 3 . 7 3.5 3.9 2 . 4 

Mean 2 . 85 3.80 3 . 53 3.33 3 . 38 2.75 



177. 

APPENDIX 17: continued ... 

Plot Dates of Sampling 

No 
23 . 3.78 25 . 4.78 26 .5.78 28 . 6 . 78 16.8.78 3.11.78 

Superphosphate 1000 kg/ ha: 

3 2 . 7 5 . 0 3 .5 4 .0 3 . 4 2.8 

5 2.3 4 .9 6 . 5 4.3 3 . 9 3.5 

11 3.0 4 . 6 5 . 0 4 . 4 4 . 3 4.0 

15 2 . 7 4.0 3 . 7 4.2 3.8 3.9 

20 3. 1 5 . 0 3 . 6 4 . 4 4 . 4 2 . 8 

22 2 . 6 4.3 3 . 9 4 . 0 4 .5 3.2 

Mean 2.73 4 . 63 4.37 4.22 4.05 3 . 37 



APPENDIX 18: Levels of Olsen P (µg/g) in the contro l and spring

fertilized Ramiha plots (0-4 cm de pth) on various 

sampling dates. 

Plo t 

No 5.9.78 

Nil Superphosphate : 

4.10.78 

2 15.8 15 . 5 

8 12 . 5 13.2 

12 

13 

18 

23 

Mean 

14 . 8 

14 . 0 

11 . 4 

14. 2 

13.78 

15 .8 

14. 0 

11. 8 

14 .9 

14 . 20 

Superphosphatc 1000 kg/ ha: 

25 13 . 5 18 . 8 

26 13 . 3 23 . 8 

27 13.3 18 . 7 

28 11 . 3 17 . 7 

29 

30 

Mean 

11. 1 

12. 1 

12 . 4 3 

17.0 

19.5 

19.25 

Dates of Sampling 

3 .11. 78 

13.9 

12 . 0 

14 . 9 

l 3. 1 

11. j 

14. 2 

13 . 20 

20 . 4 

19 . 3 

1 7 . 5 

16 . 4 

16 . 3 

19 . 4 

18 . 22 

6 .12.78 

13 .1 

11. 0 

13 . 1 

12 . 1 

10. 2 

13 . 1 

12. 10 

1 7 . 2 

18. 5 

15.8 

14 . 5 

15. 8 

17. 4 

16.53 

31.1.79 

11. 3 

9 . 8 

12 . 5 

11. 7 

9 . 4 

11. 3 

11 . 00 

15.0 

17 . 3 

15 . 2 

12 .4 

15 . 1 

16 . 4 

15 . 23 

178 . 



179. 

APPDENIX 19: Levels of water-extractable P (µg/g) in the control 

and spring-fertilized Ramiha plots (0-4 cm depth) 

on various sampling dat e s. 

Plot Dates of Samplino 
No 5.9.78 4.10.78 3.11.78 6 .1 2.78 31.1.79 

Nil Superphosphate: 

2 2 . 1 1. 7 2.0 2.0 2.0 

8 2.0 1.5 1.5 1. 5 2.5 

12 2 . 8 2 . 3 2. 1 2.2 3.4 

13 2.9 2 . 2 2.1 2.0 2.9 

18 2 . 0 l. 9 l. 7 1. 7 2 .3 

23 3.0 2.3 2.3 2.3 3.0 

Mean 2.47 1. 98 1. 95 l. 95 2.68 

Superphosphate 1000 k g/ ha: 

25 2.3 3 . 6 3 . 0 2 .9 4.5 

26 2 . 2 3 .1 3 .0 3.6 5.1 

27 2 . 9 3.9 4 .9 2 . 6 5.0 

28 2.5 4 . 0 3 . 2 2 .9 4. 1 

29 2 . 2 3.6 2 .9 2.9 5.0 

30 2.7 3 . 4 3 . 8 3.4 5. 1 

Mean 2.47 3 . 60 3 . 47 3.05 4 .80 




