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( i )  

MS TRACT 

Measurements of P uptake by pas ture and P return in pas ture l i tt er 

and dung \\rere made  on two intensively gra zed , nor th- and south-facing 

paddocks in steep hil l  country with soils of moderate to high P s ta tus . 

Both P uptake and mor e  particularly the return of P in dung by grazing 

sheep , was high on the rela tively level campsite areas but decreased 

sharply as ground surface slope increased . A high graz ing pressure ens ur ed 

that P return via l itter was low relative to plant up take . 

A net P balance d erived for d iffering paddock s trata showed a large net 

-1  annual gain of  P on c amps ites ( 50 . 1  and 1 1 9 . 8  kg ha  on north and  south 

0 aspec ts ,  respec tively)  but a cons id erable  net P lo ss from bo th 25  s lopes 

( 19 . 5  and 10 . 0  kg ha- 1on nor th and south aspec ts , respec tively) a nd 4 5° 

- 1  slopes ( 1 5 . 3  and 1 3 . 8  kg ha o n  nor th and south aspec ts ,  r espec tively) . 

Differences bet\veen aspects in the net P balanc e could b e  expla ined by the 

overall differenc e in the topography of the two paddocks as it affec ted 

relative ca mping and graz ing pressure on each s tratum . 

Sub s equ ent simula tion s tudies \vere conduc ted using a ma thema tical 

mod el based on f ield da ta f rom the nor th-aspec t paddock and val ida ted 

agains t resul ts from the south-aspec t paddock . Resul ts o btained f rom the 

mod el indica ted that the quantity of P transf er f rom slopes increa s ed at a 

grea ter than direc tly propor t ionate rate a s  s tocking rate  increas ed and was 

a:ls o  d irec tly related to pas ture P content . 

32 
Determina tion o f  relative roo t ac tivity using P sho wed tha t 

approximately 90% o f  P up take by pas ture in spring occurred from wi thin 

7cm of the soil surface . The greater proportion of this o ccurred within 

the 0-3cm s oil dep th . No s ignificant P uptake occurred from depths grea t er 

than 30cm . Al though the extent of P uptake from 0-3cm depth soil was 



(ii) 

similar both upslope and dmvnslope from. a P sourc e ,  the d ir ec tion o f  

predominant root activity a t  grea ter dep ths was affec ted by the s teepness 

of s lope, tending to b e  a t  an angle between ver tical and that normal to 

the soil surface . 

A technique was developed to charac terize shor t term plant-available  P ,  

. 32 33 using bo th P and P .  Resul ts indicated tha t  the 32P!33P ra tio o f  the 

wat er-extrac table P f raction more  closely res embl ed tha t in the plant than 

was the case for the O l s en P extrac t .  Both ryegrass (Lolium perenne) 

and white clover ( Trifoliu� repens) apparently u tilized P from the same 

soi l  pool , the measured higher'P content of ryegrass in this s tudy being 

due only to a more extensive· and rapidly developing roo t sys tem than that 

o f  c lover . 

The addition to soil of P extracted by wat er from l i tter ,  dung , and 

superphosphate sources showed that all forms had similar effec ts in 

inc r easing the wa ter-ex trac table  and Olsen P l evels in the soil . Thus i t  

could b e  expec ted that P from these three sour c es would have a s imilar 

ava i lability to plants . The results of these and also P desorpt ion 

experiments were qualitatively similar to tho s e  derived f rom a s imp l e  

Langmuir model , sugges t ing that  sorption and d esorption o f  P in the soil 

from the f ield area occurred a t  s ites on the solid phas e  with predominantly 

uniform sorption charac t eris tic s . 

Marked and largely unexplained varia tions . in s everal soil parameters 

monitored over a year obscured the eff ec ts of P addition as a maintenance 

fer til izer applica tion and also the net P transfer by grazing animals . 

In this and related s i tua tions, so il P analysis may no t provide a s ensitive 

measure of P s tatus, excep t in the longer term . A mor e  detailed examina tion 

is r equired to assess  the usefulness of 'routine soil P analysis of hill 
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so ils for advisory purpo s es . The signif icant net P traps fer from 

slopes  by graz1ng animals suggests tha t the complementary roles of gra zing 

manag ement and fer tilizer r equirements in hill country should also b e  

examined further . 
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INTRODUCTION 

H igh anima l product ion from gx:ass land involves firs t a high degree 

of u til iza t ion of all areas of exi s ting pas ture and second an adjustment of 

soil nutrient  s ta tus so tha t higher-producing , high-fertility demand ing 

species can b e  maintained in the sward . 

The ext ent · and p ermanence of the effec ts o f  topdressing an area , 

whether i t  b e  to improve or merely main tain soil nutrient s ta tus , depend 

essentially on the efficiency of the nutrient cycle operating ther e ,  i . e . , 

the proportion o f  to tal nutrient uptake from any s i te tha t is returned by 

various means . The rate  of  plant growth and the efficiency o f  nutrient 

r eturn bo th in rate and quant i ty will be determined by the extent to which 

pasture growth is removed by the grazing animal and sub s equen tly returned 

to the site  as dung and urine . 

E s t imates o f  P utiliza tion have b een made by Karlovsky ( 1 962) on flat  

land under grazing where a s teady- s ta te sys tem was assumed to exis t  and where 

los s es in animal produc ts and transfer were allowed for . On such topography 

the d i s tribution of  animal dung and urine is relat ively uniform ,  al though 

with sh eep there is a tendency for the return to b e  grea ter nearer camp 

s i tes (Hilder , 1 9 66 )  which rec eive heavy rates of nutrient return . On hill 

coun tr y  these camp sites tend to be even more defined ( Gillingham and 

During , 19 73)  as variab ility in the s lope and aspec t of the land surface 

modifies grazing and camping patterns . Such camp areas are usually ryegrass 

dominant  and high producing . This contras ts with th e remainder o f  the hill 

pas tu r e  which g enerally varies widely in species composition ( S ears , 1 9 5 6 ; 

Rumb a l l  and Esler , 1968)  and growth ra te  ( Suckling , 19 59 ; 1 9 7 5; Radclif fe  

e t  al . ,  1 968) , o f ten within very short  d i s tanc es . While this variab ili ty 

is mos t  likely associated to a large extent '1.\dth d ifferences in microc lil!lD.te 
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(Lambert ,  1 9 7 3) , particularly bet\.Jeen aspects , the animal , by bo th its  

differen t ial gra zing intens ity and frequency , and nutrient return to  s ite� 

of differing surface configuation mus t  also have some effec t on vegeta t ion 

characteri s tics and therefore also on the efficiency of the nutrient cycle . 

Thus , i t  is mos t  likely within a hill paddock receiving an overall uniform 

rate o f  nutrient application that there will be a cons iderable range in 

the quantity and rate of cycl ing of tha t nutrient according to the slope 

and a s p ec t  of the land surface .  I t  therefore follows tha t the efficiency 

of nu trient cycl ing is greater in some situa tions than o thers . While 

thes e g eneral effects are apparent there is little quantitative evidence 

of the influence of s lope or aspec t  on any components of the nutrient 

cyc l e  in hill country or therefore of the full s ignificance of the animal 

in th is s i tua tion . Cons equently ,  the complementary rol e  o f  the grazing 

animal and topdress ing is also not well identified . An examina tion of 

nutrient cycling in grazed hill country should firs t provide evidence o f  

the amounts and ra tes of nutrient up take and return , and s econd an 

apprec iation of the scope for improving the efficiency either through 

topdress ing or s tock management .  Because P is of maj o r  significance to 

hill c ountry in New Zealand , an evalua tion of the P cycle \Wuld app ear mos t  

b en ef i c ial . This should be made on a well-topdres s ed and f ul ly utilized 

pas ture so that effects are measured in a high-producing s i tuation where 

the animal has i ts greatest influence on the nutrient cycle . 

The a im o f  the following study was to examine components o f  the P 

cycle  in  gra zed hill pasture . This involved assessment o f  the "above 

ground " eff ic iency of the P cycle as affec ted by the gra zing animal , the 

fa t e  and recovery o f  applied P and s o il proper ties related to this , the 

chara c t erization of immedia tely plant-available P and the zones of 

predominan t soil P uptake by h ill pas ture; 
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The s tudy was loca ted on land typical of s teep Nor th Island hill 

country . A general description o f  North .Island hill country is given in 

Appendix I .  



SECTION. 2 



4 

REVIEW OF LITERATURE 

This review attempts to cover maj o r  aspec ts of the phosphorus (P ) 

cycle in grazed and topdressed pas ture . The s tructure o f  the review will 

follow the components of the P cycle , as represented in Fig . 2 . 1 .  

2 . 1  Soil P 

2 . 1 . 1  Fonns o f  so il P 

Soil may conveniently be classified as b eing inorganic or  organic , 

with the rate of supply of availabl e  inorganic P ,  either by wea thering of 

pare.nt material or topdressing , l imiting the rate of increas e in organic P 

and assoc ia ted soil organic matter levels ( Walker and Adams , 1 9 58) . 

Minerals of the apatite group (Ca 10Po4 ) 6z2 , where Z = F ,  OH , Cl , or  

� co3) and in particular fluorapatite , are the maj o r  source of primary P 

in soils . The availability of P in primary minerals depends on the degree 

o f  wea thering , and thus soil apatite  levels tend to decrea s e  with soil age 

( Syers et  a l . ,  1 9 6 9 )  and increase with so il dep th (Hamil ton and Lessard , 

1960 ; Walker and Syers , 1974) . Therefore , while primary minerals can 

provide the maj or  souce of plant available P in virgin soils ( Syers and 

Williams , 1 9 7 7 )  the rate of weather ing is inadequa te  to p rovide suffic ient 

P for rap id plant growth . In mos t  soil s , o ther s econdary forms of 

inorganic P ( i.e . , sorb ed and precipita ted P )  become more important 

r egulators of the P level in the s o il solution . 

I t  was earlier cons idered (Haseman e t  al . ,  1 9 50) tha t.the aluminium , 

iron , and calcium phosphate compounds which were precipita ted as fertilizer 

reac tion products cons tituted an important form of secondary soil P .  These 

compounds have b een shmvn to be  unstable and even forms s uch as variscite 

(Al2Po4 . 2H20)  and s trengite (FePo4 . 2H2o)  are unlikely to p ersis t in 
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soils (Syers and Williams , 1 9 77) . Cons equently , in developed soils sorption 

reactions are likely to be the dominant fac tor determining P concentratioL 

in the soil s olu tion . 

Two main a pproaches have been adopted in identifying the maj or soil 

components involved in P sorption or  retention . The first involves an 

assessment o f  P sorption by soil both b efore and after removing particular 

components (Hilliams et al. , 1958 ; Saunders , 1 96 5 ; Syers et  al . ,  1 9 7 1 ) . 

The s econd involves the use of pure forms of such components and relating 

resul ts to soil s  containing known amounts of s imilar materials . Bo th 

methods have d emonstrated the impor tance of short-range order (amorphous ) 

oxides and hydrous oxides of iron and a luminium . Thes e oxides and hydrous 

oxides generally occur as coatings on c lay mineral surfaces (Russell and 

Low , 1 954) and on calcium carbonate . Because the last t\..ro components have 

a relatively low P sorption capacity ,  s uch coatings can dramatically increase 

the P sorption capac ity o f  the soil where this occurs . Data revie\..red by 

Ryden ( 1 9 7 5) show that  the crys talline oxides and hydrous oxides of iron 

and aluminium a l so have c onsiderable  sorption capacity although the level 

r epresents only about 1 to 10% of tha t of the amorphous counterparts . 

Al though net desorption of P f rom inorganic soil colloids generally 

provides the p redominant supply of P to  the soil solution,  the mineralization 

of o rganic P increases in significance as to tal soil organic P level rises . 

B ecause both o rganic matter formation and mineralization occur concurrently 

in soil , the net release or immobilization of P will depend on the dominant 

process at any one time . The rate o f  P mineral ization is affec ted by the 

l evel of soil o rganic C and N, and by t emperature (Thompson and Black , 1 94 9 ) , 

0 especially above 35 C (Eid et  al . ,  1 9 5 1 ) . The l evel of P ac tually availab le 

for plant up take , particularly at low soil P l evel s , n1ay be markedly affec ted 

by concurrent microbial requirements ( Syers and Williams , 1 9 7 7 ) . I t  has 

therefore generally been difficult to assess the r eal importance of organic 
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P to growing plant s , although measured s easonal changes in organic soil P ,  

especially in spring (Dormaar , 1 9 72) , suggest that a t  times net mineralizat ion 

can b e  cons iderable .  

2 . 1 .  2 The P sorption process 

Phosphorus in the soil solution and on the surface of solid phas e 

soil components exists in a dynamic equilibrium (Taylor and Gurney , 1962) . 

Changes in P s tatus o f  the so il solution by addition or removal o f  P resul ts  

in  a new equilibrium eventually being established through ac tivation o f  both 

P adsorption and d esorption mechanisms . Adsorp tion of P refers to the 

removal of phosphate ions from solution and their accumulation at a solid 

surface .  Desorption refers to the releas e of ions from the solid to 

solution phase . 

As the adsorp tion process continues the s tructure o f  the solid phase 

remains essentially unchanged except for an increase in surface P concentration . 

In such a sys tem P concentra t ions maintained in solution a t  a high degree o f  

surface s aturation will b e  higher than tho se a t  a le�: sa turation lcYel . By 

contras t ,  precipita tion implies a cons tant solution P concentra tion , and a 

constant solub ility product. 

While adsorption is generally cons idered to b e  respons ible for the 

initial rapid loss of added P f rom the soil solution ( Rennie and McKercher , 

1 9 59 ) , the usual subsequent slower loss rate has been associated with the 

so-called "absorption" process . This has also b een a ttributed to the slow 

reversion of adsorb ed P to discrete P compounds (Larsen and \nddowson ,  1 9 7 0 ; 

Talibudeen , 1 9 74 ) . Ryden ( 19 7 5 )  considers it  more  rela ted to diffusive 

penetra t ion or  adsorption of P a t "internal surfaces" . Such P is likely to 

have a much lower ease of desorption than adsorbed P .  The term sorption i s  

less specific and may be used to  describe either o r  both adsorption and 

absorption of P .  
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Phosphate release by desorption is generally charac terised by a 

hys teresis effec t (Muljadi e t  a l . ,  1966) , implying tha t sorption is only 

partly reversible . White and Taylor ( 19 7 7 )  concluded that the extent of 

desorpt ion of add ed P depended on both the ini tial P s ta tus and the d egree 

of equilibrium a ttained . Desorption can be  increased by increas ing pH 

al though Mulj adi et al . ( 1966)  cons ider tha t sorption from solutions o f  

- 1  f inal P concentration less than 3 ).1 gP ml was irreversibl e .  While various 

attemp t s  have b een made to explain the desorption mechanism (Kafkafi et  al . ,  

1967 ; Hings ton et  al . ,  1 9 74 ) , i t  is possib le tha t the overall lower recovery 

of P by desorption may be r elat ed predominantly to the "absorption" effec t  

(Evans and Syers , 1 9 7 1 ) . 

The grea tes t progress toward characterising the P sorp t ion process has 

been b y  the use of sorpt ion iso therms . Sorption isotherms are determined 

for a s o il at a g iven temperature by making various additi ons of P to a 

known s o il : solution suspension , shaking for a given time , and determining P 

removal from solution . Of the various shapes or forms of iso therms , the 

Langmuir or L type is the mos t  .commonly used for l iquid : solid sys tems 

(Ryden , 1 9 7 5) . The Langmuir model has the following equation \vhich when 

plo t te d  produces a s traight  l ine : 

Mx 

where x is the weigh t  of P removed from solution by M weight of soil , 

C is the equilibrium concentration of P in solution , and K1 and K2 
are 

cons tants related to the bonding energy and sorption maximum, respectively . 

The equa tion assumes a limit to sorption when a monolayer of sorbed P 

occupies the surface . The Langmuir concep t therefore·also imples tha t no 

P exchange occurs , i . e . , phosphate ions s�riking occupied sites are 

reflec ted (Ryden , 1975) . 
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This equa t ion has b een used widely to des cribe  and interpret P 

sorp tion data (Cole e t  al� ,  1 9 5 3 ;  Shapird and Fried , 1 9 59 ; Syers e t  al . ,  

19 73) . A general problem encountered , b ecaus e o f  the s low absorp tion 

process , i s  the definition of a true equilib rium concentration . In this 

respec t ,  Ryden and Syers ( 19 75b ) sugges t that a solution or "support  

medium" o f  high ionic strength should be  used  in order to increase the P 

sorption rate ana so reduce the equilibra tion p eriod . They also suggest  

that determination o f  the relationship between solution P concentra tion and 

the rec iprocal of time is a useful technique which permits  the graphical 

deriva tion of the equilibrium concentra t ion (at 1/ t = 0, t = eo ) without the 

need for prolonged exp eriments . 

Appl i cation of the Langmuir equation to the interpreta tion of P 

sorption by soil and soil  components has led to conclusions that the overall 

P sorpt ion relationship may be either curvil inear (Gunary , 1970 ; Bache and 

Williams , 19 7 1 )  or comprised of two (Shap iro and Fried , 1959 ; Griffin and 

Jurinak , 1 9 7 3 ; Syers et al . ,  1 9 7 3) or three dis tinc t s traight l ine portions 

or "1.·egions" (Hulj adi et al . ,  1966 ; Karim et a l . , 1 9 7 3 ; Ryden and Sycrs , 

1975a ) , d epending on the P concentration measured and to some extent on the 

scale of p lo tting resul ts and the number of data points used . 

By measuring sorption over a wide range of P concentrat ions , Ryden 

and Syers ( 1 975a) were able to demonstrate the existence of three linear 

regions , each relat ing to a particular concentration range ,  i . e . , 0 to 0 . 07 ,  

1 . 5 to 25 , and 32 to 650  1-1  mol P for regions I,  II , and Ill, respectively . 

The involvement of three such regions suggests the exis tenc e of three types 

of sorp tion sites and that as further P is added these tend to be filled in 

turn . Region Ill sorption is considered to o ccur a t  the phosphated s urface  

genera ted by  sorp tion in regions I and II. 

Ryden and Syers ( 1 975a)  described three d ifferent sorption ntechanisms 

which were considered to occur in the three P concentra tion ranges . La ter 
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Ryden e t  al . ( 19 7 7a)  proposed that  i n  both regions I and II chemisorp tion 

occurred but that a "more-physical" sorption occurred in region Ill, the 

la tter b eing a less s trong bonding more dependent on the ionic s trength o f  

the contac t ing solution . This does apparently involve electron transf er 

and so canno t b e  defined as purely physical sorption. The distinction 

between physical and chemisorption is often made but no t always defined . 

Hayward and Trapnell ( 1 964)  consider that during chemisorp t ion elec tron 

trans fer occur s  b et-v1een the solution and solid phase similar to that o f  

bond formation in a chemical reac tion . Wi th phys ical sorp t ion no elec tron 

transfer o ccurs . 

Sorp tion occurring in region I is charac terized by a high sorp tion 

energy and also a rapid removal from s olution of almost all added P (Ryden , 

19 75 ) . Elimination o f  such sorption sites may b e  possible by saturation 

with P ,  as would occur on well-topdressed soils , thus producing an associated 

shift of the predominant P sorption into regions II and Ill. In support  o f  

this Bache ( 1 9 64) observed that increas ing additions o f  P were sorbed with 

lower energy and were therefore more readily desorbed . Whi t e  and Taylor 

( 19 7 7 )  cons idered that bonding energy decreased exponentially with P sorption 

s ite coverage .  This more-readily desorb ed P ,  however , may comprise only a 

small ,  rapidly diminishing fraction compared with the bulk o f  more  f irmly­

sorbed P released at a s lower , more c ons tant rate , especially in high P­

sorbing soils (Fried and Shapiro , 1 9 5 6 ) . 

A significant fac tor influencing P sorpt ion is tha t o f  soil pH level 

(Saunders , 1 9 5 8 ,  1 9 6 5) . Liming affects the numb er of pro tonated s ites 

available which are involved in sorp t ion in region I (Ryden and Syers , 

1 9 7 5a) . Region Ill sorption is also pH dep endent  and thus an increa s e  in 

P desorp tion with increa s e  in soil pH will mos t  l ikely reflect the reversibility 

of region III sorption . Muljadi et  al . ( 1 96 6 )  considered that desorp tion 

from regions I and II would o ccur only at high pH level . 
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The P concentra t ion in the so il solution o f  field soils is general ly 

of the order of that associated with P sorp t ion in regions I and I I  

(Barb er et al . ,  1 9 6 2 ) . The availab ility o f  P to the growing plant in 

these s i tuat ions may therefore be dependent on a high pH of the soil 

solution between the desorbing surface and the plant roo t .  Al ternatively 

it  is possible that the rel ease of P may be aided by organic anions 

releas ed from plant roots (Nagaraj ah et al . ,  1 9 68) . 

2 . 1 .  3 Exchangeable  P 

To tal exchangeable soil P represents the q uantity in equilib rium with 

P in s olution and therefore i s  important as a measure of the P which i s  

potentially plant available . 

The phenomenon of iso topic exchangeability was firs t utilis ed by 

McAuliffe et al . ( 1 948)  to determine total exchangeable P .  This \vas 

describ ed as the ' E '  value . While the technique can b e  s imilarly us ed to 

determine the total exchangeable quantity of any s o il nutrient , Fried ( 19 6 4 )  

cortte11ded that the ' E '  value should be  res t rict ed to ex:::hangeable P only . 

Exchangeable P is generally es tima ted after addition of iso tope to a 

water ( or neutral elec trolyte) and soil mixture a t  equilibrium and 

measurement of both the solution 32P ac tivity and 3 1P level af ter an 

equilibrium period o f  time ( t ) : 

E = Total32P added x3 1P in solution 
32P in solution 

The process of heterogenous (two phase)  exchange when a tracer i s  

added to soil solut ion i s  characterized b y  an ini t ial rapid exchange b e tween 

the tracer in s olution and the surface of the solid ph�s e  ( i . e . , the 

adsorp t ion process)  followed by a deeper , . s lower p enetra tion of the tracer 

into the lattice of the solid ( i . e . , the "ab sorption" proces s ) . As wi th 
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the application o f  the Langmuir equation , the validity o f  the E es t imate 

is dependent on a true equilibrium hav ing b een reached . Therefore t shouLd 

be  as large as possibl e .  Mattingly and Talibudeen ( 1 960)  sugges ted that 

for routine work , the amount o f  P exchanged in 20 hours can be  taken as the 

rapidly exchanging P and that exchanged in 1 70 hours as the total 

iso topically exchangeable P .  

Any factors modifying the rate of net P sorption from the soil so lution 

will  obviously affec t  the estimate of exchangeable  P made  at any time . 

Es tima tes of isotopically exchangeable  P were found to d ecreas e (Mattingly 

and Tal ibudeen , 1 9 60)  as soil : s olution ratio increased , but the effect was 

negligible at so il :water ra t io · of l ess  than 2 : 100 . S imilarly Barb ier et  

al . ( 1 9 54 )  reported tha t for a 1 20-fold change in  ratio , the "estima ted 

lab il e  P" after 24 hours of shaking , varied by only 1 5% . 

diminished at  longer equilibration periods . 

This effect 

Addition o f  inorganic  P s lows the net rate o f  decline in level of 

isotope in the equilibrating solution (Talibudeen , 1 9 5 7 ) , i . e . , equilib rium 

is rea ched more  slmvly . This would b e  expected from the grea ter amount of 

P involved in exchange but may to some extent also be associated with the 

recorded tendency for organic P levels to fall after inorganic P additions 

(Emvezo r , 1966 ; Smith , 1966) . Prolonged mineralization of organic P would 

be a fac tor in the delayed a ttainment of an equilib rium . 

Mattingly and Talibudeen ( 1960) showed that the fonn of added P 

could b e  important . When water-soluble  P was added to either calcareous 

or acid so ils , both the to tal exchangeable  P and the rapidly exchanging 

portion o f  this fraction increa s ed . Addition o f  " insoluble" forms of P 

( e . g . ,  apatite) to calcareous soils caused little change in isotopic 

exchangeability o f  soil P .  Rock phospha te , basic s lag , and superphospha te , 

ho\-Tever , all had s imilar effects when appiied to soils of pH 4 . 9  to 5 . 4 .  
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Fertili zer mat erials tha t shifted the c a t ion balanc e  i n  non-calcareous 

soils in favour of monova lent ca t ions were found to increase the rat e  o f  

exchange o f  slm.,rly-exchanging P (Ma t t ingly and Talibudeen , 1 9 6 0 ) . The 

e f f e c t  was relatively small  and a t tributed to the decrease  in Al
3+ 

a c t ivity a t  the soil  : water int erface �.,rhen changing from a d iva lent to a 

monoval ent cat ion-domina ted soil . 

Sorption of  a d d ed P also  t ends to b e  lower under reducing than under 

oxidizing cond i tions , as d emons tra ted by the measured increase in inorgani c  

P in  lake b o t tom wa ters follm.,ring oxygen d ep l e tion (Mo r t imer , 19 4 1 ,  1 94 2 ) ; 

a feature explained by  the trans formation o f  o xyferric hydroxide to l ess  

reac t ive ferrous c ompounds . 

Soil  solution equilibrium P conc entrat ions t end to  inc reas e  with 

temp era ture (As lyng , 1 9 50 ) . Aramb arri and Tal ibud een ( 1 9 59 )  also recorded 

inc r eases in the equ i l ibr ium concentration and the ra te  o f  exchange o f  

th e "slm.,rly lab ile" P i n  soils o f  low P s ta t us wi th a temp era ture r i s e  

Soi ls  o f  h igher P s ta tus , hmvever , d id no t exhib i t  this 

e ffec t .  The increas e  in surface  energy a s s o c iated Hith a temp eratur e  

r i s e  would b e  expec t ed t o  reduce th e s tab� l i ty of sorb ed P .  S ingh and 

Jones · ( 1 9 7 7 )  theref o r e  conclud ed that the effec t o f  ris ing temp era ture was 

to inc rea se  P deso r p t ion ra te  rel a t ive to adsorption ra t e .  

2 . 1 . 4 As sessment of  p lan t-available P 

There appears to be no s imple  and direc t relat ionsh ip b e tween labile  

or exchangeable  P ,  and th e various chemical forms o f  P in the  soil . 

The, exchangeabili ty o f  the va rious frac tions generally d ec reases in the 

order wa t er-solub l e  P , Al-P , Fe-P , Ca-P . The predominan t form in a soil , 

however , may play the grea tes t role in exc�ange . For example , in a s t udy 

of rice soils  in Sri  Lanka , Al-Abbas et al ( 1 9 6 7 )  conc luded tha t b e cause 

Al-P wa s a t  very low l evels Fe-P cont ributed mos t of plan t requirements . 
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In  non-calcareous soils , where Al-P and Fe-P predominate , these probably 

p rovide the grea tes t source for plant uptake . In soils o f  pH greater 

than 7 ,  plants probably use mainly Al-P and Ca-P (DuPlessis and Burger , 

1966) . 

The incomplete identification of plant-available P in soil , and 

conditions affec t ing the source and form of thi s  fraction ; continue to 

limit a better unders tanding of plant p requirements . This in turn has 

par ticular relevance to the form of P fertilizer that could mos t  

efficiently mee t  these requirements . 

Assessment of p lant-available P has b een by tlvO main methods : 

1 .  Isotope Methods \vhich involve measurem�nt  of P up take by 

plants and , by means of isotopic activity , relating this 

direct ly to the soil from which it was ob tained . 

2 .  Non-Isotope Methods which involve extrac t ion of soil P 

and rela ting this to plant P uptake or dry matter 

production as a means of developing a routine assessment 

for p lant P requirements . 

2 . 1 . 4 . 1 Isotope methods 

The phenomenon of isotopic exchangeab ility has b een used to 

advantage in s everal ways . Larsen ( 1 9 50) was the first to define plant-

available P using this method . The concept is s imilar to tha t proposed 

by McAuliffe et  al . ( 1948)  to define ' E ' ,  the total exchangeable  P in soil . 

Ins tead of measuring the P level of a given extract ,  however , Larsen used 

the P uptake by a p lant growing in the s oil to derive the ' L ' value o r  

labile soil P l evel , i . e .  : 

1 _ 
3 1P plant x 32P added 

32 
1 P p ant 

32 The P may be applied to soil either with , or without , an associated 
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fertilizer .  The estimate o f  L should b e  made a f ter  an initial 

equilib ration period , particularly if a fertilizer i s  applied , because L 

should be constant throughout the p eriod of plant growth . The measurement 

is therefore generally made af ter a numb er of harves ts have b een taken , 

e . g . , Larsen and Gunary ( 1 9 6 4 )  calculated L values from the 4 th cut of 

ryegrass . In s ome cases L values were s till increasing at the 5th harves t .  

Pre-incubation o f  the iso tope for up to 2 months b efore sowing s eed had 

virtually no effec t on th e above s ituation . The rise in L value was 

attributed to improving root explora tion of non-equilibrated P over the 

trial dura t ion . This may also be  associated with a phenomenon no ted by 

Larsen and Cooke ( 1 96 1 )  and o thers that 32P in fertilizer tends to inhib i t  

P uptake b y  plants , i . e . , uptake tends t o  be  from areas o f  low specific 

ac tivity . This does not invalidate the L value technique but does suggest  

that in such s tudies the isotope and soil  mus t  b e  thoroughly mixed . 

In a recent assessment o f  the technique , Dalal and Hallsworth ( 19 7 7 )  

repor ted tha t estimated L values were comparable wi th E values on low 

P-sorb ing s o i l.s  but the relat ionship did no t pers ist on high P-sorbing soils 

where E was much higher . On such soils , E was considered to be  relatively 

over-estimated due to the greater proportion of sorb ed compared with 

exchanged P ,  relative to tha t  in low P-sorbing soils . A b etter relationship 

exis ted b etween L and E calculated by the inverse d ilution method (EID) o f  

Mekhael  e t  al . ( 19 6 5) . In this method , 3 1P is added to a soil previous ly 

incubated with a carrier-free isotope . The soil solution is analysed for 

both 
3 1P and iso tope content b efore and af ter 3 1P addition . 

Another widely-known method of defining available soil P is by 

deriva t ion of the ' A '  value , introduced by Fried and Dean ( 1952a ) . Although 

in practice it can be somewha t s imilar to the L value approach it is 

conceptua lly quite differen t . The original deriva tion is based on the 

assumed definit ion that if a plant is confronted wi th two sources of a 
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nutrient , uptake will  occur in direc t proportio� t o  the amounts available . 

Therefore , if a fertilizer is a dded to a soil , plant P uptake should extrac t 

equal proportion from both soil and added P .  Fertilizer is used therefore 

merely as  a known standard  source . For grea tes t accuracy , measurement 

should be over as short a period as possible , in d irect contrast to the 

L value requirement . A i s  calculated as follows : 

A value (e . g . ,  total available soil P) = plant P up take from soil 

x ...:t-:o...:t...:a...:l.::......:f...:e.::..r:::...:c.t;::i...:l;::i;::z....:e..::r...:....:P,_ . ...:a:J.p:-'p'-'1...:1=-
· e.::..d=--­

plant P up take from fertilizer 

Although in this instance the A value represents the available P in a soil  

i t  can be  used  to derive any nutrient availability from any source .  

The original concept inferred (Dean , 1954)  that A values , o r  estimated 

available P levels , for any one soil , should remain cons tant over a range 

of P fertilizer applica t ion rates , i . e . , as app l i ed P rate increased so did 

total plant P up take and fertilizer P uptake with the uptake of soil P 

remaining cons tant . In this P responsive situ a t ion , the p roportiona l  

uptake of fertilizer P w a s  also assumed t o  remain cons tant . As iniUa lly 

stated (Fried and Dean ,  1 9 52b) the A value can be  affec ted by such things 

as the method of adding P to the soil , or the chemical form of adqed P .  

Ano ther influence is the relative availability of other nutrients , e . g . , 

ni trogen , which may induce variable soil P up take ( Sheard , 1 9 7 4 ) . In s uch a 

si tuat ion , however , A values may provide a useful index of this variability 

( Smith and Legg , 19 7 1 ) . 

The A value concept has subsequently b een applied to soils of varying 

P s ta tus and also by incorporating the use of only a single rate o f  

iso topically-lab elled fer tili zer . In non-P responsive conditions ( i . e . , 

where total p lant P uptake remains cons tant over a range of fertilizer 

application rates) , and in the use of isotopic d ilution to derive A ,  the 

original assumptions do not apply ( Smith and Legg , 1 9 7 1 ) . Where total 
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plant P uptake i s  constant with differing P application rates the level o f  

soil P uptake decreases as applied P rate -increas es and the level of applied 

P taken up by the p lant also increases . The calculated A value , however , 

remains cons tant . In fact the high P s ta tus , non-P responsive soil appears 

to be the only s ituation where reasonably cons tant A values can be  ob tained 

(Terman and Khasawneh , 1968) . In low P soils , A values have b een found to 

increase with incr eased P application rates (Terman and Khasawneh , 1968) . 

The increased soil P uptake in these conditions has generally b een interpreted 

as due to greater root development and exploration of availab le  soil P by 

more vigorous growing plants . In soils o f  more moderate P s ta tus variable , 

but usually increas ing , A values have b een determined . _  

Both the A and L value methods of es timating plant�available  P appear 

to have limitations . The L value technique depends first on a true 

equilibrium b etween the isotope and soil P being achieved and s econd on the 

plant fully exploring the soil . This requires relatively long-term 

experiments . The short- term A value technique only seems to b e  applicable 

in determining plan t-available  P on some soils of h igh P status . This 

emphasi zes the difficulties associated with relating P taken up by a plant 

to that  available in the soil , even when isotopes p rovide a means of 

identifying such P .  

2 . 1 . 4 . 2  Non-isotope methods 

Many methods of extracting soil P have been correlated with 

plant uptake as an empirical means of defining the ' plant-available ' pool . 

Anion exchange r es ins have given promising results in this respec t 

(DuPlessis and Burger , 1966 ; Bache and Rogers , 1 9 7 0 ; Balleaux and Peaslee , 

1975 ; Brews ter et  al . ,  1 97 5 ) . The P r emoved by mildly acid ( Truog , 1 9 30)  

and alkaline (Ols en et  al . ,  1 9 54 )  extrac ts of soil have also been correlated 

with plant growth and therefore identified as representing the "plant-
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available" s tatus of the soil . Of these two p�ocedures the Olsen 

b icarbonate test is considered to provide the more useful es timate  of plant 

availability (Syers , 1 9 74)  because of its ability to desorb P ,  compared 

with the dissolution of predominantly calcium-bound phosphate , if present , 

in the Truog reagent . 

Att ention has also been given to the use of distilled water alone 

as an extractant ' (B ingham, 1949 ; Nelson et  al . ,  1 9 5 3 ;  Martin and 

Mikkelson , 1 960 ; Hagin et al . ,  1 9 6 3 ;  Sissingh , 19 69) . This is now used 

as the basis for determining P requirements o f  arable soils in the 

Netherlands (van der Paauw , 1 9 7 1 )  and more recently with acid and organic 

soils in California ( Syers , pers . comm . ) . For grassland soils , van der 

Paauw found water-extractable inorganic P ,  Pw , ( 60 : 1  water : soil ratio by 

volume shaken for 1 hour at 20
°

C af ter prewetting for 22  hour's ) to give a 

l ess satisfactory correlation with plant P uptake than did the s o  called 

PAL method of Egner et al . ( l960)  which employs a stronger extractant 

( e . g . , 1% citric acid or an ammonium lactic acid mixture) . This was 

explained in terms of the greater intensi ty of P up take from densely-rooted , 

superficial pasture soil layers than from crop soils . S imilarly , in 

evaluating several soil tes ts Daughtrey et al . ( 1 9 7 3) concluded that 

dilute acid (0 . 5N HCl + 0 . 025N H2so4) extrac table P was the best indicator  

o f  potential soil P supply from acid , organic s oils . They found , however , 

that the 1 2 th extrac t  with water was better related to the response of crops 

to applied P .  

Recently Ryden and Syers ( 19 7 7 ):. 7 developed a water extrac tion 

technique which rela t es plant available P to the "more-physically" sorb ed 

P and therefore promises to be  more  useful than many P!evious empirical 

approaches . TI1e procedure extrac ts relatively more P than the Pw technique 

(van der Paauw , 1 9 7 1 )  and so incorporates a greater capacity es tima te o r  



measure o f  more than just  the immediately plant-availabl e  P .  

Using this technique in po t trials Luscombe ( 1 9 7 6 )  \vas able to 

demons trate the superiority of water-extrac table P over both Olsen and 

Truog P as a relat ive measure of plant availability ,  although the 

relat ionship deteriorated with increas ing harves ts . 

1 9  

Cons iderable progres s has been achieved in recent years in describing 

and defining the · process of P sorption and in identifying the soil components 

involved .  The use anJ development of sorption isotherm techniques and 

iso topic exchange theory have been s ignificant in this achievement .  

Progress has been less satisfactory in defining p lant-available P and in 

particular the relationship b etween immed iately and po tentially available 

forms . In this respec t ,  a better unders tanding o f  both the form of 

immediately plant-available P and the P desorption process is s till required . 

2 . 2  P lant P 

In general t erms the uptake of P from the soil by a p lant depends on 

both the root dis tribution pattern and the "plant-available" P status o f  

the soi l . Between these two factors , however , are a number of largely 

unknown and little understood reactions relating to the release o f  nut rients  

from solid to  solution phase , the  means by which they are brought to the 

roo t  surface , and the mechanism of entry into the p lant roo t . Where P is 

non-limit ing however the rate  and level of P uptake will be  determined by 

o ther , p redominantly environmental fac tors . 

2 . 2 . 1 Fac tors affect ing plant intake of P 

Lewis and Quirk ( 19 6 7a)  proposed that there are three mechanisms by 

which soil  nutrients are brough t  to the root surface .  These are mass flow , 
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diffus ion , and root  interception . Of these root intercep tion has b een 

regarded as the l eas t important and conversely both mas s  flow and diffusion 

may be of greatest importance in d i ffering s ituations . Omam;rar and 

Robertson ( 1 9 70)  considered mass  f low to be the mos t  important process o f  

P transpor t  to roots in soils recently treated with P fertilizer . In 

untreated so ils the maj or process was cons idered to be apparent diffus ion . 

Apparent d iffus ion , as defined by Lewis and Quirk ( 1 967a) , is  rela ted to  the 

Diffusion Coefficient (Dp) of a soil by cons idering the proportion �f 

available P present in solution : 

Apparent Diffusion (De) = Dp s olution phase p 
total available P 

De then is related to both capacity and intensi ty factors characterising 

so il P availab ility . S imilarly Olsen and Watanabe ( 1 96 3 )  earlier concluded 

that  the rate of P up take was related to the soil diffusion coefficient (Dp) 

and (b)  the s lope of the "phosphate capacity" line , i . e . , rate of uptake 

cc bDp . This  relationship explained the differences they recorded in P 

uptake by corn s eedlings from c lay and sandy soils with initially s imilar 

soil solution P concentrat ions . 

Transfer of P into the plant root is apparently a func tion of the P 

concentration of the soil solution ( Barley , 1 9 7 0 ; Thomas and Peaslee , 1 9 7 5 ) . 

White ( 1 9 7 3) hypothesised that the influx rate o f  P into root cortical cells 

was regulated by the turnover rate of the inorganic P pool in the cytoplas1n 

and by the rate of transport of inorganic P to the shoo t . This depended on 

the growth rate of the plant species and the supply of o ther essential 

nutrients . This sugges ts that shoot  growth may regulate the up take o f  P ,  

which is contrary to the conclus ions of Jung and Barber ( 19 7  5 )  who found 

that trimming of corn roots did not increase P f lux into the remaining root s . 

They therefore considered that P uptake was influenced more by the roo t  than 

the shoot demand ; a conclusion also reached by Newman and Andrews ( 19 7 3) . 
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While  root hairs may aid plant P up take they b y  no means provide the 

only acces s . Roo t hairs on wheat have be·en implicated in P up take b ecause 

the zone o f  soil P depletion extended to about 1 mm , the length o f  root 

hairs around the root (Lewis and Quirk , 1 9 6 7b ) . Bole ( 1 9 7 3 )  however , 

concluded tha t P uptake by wheat was not related to root hair densi ty s inc e 

thes e only increased from 4 5  to 60mm- 1  in a soil of low compared with adequate 

P s tatus , r espec tively . By comparison , P uptake by rape , \vhich has 

virtually no root  hairs , was 2 to 6 times that of wheat .  Ectotrophic 

mycorrhizas also provide a means of significant P uptake and may b e  of 

particular advantage to species which have rela tively few root hairs . This 

advantage has been shmm to be due to greater uptake of available P rather 

than any ability to extract non-exchangeable  P (Bieleski , 1 9 7 3 ) . The 

movement of P within the plant can be very rapid as demons trated by 

Troughton ( 1 960) . Uptake of 32P by one root  of a ryegrass plant was so 

32 rapid tha t  within 6 hours P was present in all t illers . 

2 . 2 . 2  Factors affec ting rate of P uptake 

Of the many interrelated factors that influence plant grov1th perhaps 

the mos t  important is nutrient availability . The effects of mineral 

nutrition on plant physiology were reviewed by Pirson ( 1955)  and Bouma and 

Dowling ( 1 966) . On more weathered and l eached soils the nutrient mos t  

frequently limiting plant growth under untopdressed conditions i s  P .  

Maximum growth and P up take , however , can only be obtained when temperature , 

light , and moisture conditions are also at  an optimum and the plant is in a 

physiological condition capable of taking greatest advantage of the s i tuation . 

The effec t of tempera ture  on the growth of vari�us temp erate pas ture 

species has been repor ted by Mit chell , 1956a and b ;  Mit chell and Lucanus , 

1962 ; Gibson , 1 9 6 7 ; Baker and Jung , 1968 ; Cooper and Tainton , 1968 ; 
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Garwood , 1967 ; Peacock , 1 9 7 0 ; and Hoglund and Brock , 1 9 74 . S imilarly , 

the influence of light or  daylength was examined by Sprague , 1 94 3 ;  Black,  

1955 ; Mi tchell and Coles , 1 9 55 ; Troughton ,  1 9 60 ; Patel and Cooper , 1 96 1 ; 

Grant , 19 7 0 ;  Evans , 1 9 7 1 ;  and Var tha 1 9 7 3 . The o ther major  

environmental factor , tha t  of mois ture availab ility ,  has also  been 

researched in detail . Some of the effec ts o f  l imiting mois ture level on 

plant growth have been reported by Finn and Mack , 1964 ; Garwood , 1 968 ; 

Brown and Blaser , 1 9 70 ; and Colman,  1 9 7 1 .  

The effec t of plant shading and o f  different levels o f  temperature and 

mo is ture on the survival and performance of roo t nodule bac teria assoc iated 

with tempera te legume spec ies has also been s tudied (Butler et al . ,  1 9 59 ; 

Marshal! , 1 9 64 ; Gibson , 1 9 67 ; Wilkins , 1 9 6 7 ; Small and Joffe ,  1 9 6 8 ) . 

In the presenc e o f  adequate moi s tur e ,  ligh t ,  and temperature ,  plants 

will grow as fas t as the supply of the mos t  limiting nu trient  allows . The 

Mitscherlich equation was among the f irs t mathematical expressions o f  this 

assumption . In recent years less emphasis has been placed on  thi s  s ingle 

factor approach in r ecognition of the complex conditions influencing plant 

response . A review o f  the more commonly used models has been published by 

Heady ( 1 9 60) . 

2 . 2 . 3  Plant P content 

The c oncentra tion of P in plant material . is  affec ted by plant genus , 

type of tissue , age of tissue , and age and physiological condi tion o f  the 

plant . In general ,  older plant tis sue is o f  lower P c ontent than young 

l eaves , largely because of ' carbohydra te dilution ' but also as a resul t of 

some translocation o f  P to reproductive or  more vigorous ly growing tissue,  

especially when plants are in P defic ient  conditions . 

McNaught ( 1 9 70)  proposed tentative ' critical ' nu trient levels for use 



in predicting fertilizer responses by actively growing ryegrass (Lolium 

perenne , L)  and white clover (Trifolium repens) .  The minimum P 
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concentration in plant tissues for maximum yields were cons idered t o  be  in 

- 1 - 1  the order o f  2800 to 3600 � gPg for ryegrass and 3000 t o  4000 � gPg for 

white clover . A ' safe excess ' with luxury P uptake , however , may b e  a s  

- 1  high as 7 000 � gPg (McNaught pers . comm . ) .  Mos t  grasses have s imilar 

needs to  ryegras $ ,  although paspalum (Paspalum dilata tum . Pair) usually has 

lower l evels of mos t  nutrients . 

Correc tion of  an N or S deficiency tends to increa se plant P levels 

through a ' synergistic effect ' in increas ing P uptake efficiency . This is 

in contrast  to the effect on plant  K concentration which is diluted by 

increased growth (McNaugh t ,  1 9 70) . 

2 . 2 . 4  Interspecies compe tition for P 

The competition between species for moisture and nutrients (below 

-. ground) and for l ight in particular above ground , depends essentially on 

their ovnl individual growth form in relation to the other species present . 

In a pas ture situation this a lso depends on how the plant form is alloHed 

to be expressed by the grazing system applied to the sward . The effect o f  

different defoliation regimes o n  inter-species competition has been s tudied 

by Brougham, 1959  ( ryegrass and white clover) ; Harris and Brougham , 1 9 6 8  

(ryegras s  and red and white c lover) ; Harris , 1 97 1 , 1 9 7 3  ( ryegrass and white  

clover) ; Harris and Thomas , 1972  (browntop and ryegras s ) ; O ' Brien et a l .  

1967  ( ryegrass and meadow fescue) ; and Donald , 1 9 5 6  ( review·) . 

The relative competitive ab ilities of  grasses and legumes for P is 

an important consideration in maintaining a desirable  pasture species 

balanc e , particularly in situat ions '11here no artificia l  nitrogen is 

supplied to maintain grass growth . The differing requirements of pas ture 
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the whole plant , or top /root ratio , as no ted by Ozanne e t  al . ( 1964) . 

This can obvious ly affect the subsequent botanical composition of the 

pas ture . 

In non-P l imiting s ituations the P concentration o f  l egumes is higher 

(McNaught , 19 70) , largely due to higher associated N levels , and the up take 

of P is greater (Drake and S teckel , 1 9 5 5 ; Prob ert , 1 9 7 2 ) , especially as 

temperature increas es (Valentine and Ba!ley , 1 9 7 6 ) . Nye and Fos ter ( 1956)  

concluded , however,  that  there was little  evidence that legumes achieved 

this by any ability to use non-exchangeable P .  

In situations of mois ture shortage , i t  appears tha_t grasses with 

their more intens ive root network have an advantage over legumes . 

Jackman and Moua t ( 19 7 2 )  showed that an increase  in soil mois ture tension 

advers ely affect ed white clover more  than browntop and tha t this effect was 

greatest in high P-11fixing11 soils that also easily develop a high mois ture 

tension . In an earlier s tudy , Mouat and Walker ( 1959 ) showed brown top to 

be a stronger competitor for P than either ryegrass or cocksfoot ,  again a 

reflection of the more intensive root network o f  the f iner-leaved gras s . 

In support  of this Nye and Foster ( 19 58 )  concluded that differences in P 

uptake by various species was due to differences in roo t  numbers and root 

tips rather than any o ther ability . Root  dis tribution was also s tudied by 

Haynes and Sayre ( 1 956)  in relation to mai ze growth . They concluded that 

at increasing root density , water s tress preceded shortage of an immobile 

nutrient such a s  P .  

Both grasses and l egumes appear to  have similar mechanisms o f  P 

uptake therefore those plants with a f ine and dens e root network will mos t  

efficiently utilise available soil P .  In a pas ture s ituation , where 

legumes are the main source of N for a ssociated grasses , there is an obvious 
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need t o  develop clovers with extens ive and f ine root sys tems . As suggested 

by Godwin and Wilson ( 19 7 7) , however ,  examination of the ef fec ts o f  greater 

roo t  hair numbers and mycorrhizal as sociation in promo ting P uptake , and 

root cation exchange capacity , as i t  adversely affects P up take , are factors 

which should also be examined in the programme o f  selec t ing plants for 

increased efficiency of P use . 

2 . 3  Animal P Intake 

In Ne\v Zealand , the nu trient intake by a grazing animal is derived 

almost entirely from the pas ture species consumed . In some locations and 

at certain times of the year some supplementary feeding or supply of mineral 

concentrates may provide ano ther marginal' source . In addition Healy ( 19 6 7 )  

has shown that soil inges tion may c ontribute significant amounts o f  cer tain 

nutrients . ·  Animal intake o f  P ,  however will b e  governed largely by the 

pasture available,  its P concentra t ion , and the level of grazing utilization . 

Young pas ture plants contain higher nutrient concentra tion levels than 

thos e in a s enescent or flowering condition . Such young p lants provide a 

more rich s ource of crude pro tein than older p lants and are both more 

palatable and diges tible (Minson et al . ,  1 9 60 ) . They therefore tend to be  

s elec tively grazed (Blaser e t  al . ,  1 960) and more so by sheep than ca t tle 

(Meyer , et al . ,  1 9 5 7 ) . In terms o f  ob taining the greatest  benefi t  from 

grown pas ture , however ,  it is impor tant that s tock are induced to graze  all 

p lant material and thus prac tice a minimum o f  selec tive grazing , even though 

this generally results in reduced perfo.rrnance p er animal (Blaser et a l . ,  

1 9 60) and a higher grazing : ruminat ing time ratio (Lofgreen et al . ,  1 9 5 7 ) . 

Th e role of gra zing management ,  therefore , is to p rovide the bes t 
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compromise b et\veen production per animal and pr<?duc tion per unit area o f  

land . Selec t ive grazing precedes an everttual accumulation o f  rej ec ted 

senescent and dead plant material tha t ul t imately reduces the available 

grazing area and may only be removed to any exten t by subsequent heavy 

grazing pressure in times o f  slow pasture growth or , \vhere possib l e ,  by 

mowing .· The b es t  gra zing management will induc e maximum growth o f  the 

most produc tive and desirable pasture spec ies but will also ensure that the 

greatest proportion of these will be gra zed by s to ck (Kydd , 1 9 5 7 ) , 

i . e . , pas ture utilization should be as high as possible . 

I t  is recognised that the bet ter da iry farmers in New Zealand ob tain 

the most  efficient pas ture utilization and probably achieve levels of about 

80% ( Smetham, 1 9 7 3 ) . Brougham ( 1 966)  es t imated that the national average 

- 1  for pas ture consumed by dairy s tock was only about 3370 kg DM ha annually . 

- 1  This suggests tha t if , a s  h e  assumed , 1 1 , 240  kg h a  of dry matter i s  

produced over a wide range of pastures , that more than two-thirds of the 

grass grown is not eaten . Although no account o f  feed requirements by 

replacement stock or by cows not in milk was made , this correc tion would not 

great ly change the es timate . This was a s imilarly low level to that 

es timated by Eadie ( 19 70) for British hill country ( 20 to 30%) . These 

utilization levels , however , are low in relation to other es t ima t es , e . g . ,  

63% by half-bred hoggets (Herriott  and Wells , 1 9 6 3 )  and 50% for grazed 

British pas tures (Davies , 1 9 60 ) . Using faecal output and feed : faeces 

indices , Wallace ( 19 56)  calculated that dairy cows could obtain 3 6 30 kg o f  

digestible organic matter from 5450 kg o f  pasture d ry mat ter . 

The merits o f  various grazing systems in achieving maximum animal 

produc tion per unit of land have been propounded for m�ny years . The two 

basic systems used are set s tocking , where animal s  are relat ively lightly 

s tocked over mos t  o f  a farm and moved only infrequently for special purpo s es , 
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and ' ro tational grazing ' where s tock are concentra ted into one or  more mobs 

and moved from paddock to paddock af ter sp-ending f rom a day to a week o r  

more  in  each . 

Freer ( 1 959)  reviewed a numb er of continuous and intermittent grazing 

experiments in various parts of the world and found little  dif ference in 

resul ts from either sys tem . This is perhaps no t surpris ing considering the 

wide range in management syst ems employed under each technique . More 

rec ently it has b een shown that stocking rate has to  be  reasonably high 

- 1  b efore rota tional grazing showed to advantage (Kissock , 1966 , 1 6  ewes ha ; 

- 1  - 1  McMeekan , 1960 , 3 . 0  cows h a  ; Lambourne , 1 9 56 , 20 ewes h a  ) .  This was 

generally no t asso ciated with any difference in total pasture production 

(McMeekan 1960 ; Campb ell , 1 9 6 6 )  which was not significantly affected by 

grazing management or stocking rate . Increas ed s to cking rate  was reflected 

in much b etter pasture utiliza t ion , parti cularly und er rotational grazing 

(Campbell , 1966)  and this was the fea ture responsible  for the animal 

produ c t ion difference b etween the grazing systems a t  high s tocking rates . 

\-lliile pasture groHth in the above trials ,.,as not a ffec ted by grazing 

method very high pressure applied by frequent ro tational grazing ( e . g . , a 

7-day interval )  can depress yield ( Campbell , 1 9 7 0 ) . TI1is observation was 

suppor t ed by Brougham ( 1 959)  who subs equently (Brougham, 19 70)  emphas ized 

that hard grazing regardless o f  season is no t efficient and should be 

adjus t ed for the requirements of desirable  species . On this basis he  

outlined a model management sys tem for a ryegras s-white clover dominant 

pas tur e . 

The degree of respons e of a pas ture to any grazing method will 

depend essentially on the sp ec ies composition . Desirable  species for a 

rota tional grazing system mus t  react  favourably to hard grazing and long 

spelling . I t  has been s uggested therefore (Smetham, 19 7 3) that ryegrasses 
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and l egumes should occupy more than 30% o f  the sward . The obvious 

shortage of these species in mos t  New Zealand hill pas tures (Brougham et al . ,  

1 973) may partly explain why rotational gra zing sys tems have not yet been 

\videly accepted in thes e areas . Convers ely , it  could be  argued that these 

species are not allowed to fully express themselves because of the predominantly 

set s tocking sys t ems in use . 

The application of intensive rotational grazing systems , such as 

propo sed by Smith and Dawson ( 1 9 76) , to hill country sheep and cattle f arms 

is no t easy because these are generally on less produc tive soils and 

therefore large paddocks are requir ed which in many cases are topographically 

complex.  Larger numb ers of animals are  involved and at  c ertain times o f  the 

year , e . g . , during lambing , problems of mismothering and unthrif tiness in 

s tock can appear if a rotational grazing sys tem is maintained ( Suckling , 

1 9 59 ) . Consequently , on the maj ority o f  sheep farms a combina tion o f  some 

form o f  rotational grazing for part of the year and set s tocking at  other 

times is us ed . 

An illus tration of the annual total P intake by grazing animals can b e  

provided b y  a s impl e  calculation . If  a pasture of 10 , 000 kg DM ha- l  has a 

- 1  mean P content o f  4000 p g  g and is effic iently grazed so that 80% is 

consumed by s tock , this will represent a to tal intake by animals of 

-1 32 kg P ha annually . Variation in the efficiency of redis tribution o f  

this quantity o f  P obviously could greatly affect s ubsequent  topdressing 

requirements .  

2 . 4 P Return to Soil 

In a grazed pas ture nutrients taken:-up by plants can be returned to 

the soil in either of t\W ways : 



1 .  In animal excreta af ter b eing consumed by stock . The nu trient 

concentration of either dung or  urine depend� on the relative rate o f  

incorporation into animal products . The level o f  excretal return to the 
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gra zed pasture will be  affected by camping tendenc ies or other manag ement or 

behaviour patt erns that tend to resul t in dung and urine depositions on non-

productive sites . 

2 .  As a cons tituent of ungrazed plant material that has b een either 

inaccess ible to , or avoided by animals and which subsequently collapses or 

is trampled to the soil surface as pasture litter . 

2 . 4 . 1  P return via animal dung 

The excretion of P by anima_ls occurs almo s t  entirely via dung , in 

contrast  to N and K which are largely excreted in urine . For example 
' 

Peterson et  al . ( 1956b) reported that the nutrient contents o f  dung and 

urine f rom grazing cattle were N = 0 . 38% and 1 . 10% , P = 0 . 08% and 0 . 00 4 % ,  

and K = 0 . 18% and 0 . 9 6% , r espec tively . Allowing also for the area covered 

per excretion , the P application rate in dung wa s calculated to be  equivalent 

- 1  - 1  t o  398 kg ha whereas that  in urine Has only 1 7  kg ha . S imilarly , 

S ears and Newbold ( 1 942)  estimated tha t only about 1 to 2% o f  inges ted P 

was excreted in urine . Urinary P can therefore b e  disregarded as 

providing any significant pathway for P return to the soil . 

The value of dung as a source o f  p lant-available P will largely d epend 

on the dis tribution pat tern which will affect the quantity o f  dung deposited 

at any s ite , within the grazing area , and also on the P content and relea s e  

o f  this P f rom dung . 
/ 

2 . 4 . 1 . 1  Dung d is tribution by gra zing stock 

A maj or factor influencing dung dis tribution patterns is the 

type of grazing stock . Sheep tend to  develop permanent , defined camp or  
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res ting areas where heavy rates of dung and urine are  depos ited . lVith 

cattle , campsites are usually freshly chosen at each graz ing although some 

areas ( e . g . , near shelter or  gateways ) always tend to receive relatively 

high l evels of excreta . Both gra zing and dung return pat terns of cattle 

and sheep , however ,  can be influenc ed by proximi ty to roads ( Gardener and 

Centeno , 1966) , supplementary feed distribution pa tterns (MacDiarmid and 

lVatkin , 1 9 7 2) , and water supply (Peterson et al . ,  19 56a) . 

Sheep camp s ites are usually small in area and , on relatively flat 

paddocks , are located on an eleva t ed portion or  adj acent to shelter . 

Hilder ( 1 9 66)  reported that about 30% of the total faecal output of Merino 

ewes was concentrated on less than 5% of the grazing area . This proportion 

was s imilar to tha t es timated by May et al . ( 1 968)  as comprising the camp 

area . On moderately steep hill country , Gillingham and During ( 19 7 3 )  found 

the campsite  or 'A stratum ' to o ccupy 6 . 4% of the grazing area . 

. Although it  is recognised that campsites receive f requent applications 

of dung and urine , as evidenced predominantly by higher s o il P and K levels 

than in the surrounding paddock (Hildcr and Mo ttershead , 1963 ; Gillingham 

and During , 19 7 3) , there has b een lit tle at tempt to quantitatively determine 

dung d is tribution patterns on the remainder 6£ a grazed paddock . The dung 

return interval ( i . e . , the period elapsed between suc cessive applicat ions o f  . 

dung) for any one unit area of land can readily b e  calculated from a 

knowledge of the animal s tocking ra te , the number o f  animal excretions per 

day , and the area covered per excretion if a non-overlap distribution 

pattern is assumed . That is i f  it is also assumed that the total paddock 

is covered by one excretion b efore any part is covered by a second . This may 

provide a useful approximat ion over short interva l s  but is progressively less 

accura te with increased t ime . In one o f  the few reported a ttempts to d efine 

dung and urine dis tribution pat terns , Peterson e t  al . ( 19 56a)  concluded tha t 
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a negative-binomial function w ould b es t  describe the excretal  distribution 

pattern of grazing cows . They considered however , that over a 1 to 3 year 

p eriod an assumed Poisson d is tribut ion would provid e reasonable accuracy . 

Both dung and urine distribution patterns were  s imila r ,  a conclusion also 

reached by Hilder ( 1966) . 

2 . 4 . 1 . 2  Dung excreted and area covered per excretion 

11any measurments have b een made of the excretion of dung by 

grazing s tock . This has involved determinations o f  the number o f  daily 

excretions and the weight of dung in each . Estima tes of the average 

daily total defaeca tions by cat tle have variously been estima ted as 10 . 6  

(Weeda , 1967 ) , 1 2  (Johns tone-Wallace and Kerrnedy , 1 9 4 4 ; Goodall , 19 5 1 ; 

Hancock and McArthur , 1 95 1 ;  Peterson et al . ,  1 956a ; Davies e t  al . ,  1 9 6 2 ) , 

and 14  (MacDiarmid and Watkin , 1 9 7 2 ) . 

Data from both Herrio tt  and Wells ( 1 963)  and S ears and NevJbold ( 19 4 2 )  

sugge s t  that for sh eep , the average numb er o f  defaecations are approximately 

6 per  day . This es timate i s  supported by Hafez  ( 1 969)  who reported that 

the average for sheep ranged from 6 to 8 daily . 
tr"esh 

The daily total� d ung o ut·-put by cat tle has b een reported as 1 8 . 2  kg 

( Goodall , 1 9 5 1 ) , 20 . 9  kg (Johns tone-Wallace and Kennedy , 1944) , and 25 kg 

(Peterson et  al . , 1956a) and for sheep 1 360 g ( Sears and Newbold , 1942) . 

Herrio tt and Wells ( 1963)  recorded an average o f  2 25 g of fresh dung per 

excr etion from half-bred hoggets . - 1  - 1  This totalled 4875  k g  ha year 

The daily faecal output by a grazing animal , hmvever , appears to b e  

invers ely rela ted t o  the d iges tibility o f  the feed available . \\There this 

varies widely during the y ea r ,  dung output can s imilarly be expec ted to 

fluctua te ,  with maximum dung output occurring in "'inter and sununer and a 

minimum level in periods o f  flush growth , e . g . , spring and autumn 

(Bromfield , 1 9 6 1 ) . 
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Estimates of the area covered by each defaecation have b een made 

predominantly in relation to cattle  dung , e . g . , 570  cm2 
(Johns tone-Wallace 

and Kennedy , 1944) , 697 cm
2 (Davies et al . ,  1962) , and 9 29 cm2 

(Peterson 

et  al . , 1 956a) . 

Sheep dung varies cons iderably in phys ical form during the year f rom 

a usually high moisture content pad in spring to compac t pellets in drier 

s ea sons or when pas ture is o f  higher dry matter content . As a result , f ew 

attempt s  have b een made to e s t imate the area covered per defaeca.t:ion . 

Herrio t t  and Well s  (1963)  concluded that dung from half-bred hoggets covered 

2 an average of 7 7  cm per excretion . 

2 . 4 . 1 . 3  pung P content 

Total P in dung is comprised of both inorganic  and organic P ,  

which may be derived either d i rectly from the feed consumed or  from 

endogenous P excreted by the animal . 

Endogenous or  body P i s  added to ingested feed predominantly from 

sal iva . This may have an inorganic P content o f  4 to 1 5  t imes that in 

blood (Preston and Pfander , 1 9 64 ) . Estimates from the da ta o f  Kay ( 1 960)  

and B en-Ghedalia et al . ( 19 7 4 )  suggest that P in  saliva may represent 2 t o  

3 t imes that present i n  inges ted feed . Similarly , the result s  of Littl e  

( 19 7 2 )  indicate that i n  cattle the bolus total P was derived about equally 

f rom saliva and feed sources . Absorp tion of P largely occurs in the 

abomasum and ileum (Wright ,  1 9 55) . 

Total endogenous P in faeces tends to increase with the level o f  

dietary P (Pres ton and Pfander , 1964 ; Braithwait e ,  1975)  b u t  even at  low 

levels of feeding may s t ill  b e  s ignificant . Thus Gallup and Briggs ( 19 50 )  

found nega tive P balances were ob tained (i . e . , total faecal P exceeded 

total dietary P) when the daily P intake of lambs was less than about 

0 . 4 4  g p er 10 kg of live bod�Neight . Bromfield and Jones ( 19 7 0) also 
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measured negative net P balances in sheep when grazing summer pastur e . 

The higher faecal P level was due to additions o f  both inorganic and organic 

endogenous P .  

The to tal P content of dung i s  closely related to the total P intake 

by the animal (Bromfield and Jones , 1970)  and therefore also the feed P 

content . For example ,  Float e  and Torrance ( 19 70)  reported low TP levels 

- 1  in sheep dung o f  6277  and 7374  � g  P g  derived from Nardus and Agros tis -

Fes tuca pas tures , respectively , with TP contents of 1095 and 1 345  ll g  Pg- 1  

levels which w·ould b e  r egarded a s  extremely deficient for fast growing , 

high producing pastures (McNaught , 1 9 70) . These dung TP l evels are 

- 1  therefore low compared with other r eports o f  15000 ll g  Pg derived from a 

high quality ryegrasS-\vhite c love·r pas ture (Martin and Molloy , 1 9 7 1 )  and of 

- 1  20 , 800 ll g  P g  from a sub terraneum clover (Trifolium _?ub t�rraneum) pasture 

in spring (Barrow , 1 9 7 5 ) . 

S imilarly , the p roportion o f  inorganic P in faeces increases as the 

total P content ris es (Bromf ield , 1 9 6 1) . In agreement with this Barrmv and 

Lambourne ( 19 6 2) concluded that the l evel of organic P in fae�es \vas not 

affec ted by the P content of feed and that changes in to tal P l evel occurred 

predominantly in the inorganic  P fraction . This appears to b e  so even in 

conditions of negative P balance . Bromfield and Jones ( 19 7 0 )  concluded 

tha t  the incr eased faecal P l evel above that of dietary P was due to 

p redominantly endogenous inorganic P supplementation rather than to any 

mineralization of dietary organic P .  In spring-feed o f  higher d iges tib ility 

and P conten t , however , up to 80% o f  dietary organic P was mineralized , as 

indicated by faecal organic P l evels . The net mineraliza t ion of plant 

organic P to faecal inorganic P may only occur to any s igni f icant extent 

when pas ture is in an imp roved or rapidly growing condit ion . 
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2 . 4 . 1 . 4 Release o f  P from dung 

In the f ield s i tuat ion the relea s e  o f  P from dung may occur 

either as a result of d irect leaching o f  predominantly water-solub l e  

inorganic P during rainfall or  after initial microbial mineralization o f  

organic P .  

In leaching experiments using dis tilled water , Bromfield ( 19 6 1 )  showed 

that only a proportion of the total inorganic P could be removed by s evere 

leaching (5 succes s ive extract ions at  a wa ter : dung ratio of 80 : 1  shaken for 

1 hour) . This proportion was highes t  in dung of low P �ontent , e . g . , 

. - 1  60% of inorganic P was water soluble  in dung 400 � g  g of total inorganic 

- 1  P but only 29% water soluble in dung containing 1 2 , 600 � g g o f  total 

inorganic P .  In a s imilar experiment Floate ( 1 9 70a) produced  contras ting 

resul ts . Where the l evel o f  inorganic P s oluble  in 0 .  2N HCl '"as 1 1 , 600  � g 

- 1  P g , a total of 6 7 %  was removed b y  5 water extractions , whereas 9 9 %  o r  more 

- 1  inorganic P viaS removed b y  water when this totalled only 8 , 430 � gP g or  less . 

The experimental cond i tions were not described and therefore these results 

may no t b e  direc tly comparabl e . The result s  do sugges t that the type o f  

dung used i n  each experiment  differed more than i n  just  the propor tions and 

levels of inorganic P .  Whereas Floate ( 1 9 7 0a)  removed almo s t  all the 

water-soluble P in the fir s t  extraction the P content of successiv e  extra c ts 

was lower and the decl ine much less steep than with the results presented 

by Brornfield ( 1 9 6 1 ) , particularly for dung o f  higher P content . Neither 

set of results appears to suppor t  the conclusion o f  Barrow ( 19 7 5)  tha t faecal 

P is present as dicalc ium phospha te . If  this were so , sequential water 

extrac t ion of P would show a relatively low amount o f  P releas ed per 

extraction and a very slow decline in the P level of successive extracts , 

characteris tic of a d issolution reaction . 

The loss of inorganic P by l eaching d epends also on the physical form 
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of the dung . Bromfield and Jones ( 1 970)  reported greater P losses from 

crushed than intac t sheep dung pellets . Thf':' also noted that losses were 

greater from summer samples than spring or au tumn samples and considered 

tha t  the d ifference in type of feed in each s eason may b e  a factor  

influencing this . 

Faecal organic P is largely insolub le (Bromfield , 1 9 6 1 ) , and therefore 

in the short  term predominantly unavailable  to plants (McAuliffe et  al . ,  

1949) . Floate and Torrance ( 19 7 0) , however , showed tha t incubation o f  

faecal material with a n  aqueous soil  extract  innoculum did p romo te 

mineralization of o rganic P compared to incuba tion with dis tilled water 

alone , which encouraged only very s low P mineraliza tion . A s imilar 

conclus ion was reached by Bromfield ( 19 6 1 ) . The extent o f  P mineralization 

was significantly correlated with the organic P content o f  the dung and Has 

greater in dung derived from younger plant ma terial . 

Sub s equent work (Floate , 1 9 7 0c )  showed that mineralization o f  P from 

dung was reduced from 10% to minus 12% ( i . e . , 1 2% net immobilisa tion of 

inorganic P )  by a decrease in te mperature f rom 30° to 5°C and to be only 

sligh tly affected by variat ion in dung mois ture content from 25 to 100% 

mois ture-holding capacity (Floa te , 19 70d) . These effects  were probably 

related to associated changes in microbial popula tions ( Birch , 1 9 6 1 ; 

Ellis , 1 97 4 ) , as d iscussed in S ec t ion 2 . 4 . 2 . 3  in relation to l itter 

decomposition . S imilarly , a s ignificant net release o f  inorganic P may 

occur only following a rapid microbial population explos ion and subs equent 

autolysis as the sub s trate b ecomes exhaus ted . 

2 . 4 . 2  P return via pas ture litter 

D�Ad plant ma terial in the grazed sward consists o f  both s tanding dead 

matter and collapsed material or  l i t ter . Litter is considered to be the 

material which is out o f  reach o f  the gra zing animal and generally 
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const itutes a n  older s tage o f  s tanding dead mat t er which i s  a t  least  

pot entially s till susceptib l e  to grazing . The d i fference in age will 

depend essentially on the amount of  trampling a particular s ite  receive s . 

On heavy traffic areas , e . g . , sheep campsites or tracks , dead plant material 

will quickly fall to the soil surface . The amount of plant material 

contributing to lit ter is g enerally inversely related to gra zing pressure 

(Rhoades et al . ,  1964)  but can also be  affected by topography and drainage 

d i fferences (Beetle , 1 9 5 2 ) . 

2 . 4 . 2 . 1 Type s  of  litter 

Animals prefer to graze pasture high in protein and lm-1 in 

c rude fibre (Weir and Torrell , 1 9 5 9 ; Arnold , 1 9 60 ; Blaser et  al . ,  1 9 6 0 ; 

Ha fez , 1969 ; Frame and Hunt , 1 9 7 1 ;  Hunter , 1 9 6 2 ) . I t  follows therefore 

tha t  the res idual proport ion a fter grazing is l ikely to be  lower in protein 

and higher in crude fibre than the mean levels for the pre-grazed pasture . 

No t all plant material remaining after grazing f i t s  this category , however ,  

because some leaf material , particularly of the p rostrate growing grasses 

and l egumes , is located in positions not easily reached by s tock.  S uch 

material near the base of the sward depends on the availability of  adequa te  

light  for  continued growth . Therefor e ,  unless the pas ture is frequently 

and rela tively severely grazed this base level p lant mat ter is quickly 

shaded and dies . Such mat erial ,  however ,  is l ikely to form only a minor 

p roportion of the annual total pasture litter under  grazing , particularly 

if relatively unpalatable grasses or weed species occupy a significant 

proportion of  the sward . 

As discussed previously ( Section 2 . 3) stock , especially sheep , t end 

to s elec tively graze pas ture if allowed to do so . The pas ture species · 

c omposition will therefore affect the degree o f  selective grazing prac ticed 

and thus also the level of  litter accumulation . In this context , it  i s  



recognised that legumes are generally more palatable and nutritive than 

grass es (Lancashire and Keogh , 1966)  and in mixed pasture tend to b e  

. p referred b y  s tock . 

TI1e nutrient composition of litter material also varies during the 
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y ear . Following the reproductive phase and s enescence of plants in late 

spring and summer the pas ture dead matter , and s ubsequently the litter 

material , are dominated in late s ummer and autumn by seeding stems . This 

is especially so if grazing p ressure in spring has been lax and consequently 

the sward is grass dominant ( Campbell , 1966) . 

Pasture fouled by dung or  urine tends to b e  avoided by grazing s t o ck 

( S ears and Newbold , 1 9 4 2 ; Norman and Green , 1 9 58 ; Marsh and Campling , 

1 9 70 ; MacDiarmid and Watkin , 19n) . This contributes litter of a h igher 

p rotein content and lower crude fibre than the average for the post-graz ing 

condition o f  litter material . 

2 . 4 . 2 . 2  P lant senescence 

Once the c omponents of pas ture plants show s ign of overall 

y ellowing or  browning o f  tissue they may b e  considered to b e  no longer in 

an actively growing s ta te and therefore can b e  classed as part o f  the 

pasture dead matter . In reaching this condition , hov7ever , s everal important 

changes wi!thin the plant have already occurred , one of the mos t  significant 

of which is the loss of some mobile nutrients by translocation . Thi s  

mechanism is especially associated with the change in plant growth f rom a 

vegetative to a reproduc tive condition (Petrie , 1937 )  and the s ubs equen t  

movement o f  nutrients f rom leaves and stems t o  the inflorescence .  An N 

shortage , however ,  may induce a s imilar export o f  N f rom older to younger 

leaves , accompanied by accelerated yellmving and s enescence (Wi.lliams , 1955) . 

Williams also concluded that P and K ,  and to a less extent Mg , were 
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s imilarly relatively mob ile compared with S and _ Ca . Such nutrient movement 

within a plant appears to be affec ted by b-oth the external nutrient supply 

and also the relative nutrient demand by various plant parts , including 

roots (Williams , 1948) . Each vegeta t ive part of  a plant pass es through 

the various conditions o f  accumulation , constant content , and export o f  

mobile nutrients , especl.ally N and P .  Such mobilisation is apparently less 

pronounced withih nutrient deficient plants . 

An impor tant influence of grazing therefore is , by rep ea ted defoliation , 

to maintain the pas ture p lant in a vegetative condition as long as possib l e  

and t o  minimis e  the translocation of  nutrients t o  the flowering s t ems . I t  

i s  possible t o  achieve the same effect by s trategic nutrient application . 

For exampl e ,  Aspinall  ( 19 6 1 ) obtained s teady and continuous tiller production 

in wheat by applying a low concentration of nutrients at - weekly intervals . 

Nevertheless , once flowering does occur a large proportion of  the total 

plant nutrient content can be located in the inflorescence (Williams , 1948)  

and apart from that lost  in seed , this b ecomes potentially available for 

d irec t return to the soil via l itter . 

2 . 4 . 2 . 3  Release of P from litter 

The releas e of nutrients from dead and decaying plant mat erial 

depends on two fac tors . In the short term ,  the release depends on the 

proportion of nutrients that are water soluble and able to b e  readily 

removed by rainfall .  The more long term and maj or  release o f  nutrients is 

rela ted to the microbial activity in b reaking down plant cells . 

The l evel of nutrient releas e  by direct leaching seems · to be  inversely 

related to the conditions favouring microbial attack . This  was demons trated 

by Jones and B romfield ( 19 69 )  who found that  although about 75% of  the P in 

finely-ground pasture was soluble in water and the proportion tends to vary 

with total P c ontent (Bromfield and Jones , 1 9 7 2 ) , the extent to which this 
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was ac tually leached depended on how much was microbially . immobilized . 

Bromfield and Jones ( 1 97 2) also showed however that during a p eriod of from 

about 18 to 30 hours after initial wetting ( i . e . , in the non-biologically 

active period) , a large p roportion o f  water-soluble P could b e  leached f rom 

'whole ' ( 2 . 5  cm lengths) plant material using heavy simulat ed rainfall . 
-

They concluded that l eaching of P was l imited by the rate  o f  solution and 

diffusion from within the intact plant . 

Similarly , Halm et  al . ( 1 97 2) no ted tha t  the level o f  P in prostrate 

litter was decreas ed sharply by late summer rainfall . Their s tudy was in 

ungrazed , native grassland under low rainfall conditions and these factors 

would . have all predisposed towards a low level o f  microbial activity . 

The process es o f  mineralization and immobilization o f  nutrients both 

occur during decomposit ion of plant mat erial and the net effect  appears 

related to the type of initial materia l . Bir ch ( 1 96 1) interpreted this 

as the rate of build-up in microbial population being affec ted by the p lant 

condition . He consid ered that young p lant material promotes a microbial 

population explosion and a rapid exhaus tion o f  the substrate . Subsequent 

death of this population releases inorganic P by "enzymatic phosphorylation 

processes " . The microb ial build-up on more mature plant material however , 

is smaller and the more prolonged supply of less readily-available subs trate 

maintains a fairly unifo rm cycle o f  microbial growth and decay . Any 

microb ial organic P mineralized in this situat ion is used again . 

Floate ( 1970b) showed that N and P mineralization increased in 

proportion to the initial N and organic P contents of the mat erial , 

r espectively . I t  also app ears that considerable  N can b e  p ro duced from 

organic materials with a quite high C :N ratio ( Shaw , 1958) . Earlier resul ts 

by Barrow ( 1 96 1) supported those of Floate ( 1 9 70b) for nitrogen but Bromfield 

and Jones ( 19 7 2) concluded that an incr ease in the N : P  ratio resulted in 

increased immobilization and reduced loss  of water-soluble P .  
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The decomposition sequence appears t o  b e  that fungi which develop on 

litter are a ttacked by bacteria (Clark and Paul , 1970) . Cole e t  a l . ( 19 7 7a )  

have recently shown that pro to zoan attack o f  the bacterial population , 

relea sing inorganic P ,  can b e  a. further important s tage in the process . 

Some a ttack o f  the dead plant material by fungi and bac teria appears 

necessary b efore it becomes acceptable to the maj ority of soil invertebrates . 

The final s tages in decompos i t ion of the more resistant litter components , 

however ,  probably depend on the larger soil fauna , as illus trated by Will 

( 1968)  for forest litter . Conversely , i t  has b een suggested (Barley and 

Jennings , 1959)  that although earthworms are very active in litter b reakdown 

(Edwards and Heath , 1963)  their maj or  role is one of preconditioning o f  

organic material f o r  subs equent microbial attack . Because o f  the higher 

water-extractable P concentrations in worm cast s  then in the underlying soil 

(Sharpley and Syers , 19 7 6 ) , and the associated higher short-term plant 

ava ilab ility of this P (Mansell , 1 9 7 7 ) , earthworms , where present in sufficient 

numbers , may also play a s ignificant role in accelerating the rate of cycling 

of P .  

The decomposition of material f rom different plant species can b e  

associa ted with distinc t species of arthropod fauna (Curry , 1 9 7 3) and this 

partly explains the differences in the rate of d isappearance of various 

plant mat erials . In the pas ture s itua t ion , differences may not be great 

because as no ted by Clarke and Paul ( 19 7 0 ) ,  the rhizosphere of grasses seem 

to b e  similar , in numbers and species , to those o f  a variety of non­

graminaceous p lants .  

The seasonal variab ility in the decomposition rate of litter is 

direc tly related to changes in i ts temperature and mois ture content which 

have most likely induced similar changes in :the mic robial population 

(Ellis , 1974) . Such effects tend to be grea ter on  bacterial than either 

fungal or  actinomyce tal numbers (Biederb eck and Campbel l ,  1973) . 
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Floate ( 1 9 70c) showed that the rate o f  C and N mineralization was 

0 0 sharply reduced by d ropping the temp erature from 30 C to 5 C .  I n  a later 

study (Floate , 1970d)  it was showr1 that between 50 and 100% mois ture-

holding capacity was the optimum for decomposition . Fluc tuations in 

mois ture content were found by S�renson ( 1. 9 74 )  to increase the ra te of 

decompos it ion compared with material held a t  a constant mois ture content . 

Jones and Bromfield ( 19 69 )  s imilarly found that more P was leached from 

samples intermittently dried than those which \-!ere kept continuously moist . 

The effect of d iurnally fluc tuating temperature on the o ther hand did 

not increase microbial growth more than a corresponding cons tant mean 

temperature (Biederbeck and Campbell , 1 9 7 3 ) s although an increase following 

a p eriod · of constan t  t emperature did increase the population . Conversely , 

a tempera ture decrease  markedly reduced microbial numbers with a corresponding 

flush of released nitrogen . 

The decomposition rate of resident litter may also be increased by the 

priming effect of adding a quantity of more-readily decomposab le mat ter 

( S�renson , 1974) . 

Any P original ly in pasture litter may therefore be incorporated into 

the soil in one of s everal ways ; as non-decomposed organic residues , as 

organic P component s  of fungal or bacterial t issues originat ing from litter , 

as inorganic or p reviously mineralized organic P ,  or P may reach the soil 

as either unchanged litter inorganic P or subsequent to mineralization from 

the o rganic form . 

The high percentage of TP in litter , and the appreciable proportion in 

dung that is water soluble , suggest that potentially both ma terials may 

significantly contribute to immediate plant requirements . The eventual 

decomposition of organic residues and mineralization of other forms of P is 

dependent on the a c t ivity of macro and micro fauna in the soil . The higher 

the P content of the pas ture from which both lit ter and dung are derived and 



the higher the associated N s ta tus of the material ,  the more significant 

and rapid the contributions of both water soluble and mineralized P would 

appear to b e .  

2 . 5  Availability of  Returned and Applied P 

4 2  

The usefulness to growing plants of P added to soil is o f  primary 

concern in determining no t only the mos t· efficient fertilizer prac tice to 

employ in terms of typ e ,  rate ,  and frequency , but also to appreciate the 

significance of supplementary c ontributions from plant material and animal 

dung . The level of these contributions are affected by ·grazing management 

and may therefore be manipulated to complement · the topdressing policy . 

The major  and obvious difference b etween both pasture litter and 

d1.1ng , c ompared with inorganic f ertilizers , is · the o rganic component of the 

biological materials . This has implications to the relative contributions 

of each source of P to the soil organic P fraction and convers ely the 

usefulness of each as a short-term source of plant-available P .  As 

discussed in S ec tion 2 . 4 . 3 . 1 ,  P from o rganic residues may reach the soil in 

either o rganic or inorganic form , the proportion depending largely on the 

original type of material and the prevailing environmental conditions . 

Organic P from litter and dung may be considered , a t  l east  in the short term , 

to contribute only to soil organic P and therefore not to cons titute any 

significant immediately available  form of P .  The validi ty of this assumpt ion 

over a longer p eriod will depend largely on the extent to which active soil 

organic matter accumulation is s t ill occurring . This will itself b e  affec ted 

by such soil properties as pH , C/N rat io , and soil P s ta tus (Walker , 1965) . 

At a s t eady-state soil organic P leve� the . rate of  o rganic P mineralization 

mus t  by definition , be similar to that  of organic P addition or inorganic P 
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immob i l i za t ion . S easona l changes in some o rganic P f ra c t ions may also  

o c cur . Ha lm e t  a l . ,  ( 1 9 72 )  showed that the NaHC0 3-solub l e  organic P level 

varied during the yea r ,  increas ing during the period o f  maximum growth and 

h ighes t microb ial act ivity wher eas the NaHco3 inorganic P levels rema ined 

constan t . 

Inorganic P entering the  soil  solution may b e  us ed in s everal \vay s . 

I t  may b e  taken up by plant roo ts o r  by microb ial d ecompos ers . Cole  e t  al . 

( 19 7 7 )  c ons ider the la t te r  t o  b e  about 2 0  t imes mor e  e f f i c ien t  a t  absorb ing 

inorgani c  P than p lan t root s  and therefore are particularly comp e t i t ive a t  

l o'i.-7 s o i l  P l evels . Al t ernatively P may be sorbed by s o i l  components  with 

a range of bonding energies t o  b ecome e i th er essentially non-exchangeabl e  

or  rapi dly exchangeable with P i n  solution . 

2 .  5 . 1 P f rom organic res idues 

Few ass essmen ts have b een made of the availab i l i t y  to growing plants 

o f  P f rom dead plant ma teria l . Hans ell  ( 1 9 7 7 )  has recent ly sho\m tha t over 

a 4-week period 
3 2

P-lab elled pas ture l i t t er contributed to p lant P up take 

a nd tha t  this wa s accelerated i f  the l i t t er was f i r s t  inges ted and 

subs equently excreted as surface cas ts by earthwo rms . Any d i f f erenc e 

b e tween l i t ter and derived cas t ma t erial in terms o f  l ong term P avai lab i l i ty 

was no t d e termined . 

As ses sments have b een mad �  of the total  effec t of  returning pasture 

c l ip p ings to mown plots compared wi th no t returning them ( Lynch , 19 4 7 ) , as  

measured by subs equent pas ture product ion and compo s i t ion . Th e return o f  

c l ippings t echnique has also  b een c ompared v7ith  various gra zing , o r  dung 

and u rine return , t rea tment s  ( E-l l i o t t  and Lynch , 1 9 58 ) . Ob s erved and 

measured sward d eteriora t ion as a resul t o f  no t re turning c l ippings was 

la rgely a t t ributed to  depletion  of  s o i l  N and K mo re than to  deplet ion o f  P ;  

a conc l us ion also  reached by Wo l to n  ( 1 9 6 3 ) . 
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The usefulness of  d ung a s  a source of plant available  nutrients has 

b een studied more widely . Some measurements have been a combined 

assessment of both dung and urine application ( S ears , 1944 , 1 9 50 ; Metson 

and Hurs t ,  1953 ; S ears and Thurs ton , 1953) , with the effect b eing 

interpreted by comparison with non-return areas . Other trials have 

included treatments where the effec t of dung alone was assessed ( S ears and 

Newb old , 1 94 2 ;  Sears et al . ,  1948 ; Wa tkin , 19 54 , 1957 ; Melville and 

S ears , 1 9 5 3 ; Wolten , 1 9 5 5 ; 'Wheeler , 1958) . In some experiments s imulated 

dung and urine treatments have b een used , (McNeur , 19 5 3 ;  Holliday and 

Wilman , 1962 ; Wolten et al . ,  1 9 70) . 

Dung , or  simulated d ung treatments have b een found to have no . 

immediate. b eneficial effects on pas ture growth but  these often appear af ter 

a p eriod of  time . Wol t en ( 1 955) recorded pas ture growth increases from 

dung about a year after the start of the trial . During ( 1 9 7 2) found that 

over four y ea rs the uptake of P from cattle dung was j us t  as  efficient as 

that from superphosphat e . Similarly in the third and fourth year of  a 

f ield trial S ears et  al . ( 1948) measured an 18%  h igher pasture product ion 

on ' dung only ' plo ts than on those  receiving neith er dung o r  urine . By 

comparison , ' urine only ' plots and ' full return ' (dung plus urine) plots 

produced 15 and 33% , respectively , more than the control . These resul ts 

s uggest that there was no interact ion between nutrients in dung and urine 

when applied to pasture s imultaneously ; the increased dry matter produced 

f rom full return b eing an additive effect only . Watkin ( 1 9 5 7 ) , however , 

reported a positive int eraction between dung and urine in increasing pas ture 

growth . Because both dung and urine contain appreciable  levels of K i t  is 

likely that this interac tion was pr incipally b etween P in dung and N in 

urine . This is suppor t ed by the results of  Holliday and Wilman ( 1 962)  who 

found a positive interaction between N and dried dung plus nitrochalk in 
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inc reasing pas ture grmvth . A similar interac tion occurred between clover 

and thes e "animal residues "  after· a year  o.f the trial . Again this is moL e 

l ikely an effec t of increased soil N .  The build-up of clover in "dung 

only" pas ture plots \.;ras earlier no ted by Sea rs and Newbold ( 1942) . 

W11eeler ( 1 9 58 )  similarly emphasized the need for high associated levels o f  

nitrogen before dung produced a signifi cant pasture response .  By contra s t  

B romfield and Simpson ( 1 9 7 4 )  found that although high grazing pressure 

increased N availability in the surface soil , P or S availability was not 

affect ed . 

Gunary ( 1968) concluded that although P in sheep dung may be  readily 

available its effectiveness depends on the degree of dung/root contact .  

Therefore , dung mus t b e  incorporated into the soil  to ob tain the grea t es t  

b enefit from faecal P .  In the field the presence of dung itself may b e  a 

factor s t imulating soil fauna which will encourage dung breakdown and 

incorporation into the underlying soil . Watkin ( 1954) noted a significant 

b uild-up in the popula tion and activity of earthworms in dung only , and 

dung plus urine treatments , also receiving high rates of N �  By comparison , 

earthworm numbers were low on the respective urine · only treatments .  

Dung/ roo t contact may also b e  greatly improved when dung is in a very 

f luid s tate . This could have been a maj o r  factor in the resul ts of 

Hanley and Murphy ( 19 7 6 )  who found slurries of  cow and pig dung to compare 

f avourably with other s ources ·of N, P ,  and K, particularly over periods 

g reater than two months af ter application . 

Because inorganic P is relatively immobile in mos t  soils the improvement 

o f  root /P contac t ,  or the increase of available P sta tus at depth , both of 

which may be  accomplished by earthworms , may be achieved largely by the 

more labile o rganic P fractions from litter o r  dung which have grea ter 

mobility . This may explain v1hy Elliott · ( 1 9 7 2 )  reported significant P losses 



from lysimeters receiving d ung , but not fr�m th?s e  receiving superphospha te . 

Mineralization of organic P at depth may in some s easons provide a useful 

source of available s oil P .  

2 . 5 . 2  P from fertilizer 

The evalua tion of  P as a fertilizer element has been more extensive 

than that of any other plan t nutrient . The need for clear definition o f  

the long-term availabili ty t o  pas ture of  fertilizer P i s  becoming of  

increasing interes t and concern in New Zealand . This stems no t only from 

the increasing cost and diminishing sources of s upply of phosphate rock but 

also because most of the potential farmland is now in pas ture and requires 

more of a maintenance than a development top-dress ing . During ( 19 7 2) has 

r eviewed the bulk of New Zealand field work conduc ted pr
.
imarily by the 

Department of Agricul ture and subs equently the Minis try of Agricul ture and 

Fisheries . The topic can only very briefly b e  covered in this review . 

Phosphate fertili zers are almos t entirely solid materials applied to 

the soil for plant root absorption . Some foliar sprays have been used but 

these appear to offer l imited scope for correct ing P deficiency b ecaus e P 

intake via leaves is s low compared wi th that of  root uptake (Bou�� ,  1 9 6 8 ) . 

Karlovsky ( 1975)  concluded that although liquid P fertilizers may have a 

s imilar effect they were much more cos tly per unit of P than solid 

f ertilizers in New Zealand . 

An example of the range of  materials _ that can be used as P fertilizers 

were thos e  evaluated by van der Els t  and Karlovsky ( 1953) . This trial 

showed that over four years all 10 materials used , and compared on a uni t  P 

weight basis , stimulated pasture growth to a s imilar e�tent , but that yield 

response was not direc tly related to fertilizer P content . e . g . ,  s erpentine 

super ( 6 . 5% P) and double  super (2 1 . 4% P) gave the same response (99% o f  that 

p roduced by superphosphat e  with 9 . 2% P) . The greatest pas ture produc tion 
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was from thermophos ( calcium-magnesium phosphat� at  7 . 8% P)  and basic slag 

( 7 . 4% P) treatments . Great care is required in interpreting P responses 

from such ' compound ' f ertilizers because of the nutrient interac tions tha t  

can occur . Walker e t  al ( 1 955)  no ted such interactions in evaluat ing S and 

Mo . with P f ertilizers . During et  al . ( 1960)  reported both positive and 

negative interactions between various nutrients . Similarly , Cullen ( 1958)  

found that lime 'added with North African and Nauru ground rock phosphate 

depressed growth whereas yields from superphosphat e ,  serpentine sup erphosphate, 

and thermophos trea tments were · enhanced with lime . 

A characteristic sigmoidal response curve is derived by measuring 

pasture dry matter production at increasing l evels o f  P topdressing . The 

initial, increasing rate of p lant P uptake , as the applied P level increases 

is explained in terms of the progressive sa turation of P sorption s ites and 

an increasing p ropor t ion of applied P remaining in solution of \vhich the 

plants take full advantage . This same process continues throughout the 

range of further P application . At the h igher levels of topdress ing , 

however , the ab ility of faster growing plants to fully use available  P 

appears to become l imited by such other factors as relatively inefficient 

root exploration and the availability of o ther nutrients . Consequently , 

the marginal increas e  in dry matter growth p er uni t  addition of P gradually 

declines and increasing proportions of applied P is subsequently not used . 

A compromise mus t  therefore b e  reached b etween that level of production near 

the maximu� and a lower level which may be  largely set by economic factors . 

The l evel o f  annually applied P required to maintain a c er tain l evel 

of pas ture growth must , over a long p eriod , represent the sum of both "above-

ground" and "below-ground". losses . Karlovsky ( 1 975) .concluded that a t  a 

high level of pasture produc tion and utilization by grazing stock these 

losses occur predominantly "above ground" and therefore can b e  minimized by 

prudent management .  Conversely , estimates of "apparent" P recovery from 
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the soil , by  comparing total P uptake from b o th topdressed and untopdressed 

plots over a long p eriod have been as low as 1 5  to 30% (Russell , 1 954)  

and 2 7  to 50%  (During , 1972) . 

Because most  o f  the P taken up by plants in grazed pas ture is returned 

to the soil as dung , a proper evaluation of the efficiency of a P fertilizer 

should also incorpora te the subsequent ava ilability of P from dung . This 

assessment can only b e  made after a long period of topdressing by which t ime 

dung has been returned uniformly to the whol e  grazing area . At this time , 

annual plant P uptake can b e  related to the total P return to the soil in 

fertill.zer , litter , and dung b ecause soil P levels will remain relatively 

constant . 

Karlovsky ( 1 9 6 1 ,  1 9 6 2 ,  1966)  adopt ed this approach but express ed plant 

up take in this context as a "percent P utilization" . This interpretation 

gives a false impression of the efficiency of P recovery by pas ture b ecause 

plant uptake in one year is related only to  P inpu t  in the same year without 

recognising the previous P inputs that have brought the soil P s tatus to the 

exis ting level . In the control s itua t ion , where no topdressing was applie d , 

P return via dung and lit ter would ,  becaus e o f  some above ground losses , b e  

less than that o f  p lant up take . Consequently , the derived P utiliza tion 

efficiency would in this case exceed 100% as mobilization of P from soil 

reserves occurred . Similarly , low l evels of  P topdressing are associated 

with high P utilization percentages and lower utilization efficiencies are 

derived from higher topdressing rates to  the same soil . While the relative 

order of these es timates are correct ,  they are inflated by the influence of 

the total available soil P level . 

A more correc t definition of  the efficiency of utiliza tion of  applied 

P may be ob tained by sub tracting the control level o f  p lant P up take front 

the treatment P up take level b efore rela ting it to to tal P inputs for any 

year . . Such modifica tion would derive a much lower and more compac t  range 



of  P utiliza t ion efficiencies for any g iven range of  P topdressing rates 

than by the Karlovsky method and would be more  realistic , especially a t  

low levels of  topdressing . Such levels of efficiency would also relate 

more closely to laboratory experimental resul ts . For example Peaslee 

and Balleaux ( 19 7 7 )  in sequential desorption experiments ( us ing l0
-3

N 
-

CaC12 as the extractant solution) , covering a period  of 88 hours, were ab le 

to recover . only 15 to 30% of applied P .  

The estimation o f  P utilization efficiency is to some extent o f  

academic interest only because the aspect of  maj or concern i s  the l evel of  

pasture growth that can b e  maintained on a particular soil by a certain 

fertilizer input . It is important , however , to  apprecia te the true role 

of added , compared with native , soil P in its contribution to  total pas ture 

grmvth . As suggested by During ( 1 9 7 2 ) , the data from long-term P response 

trials perhaps may best be used to derive an estimate of annual "below 

ground" losses of P by immobilization and leaching (i . e . , to tal applied P 

p er year less p lant P uptake) over a range of  p asture production levels . 

2 . 6  Above Ground P Losses 

The "above ground" components of  the P cycle  in grazed pas ture 

potentially of fer the greatest opportunity for manipulation and therefore 

largely determine the efficiency of the P cycle in operation . Losses of P 

may be sufficient�y large as to effec tively disrupt the cycl e  or the 

components so controlled that net losses are small or non exis tent . The 

three main P loss pa thways to . consider are in animal products , by animal 

transfer , and in surface runo ff water . 
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2 . 6 . 1  P losses in animal products 

On mos t  hill-country p roperties the animal s  sold are s tore wether 

lambs , surplus 2-tooth ewes , and cull mature ewes , and some weaner and 

cull-breeding cows . Fat t ening of young stock may occur where suitable  

areas of flatter land are  available . 

The bones and teeth of  animals contain about 80% of body P ,  with the 

balance present in o rganic combinations , e . g . , phosphoprotein , nucl eopro tein , 

phospholipids , phosphocreatin , hexose phosphates , and others (Maynard , 1 9 4 7 ) . 

Bones and teeth contain between about 5 and 10% P (mean 8 . 5% P . , Agricultural 

Research Council , 19 65) and body tissues 0 . 15 to 0 . 20% P .  

The annual P losses in animal products from a store sheep farm 

carrying no cattle ( for s implicity of estimat ion) may be calculated a s  

follows : 

A 27 kg carcass weigh t  Romney ewe contains about 9 . 3% bon e ,  48 . 4% 

muscle and 39 . 8% fat (McMeekan , 1959) . This represents about 2 10 g P in 

bone and 40 g P in o th er t issues . If  the average wool production from ewes 

and wethers was 4 . 5  kg , then this represents a further 9 g P per animal . 

- 1  Assuming a s tocking l evel o f  1 1  s tock units ha with a culling rate of  20% , 

- 1  this amounts to a net loss o f  about 550 g P ha per year . I f  lambing is 

80% from ewes of  the above body weight  (Hight and Wrigh t ,  1 9 7 2 ) , wether 

lambs are sold as s tores at 34 kg l ive-weight and surplus ewe lambs above 

flock rep lacement requirements are sold as 2-tooths at 45 kg l ive-wei gh t , then 

- 1  this represents a further loss in animal products of about 1 220 g P ha , 

- 1  i . e . , a to tal annual loss of  1 7 70 g P ha • 

cattle only system is similar ! 

The estimated P loss from a 

If it is assumed that 550 kg of pasture containing 0 . 35%  P is necessary 

to support 1 s tock unit then the annual P loss in animal products repres ents 

about 8 . 4 %  of pasture P uptake . At an 80% l evel of pas ture utiliza t ion by 
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s tock this represents 10 . 4% o f  animal P intake . 

2 . 6 . 2  P losses by animal transfer 

The non-uniform return of animal dung and urine to grazed pasture may , 

over long p eriods , induce marked changes in soil nutrient s tatus . This can 

o ccur within paddocks , as measured by Hilder ( 19 66) with Merino ewes , or 

between paddocks as on s ome dairy farms with es tabl ished "day" and "night" 

paddocks . The greater  proportion of dung and urine return by cows a t  

night , compared with that during the day (Hancock and McArthur , 1 9 5 1 ) , 

results in a gradual t rans fer o f  nutrients to  p addocks p redominantly used 

for night grazing (Sears , 1956)  with associated effects on pasture p roduction 

and species composition . 

s tock management . 

Such effects can b e  corrected by more f lexible 

Within-paddock differentiation in pasture composition and soil P 

s tatus is generally not marked on flat-land but  is much more apparent in 

hill paddocks . Some o f  this variability can b e  a ttributed to soil and 

microclimatic differences but , as demonstrated by Gillingham and During 

( 1 973) , mos t  can be r elated to markedly lower returns of N ,  P ,  and K in 

dung and urine than the amounts taken-up by pas ture . Net transfer losses 

of P were proportionately greater on moderately-s teep s lopes ( i . e . , 38% of 

pasture P uptake) than on flatter s ites adj acent to camp areas ( i . e . , 4 . 6% of 

pasture P uptake) . No equivalent data are available for P transfer losses 

on flat land although some . estimates have b een made (Karlovsky , 1 9 7 5 ) . 

2 . 6 . 3  P losses  in surface runoff water 

Phosphorus loss es in surface runoff  are predominantly associated with 

sediments ·  i . e . , particulate forms which include both ' native ' P and ' fertilizer ' 

P (Burwell  et al . ,  1 9 75) . The latter may comprise both fertilizer particles 



52 

and fertilizer P sorbed onto soil particles . Additional losses may o ccur 

as dissolved inorganic P .  Under topdressed conditions therefore the 

contribution from fertilizer to surface runoff  losses may be expected to 

increase markedly (Sharpley , 1 9 7 7 ) . In developed pasture, gullies and s tream 

channels contribute the maj ority of sediment ( S chouten , 1 9 7 6 )  which may 

itself sorb appreciable amounts of inorganic P from solution ( Sharpley , 1 9 7 7 ) . 

The ac tual P loss from pas ture will depend on fac tors affec ting both 

the amount of  surface runoff  and the P status of  the surface soil . In hill 

pas tures these will depend on the gra zing management and _ topdressing policies 

being applied . Significant  earthworm cas ting activity during winter 

( Sharpley and Syers , 1 9 7 6 )  may comprise an important additional source of 

particulate P to  surface runoff . ·  

On mos t hill areas widespread surface runoff does not generally 

occur over long dis tances and may only make any contribution to streams 

when derived from slopes in close proximity ( Be tson , 1964 ; Ragan , 1 9 6 7 ; 

Dunne and Black , 1 9 70) . Movement of soil particulates over. short distances 

from steep slopes to adjacent stock tracks could involve appreciable 

depletion o f  surface soil P under suitable conditions . Of more s ignificance 

may be the transport of whole litter and dung material from slopes to tracks , 

thus removing the source of  potentially plant available P .  Conversely , 

some washing of  dung , litter , or  soil may occur from campsites or tracks to 

lower slopes . The s ignificance o f  these effects in steep , grazed pas tures 

is unknown . I t  has b een suggested that surface runoff from more gentle 

s lopes a t· t imes contains appreciable levels of P derived from animal dung 

(McCarty , 1 9 6 7 ; Holt  et al . ,  1970)  and pas ture litter ( Cowan and Lee , 1 9 7 1 ; 

Taylor e t  al . ,  19 7 1 ) . 

Both vegetation type and maturity affect th e level of  P loss (\�ite and 

Williamson , 1 9 73) . In addition loss of P from piant material can be  

accelerated by alternate freeze and thaw conditions (Holt  et al . 1970) . 
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Cons equently , microclimatic differences between north and south aspec ts · 

could, in colder regions , b e  associated with differences in P loss rates 

where surface runoff also occurs . 

2 . 7  General Conclusions 

S tudy of the movement of P from soil to p lant and its return to the 

s o il by various pathways enables a measure to b e  ob tained o f  the relat ive 

s ignificance o f  each component in the overall cycle . Total amounts o f  

the differing forms of P present i n  various compartments o f  a P cycle can 

b e  determined relatively easily . The definition o f  transf er rates between 

c ompartments , however , is of greater importance but more difficult to obtain . 

For this reason most  s tudies have b een made on systems a t  an equilibrium 

where component levels are s table and therefore rates of P movement can b e  

more readily determined . Exampl es of such syst ems are ungrazed rangelands 

as studied by Halm et al ( 1 9 72)  and modelled by Cole et al . ( 1 9 7 7) . 

Res earch on soil P has been occupied predominantly with an evaluation 

o f  the forms of soil P and their relationship t o  plant uptake . Such s tudies 

have generally involved the measurement of P in two or more  compartments 

only , but usually divorced from o ther aspects of a P cycle . Although 

considerable progress has b een achieved with respect to defining P sorption 

characteris tics of soil cons tituents the process  of P desorption is less well  

understood . Similarly , the many methods of def ining p lant available  P ,  

either with or without the a id of isotopes , all  appear to have some l imitations 

in their interpretation and application . In most  ins tances a defini tion 

a ttempts to  relate a s ingle instantaneous measurement of soil P to equivalent 

plant uptake which may extend over one or  more y ears . A compound measurement 

incorporating several factors (e . g . , buffer capacity and pH) may b e  nec essary 
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to satisfactorily define total plant available  P over a range o f  soil types 

and levels of P .  Convers ely , a more f requently used ' immediately 

available ' P test  may b e  preferable . 

Uptake o f  P by plants can readily be  determined . More  difficult is 

the assessment under field conditions o f  P return rates from plant litter . 

The pres ence of the grazing animal obviously introduces factors o f  animal­

product loss and transfer that may make an equilibrium slow or impossib l e  

t o  achieve , particularly where large numbers o f  animals a r e  involved . An 

examina tion of a P cycle under grazing c onditions is therefore comparatively 

difficult . While isolated studies have been made on the release and 

availabili ty o f  P from dung , there has b een little  attempt to specifically 

evaluate the effects of pas ture grazing utiliza t ion and excretal .return on 

the efficiency of P cycling . Even an approximat e  assessment o f  the above 

ground components is desirable in order . to determine the relative importance 

of the soil factors . Few a ttemp ts have yet b een made to do this . A recent 

paper by Blair et al . ( 19 7 7 )  is one of the firs t . 



SECTION 3 



3 . 1  Introduction 

PHOSPHORUS UPTAKE AND RETU�� 

IN GRAZED , STEEP , HILL PASTURES 

5 5  

The fertili zer requirements of a pasture may b e  determined b y  

measuring so il nutrient l evels and relat ing them t o  es tablished topdressing 

respons e curves . In the abs ence o f  any such response curves an alternat ive , 

but more  time-consuming , method is to measure losses occurring in the 

nutrient cycle and to compensate for thes e by f er tilizer addition . 

Becaus e of difficul ties associated with such measurements there has b een 

little work in Nor th Island h111 country to es tablish pas ture growth 

responses (During , 1 9 7 2 ) , especially to P which is the mos t  widespread 

fer tili zer element applied . I t  is poss ible  that b ecause of topographic 

complexity and associated soil variabili ty that measurement of losses f rom 

the P cycle in s uch situations may provide information of more  reliability 

and more widespread application . 

S tudies o f  the P cycle in native pas tures ( e . g . , Halm e t  al . ,  1 9 7 2 ; 

Cole et  al . ,  19 7 7 )  have p rovided useful insight into the amounts of P in 

various soil "compartments "  and the rates of P movement b etween thes e 

compartments , especially as affec ted by the equilibrium b etween organic and 

inorganic forms o f  P .  Native grassland soils , however , are generally o f  

rela t ively low P s tatus and the pas tures low a l s o  i n  nitrogen-fixing species . 

Consequently , these sys tems are of limited value in interpreting P cycling 

under a higher producing , intensively grazed pas ture such as is found in 

many parts of New Zealand . 

The maj or effec ts of the gra zing animal in the P cycle are to reduce 

the amount of litter that would o therwis e  form and to convert plant P into 

faecal P ,  which is redistributed in scat tered clumps at high equivalent P 
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applica tion ra tes . The asses sment o f  the P cycle  under grazed conditions 

is therefore apprec iably more  difficult than in undis turbed na tive 

grasslands . In a recent paper , Blair et  a l . ( 19 7 7) describ ed the P cycle 

in a grazed fla t  land pas ture and used it  to examine ' s ensitive areas ' 

within the cycle . This appears to be the first P cycle model incorporating 

grazing effects which has also been based on , and val ida ted by , f ield data . 

Theoretical P and N cycles rela ting to grazed British hill pas tures �vere 

earlier developed by Floate ( 1 970a) from the resul ts of labora tory 

experiments only . 

The overall effic iency o f  a P cycle may b e  described by the level o f  

topdressing required to maintain pas ture produc tion and soil P s ta tus , 

i . e . , to compensate  for P losses . . Such losses may occur in the s o il by 

immob ilization or l eaching , by disproportionately low dung return ( "transf er") 

or by complete removal from the grazing area as animal produc t s . The 

relative importance of such "above ground" losses will vary with s to ck type , 

management , and topography . Us ing this approach , Karlovsky ( 1 9 6 1 )  der ived 

estimates of apparent P util ization efficiency for superphosphate  applied to 

flat land . The unknown variable correc tions required for P transfer f rom 

various parts of a hill paddock res trict applica t ion of such a technique to 

less complex topography . 

Wh ile measurements o f  d ifferences in pas ture production ( Suckling , 

1 9 59 )  and soil nutrient s ta tu s  (Saunders and Auld , 1969)  attributable  to 

fertility transfer have b een mad e ,  only one s tudy ( Gillingham and During , 

1 9 7 3 )  has attempted to measure annual rates of transfer occurring in gra zed 

hill pas tures . In that s tudy net P ,  K ,  and N b alances were derived for 

each o f  several s trata within a paddock , a llowing for some removal in 

animal products . While the various paddo ck stra ta tended to b e  topographically 

different , no attempt was made to rela te net losses or gains o f  nutrients to 



either slope or aspect . The assessment of any relationship between 

"above ground" P losses and the slope and aspec t of the soil s urface 

would appear to be  an initial requirement for b etter apprec iating top­

dressing need s of hill pas tures . The above s tudy area was a paddock o f  

predominantly rolling t o  moderately-s teep topography . In contras t ,  no 

measurements o f  P cycling have b een made in s teep , tracked h ill pas tures 

typ ical of a large proportion of Ne\-7 Zealand Nor th Island hill  country . 
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The trial described in this Sec t ion was conducted to provide 

informa tion on the annual "above ground" net P balance on different slopes 

in two grazed , s teep hill pastures . The net P balances are d is cuss ed in 

relation to measured soil P levels , to pasture spec ies composition , and to 

grazing management as they affect the rela tive importanc e  of animal dung 

and pas ture lit ter P r eturn and associa ted topdress ing requirements . 

3 . 2  Materials and Methods 

3 . 2 . 1  Trial s i te 

The trial area was at Wha tawhata Hill Country Research S tation , 

la titude 37° 4 8 ' S ,  altitude 220m, 25 km west o f  Hamilton in the Nor th Island 

of New Zealand . The trial site consis ted o f  two s teep hill paddocks , one 

on a north- (Plate 3 . 1 ) and one on a south- (Plate 3 . 2) facing aspect . 

Details of paddock area and slope composition are shown in Table  3 . 1 .  

The method of determining slope composition of each paddock is described in 

App endix II . 

Both paddocks had b een in pas ture for many years al though gully 

bottoms on the south-facing aspec t s till contained some native ferns , 

shrub s , and trees . Pas ture on ridge c rests and campsites was dominated by 

ryegrass (Lolium perenne , L . )  and annual meadow grass (Poa annua , Poir) , 



Plate 3 . 1  

Plate 3 . 2  

Study area paddock with a 

north-facing aspect . 

S tudy area paddock with a 

south-facing aspec t .  
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. whereas the s lopes on both aspects contained a s imilarly large numb er of 

spec i es to thos e  reported by Radcliff e et -al . ( 1 9 6 8 )  for a nearby site . 

The s t eepest slopes were dissec ted horizontally by well-defined s tock 

tracks \vhich contained similar pas ture to that on the camps i tes .  The 

transverse slope of tracks d id no t exceed 30° and therefore all were 

grouped in the 2 5° slope category ( Tabl e  3 . 1 ) . Apart from those tracks 

judged as camp s ites , the remainder comprised 1 1 . 2% and 19 . 6% of the to tal 

area on north and south aspects , respec tively . 

The soil on both aspects is predominantly a Waingaro s teepland soil 

(Bruc e ,  1 9 7 6 ) , a northern yellow-brown earth derived from argillaceous 

greywacke . Some volcanic ash is  present on ridge crests which , therefore , 

are more free dra ining and have a s lightly higher phospha te r etention 

capacity than the soil on the s lopes . 

- 1  The area has b een annually topdressed with approximately 3 1 5  kg ha 

of superphospha te \vhich at t imes has included both Ho and K .  A fur· t.h er 

- 1  rou tine maintenance application of 250 kg ha of superphospha te was made on 

February 10 , 1 9 7 6 . - 1  A total o f  5000 kg ha o f  l ime has also b een a pplied 

within the previous 5 years . The trial site  is part of a larger trial area 

that was earlier us ed to assess limitations to hill-pas ture produc t ion . 

Part  o f  the above heavier than maintenance topdreffiing his tory was intended 

to ensure tha t p lant nutrients were not l imiting on this site . I t  was for 

this r eason tha t the site was cons idered desirable for the P cycling s tudy . 

Although availab le soil P l evels were higher than on mos t  hill country , 

pas ture production would then b e  limited only by c l imat i c  and management 

effects . If  in such a s i tua tion therefore gra zing achieved a high level of  

pas ture utiliza t ion then the gJ:azing animal \omuld have its  greates t influence 

on the above-ground components of the P cycle . 
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Tab le  3 . 1  Paddock slope composition 

( %  of to ta l area per s tra tum) 

Nor th aspec t  Sou th aspec t 

S tra turn 

Campsites 

250 
1 

J s apes� 

45° slopes ** 

P�oportion 
of to tal 

area 

( % )  

20 . 1  

55 . 7  

24 . 2  

Mean 
slope 

1 2  

24 

43  

Area 
compri s ing 

tracks 

( %) 

1 1 . 2  

Propor tio n  
of  total 

area 

( %) 

1 2 . 2  

4 5 . 5  

4 2 . 3  

Mean 
slope 

(0 ) 

1 5  

2 5  

4 4  

* Inc ludes a l l  r ead ings o n  slopes u p  t o  30° , excluding camp s ites . 

** Includes all r eadings from 35° and s teeper slopes . 

Ar ea 
compris ing 

tracks 

( %) 

1 9 . 6  



3 . 2 . 2  Grazing Management 

The trial commenced on September 1 ,  1975  and concluded on Augus t 3 1 , 

19 7 6 , spanning four seasons ; spring ( Sep temb er 1 to Novemb er 30) , summer 

(Dec ember 1 to Feb ruary 29 ) , au tumn 
·
(March 1 to May 3 1 )  and win ter (June 1 

to August 3 1 ) . 

The pas ture was gra zed at  a high utiliza t ion level by Romney wether 

hoggets  so tha t  no rank pas ture accumula ted in any areas of the paddock . 

Thi s  generally involved a grazing period of  1 to 3 weeks with a spelling 

in te rval of 2 to 6 weeks , according to ra te of pas ture giowth . Details 

o f  gra zing management are shm-m in Appendix Ill . 

3 . 2 . 3  S ampling procedure · 

\.Jithin each paddock three types of topogra phic s t ra ta were sampled : 

A - sheep camp or ridge s i tes and also includ ing 

some track si tes as  no ted in Appendix I I  

B - 25° s lope s ites 

c - 45° s lope sites 

On each type of  s tra ta , p up take in pas ture and P re turn in pas ture 

l i t t er and sheep faeces were measu red . In each p addock , f ive blocks were 

s el ec ted wi thin which all measurements  were mad e . 

3 . 2 . 4 Phosphorus uptake 

Th is was derived from measurement of the to tal pa s ture dry ma t t er 

produc t ion and the P concentra t ion a t  each harves t .  

1 9 54 ) . 

3 . 2 . 4 . 1  Pas ture dry ma t ter produc tion 

This \<l<l S measured by the trim technique (Lynch and Moun tier , 

While no t exactly simulat ing the gra z ing pa t t ern , which some times 

6 1  
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contained long-gra zing periods , this method was _
cons idered able  to provide 

a reasonab l e ,  relative measure of pas ture produc tion from all si tes . 

With in each b lock on each type of strata (A , B ,  and C)  were located 

five small (0 . 2  m2) plots which were randomly selected a s  successive s i tes 

for measurement of pas ture growth rate . Three plo ts were therefore used 

twice and the other two once only . The cutting interval varied from 

about 4 weeks in· spring a t  the t ime of most  rapid growth to almos t 12  weeks 

in wint er . Total dry weigh t  o f  pas ture from all cuts was measured after 

drying a t  60°C for 24 hours . Two subsamples of pasture were taken from the 

second cut in spring , summer ,  and autumn and the single winter cut . The 

f irs t subsample  was dissec ted into grasses , legumes , weeds , and dead ma tter 

and measured on a dry-weigh t  bas is . The second subsample  in each case was 

freez e  dried and f inely ground us ing a Glen Cres ton mill prior to chemical 

analysis . 

3 . 2 . 4 . 2  Assessment of P limitation to pas ture 

�y mat ter produc tion 

Both paddocks in the trial area had a his tory of generous 

topdress ing , particularly in recent years . I t  is  unlikely that pasture 

growth during the trial was limit ed by P deficiency . For satisfac tory 

interpretation of s lope and aspect effects , however , i t  was neces sary to 

determine if any such limita tions exis ted . For the purposes of this s tudy 

it was suffic ient  to determine i f  a pas ture dry mat ter response to 

additional fer t ilizer could b e  ob tained , ra ther than a t temp t to define any 

P response curve . 

B ecause o f  the very high soil P levels already p r es ent  in campsites 

and therefore the extreme unlikelihood o f  ob taining a response to topdress ing 

on the s e  s ites , the trial was l imited to 25° and 45° s lopes only . Super-

phosphat e  was applied at t\..ro rates ; - 1  0 and 1250 kg ha . Treatments were 
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replica ted nine times . Five of these replicates were lqcated wi thin the 

f ive b locks in each paddock s elec ted for other measurements . Pas ture dry 

ma tter product io� plots on 25° and 4 5° slopes cons tituted the cont rol or 

zero topdres s ing trea tments . Five additional plots in ea ch stra tum were 

selec t ed and topdres sed . In pra c t ic e ,  plo�ts were all chos en before 

randomly allocating those to be  fopdressed . Four additional blocks were 

chos en within ea�h paddock and 25° and 45° plots similarly s elec t ed . 

Fer tili zer was applied to a 0 . 6  m2 plot and pas ture growth rate 

2 measured from a 0 . 2  m central area , as describ ed in Sec t ion 3 . 2 . Lf . 1 . 

Dry mat ter oven-dry weigh t only was recorded . 

3 . 2 . 4 . 3  Pa sture P concentration 

To tal phosphorus ( TP )  was determined using the ternary acid 

method des crib ed by Jackson ( 1 958)  excep t that H2so4 and HCl04 only '�ere 

used in the s ame proportions . Fol lowing neutraliza tion o f  the extrac t ,  

inorganic P was determined colorimetrically using the method of Murphy and 

Riley ( 19 6 2 ) , absorbance b eing measured a t  7 1 2nm using a Unicam SP 1 800B 

Spec trophotometer . This method was used for all inorganic P dcterminat ions . 

Water-soluble P was extracted from a 40 : 1  ratio o f  wa ter and plant 

ma ter ial by shaking end-over-end for 2 hours at 23°C .  Af ter c entrifuging 

. - 1  0 a t  1 , 000 r ev .  m1n for 3 min at  23 C us ing a Sorvall RC-2B high-speed , 

refrigerated centrifuge , the samp l es were Hillipore (< 0 . 4 5  11 m) fil tered . 

The water-soluble inorganic P (DIP) was then measured , as  was the total  

wa ter-solub l e  P ( TDP) following acid  persulphate diges t ion and autoclaving 

at 1 5  p . s . i .  for 45 min (Environmental Pro tec tion Agency , 1 9 7 1 ) . Wa ter-

solubl e  organic P (DOP) was derived as the difference b e tween TDP and DIP . 

3 . 2 . 5  Phosphorus return 

Thi s  was ob tained using the d ry weight of dung and l i t ter tha t had 
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accumulated on f ixed plots  b etween samplings and the P c.ontent of "fresh" 

dung and dead pa �ture collec ted midway (as in Spring , Summer , and Autumn) 

or at th e end (as in Winter) of each s eason . The P content  o f  urine is 

negligible  ( S ears and Newbold , 1 94 2 ; Barrow and Lambourne , 1 9 62)  and was 

d isregarded as a component of  P return . 

3 . 2 . 5 . 1  To tal dung dry weight 

On each type of s trata wi thin each b lock , thr ee 0 . 20-m2 

plots were randomly selec ted as f ixed s ites for collection o f  the dung 

d eposi ted during gra zing . Af ter th e firs t sampling these were increas ed 

to seven plots on camp sites and six on 25° and 45° si tes in order to ob tain 

a mor e  reliable  sample . 

Plot boundaries were loca ted by a wooden frame placed around metal 

p egs in each corner of each fixed p lo t . For ea s e  of collec tion the f r�mc 

was divided by cord into 1 2  subplo ts which were each cleared ( Plate 3 . 3 ) . 

Dung was collec ted at  the end o f  each gra zing period , except in 

spring �vhen gra zing was more prolonged than in o ther s ea s ons . During 

spring , dung was collec ted a t  two-week intervals if the gra zing period 

exceeded this . Dung was weighed a f ter drying overnigh t a t  105°C .  

3 . 2 . 5 . 2  Field trial dung for P analys is 

The dung collected from plo ts open to gra z ing was unsuitable 

for the var ious P analys es for two main reasons . Firs t ,  any dung on the 

pasture could be trampl ed and contamina ted wi th soil ; this was par ticularly 

likely on A s i tes . S econd , unles s collec ted immedia tely af ter deposition 

the clung would be liab le to incur los ses of >vater-solubl e  P during any 

subs equent rainfall . Consequently , "fresh" dung was collec ted from 

harness ed animals ( three per paddock) during early and late grazing p eriods 

in each season . The animals were randomly s elec ted , p enned in an enclosure 
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within each paddock , harnessed and rel ea sed following collec tion of the 

fresh sample some 6 hours later . This collec tion usually occurred on one 

of the las t 3 days of the s elec ted grazing . 

3 . 2 . 5 . 3  Dung P concentra tion 

No informa tion was _availab l e  as to the effec t of sample 

pretrea tment on th e l evel of various P fractions wi thin sheep faec es . 

Consequently , prior to the field trial a comparison of sample prepara tion 

methods was made .  This was conduc ted in autumn on samples o f  freshly-

voided dung collec ted from sheep grazing two very different types of pas ture . 

One sample was collec t ed from an 1 1 improved" well-grazed and regularly-

topdressed pas ture and the o ther f rom a previously-farmed area tha t was in 

a rank, laxly gra zed "unimproved 1 1 , condition , with clumps of cocksfoo t 

(Dactyl is glomera ta) , Yorkshire Fog (Holcus lana tus) and browntop (Agro stis  

tenu is) predominating . Dung was analy zed in a fresh , freeze-dried , frozen , 

and oven-dried condition b o th as whole p ellets and as crushed and mixed 

ma terial . In addition , the freeze-dried and oven-dried samples were 

passed through a 2-mm mesh . 

Measurements were made of DIP and TDP , as for the pas ture samples and 

DOP derived as the difference both for s ingle and s equential ex trac tion 

experiments .  

To tal P ( TP )  and to tal inorganic P (TIP) were measured by the method 

of Walker and Adams ( 1 958 )  and compared with the Anderson-Hehta method 

(Anderson , 1 960) . 

From the resul ts of this comparison the following method o f  sample 

prepara tion and analysis was selec ted for use in the f ield trial . Dung was 
• 

freeze-dried , crushed , and sieved ( < 2 mm) prior to analysis . · To tal P and 

TIP were determined by the method o f  Walker and Adams ( 1 958) . DIP and 

1TIP were measured as described above . 
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3 . 2 . 5 . 4  To tal l i tter dry weigh t 

un each type of s trata two o f  the fixed plo ts us ed for dung 

coll ec tion were also s elec ted for litter col l ec tion at the end of each 

grazing period . 2 The litter collec tion plot was 0 . 1 3 m in area and was 

defined by eight of the sub-plots within the same wooden f rame used for 

dung collection (Plate  3 . 3 ) . 

Litter was defined as d ead plant material present in the pas ture b elow 

grazing level at the end of the gra zing . This included both loo s e  and 

attached material . I t  also included any whole plants that had b een 

uproo ted during gra z ing and then rej ec ted . Litter was washed on a 2-mm 

sieve , dried at 60°C ,  and dis sec ted into lea f  and root material which were 

each \veighed . 

3 . 2 . 5 . 5 Litter P concentration 

The lit ter collected was unsuitable for determining P 

concentra tion becaus e such analysis would no t account for any p lost  while 

on the plot as s tanding dead ma terial . Cons equently a technique was 

developed to produce " fresh" li tter . 

This was ob tained by shading separate areas of pas ture and collec ting 

the shaded material when dead . The shading commenced a t  or before the 

b eginning of gra zing and was provided by a b lack plas tic sheet over a metal 

frame with side ventilation to allow drying and to prevent decay of the dead 

pasture . The cover also prevented any leaching o f  P from the "litter" by 

rainfall . Litter P c oncentration was measured at  each mid s eason on grass 

material only by the same procedure used for pas ture analysis . Grass only 

was used b ecause this was found during the trial to comprise virtually all 

of the pas ture litter collec ted . 



Plate 3 . 3  Dung and lit ter collection plot . Dung 
2 was collected from the complete (0 . 2  m ) 

plo t and lit ter was collec ted from only 

the 8 subplo ts occupying the central and 

left side longitudinal thirds . 
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3 . 2 . 6  Soil phosphorus 

Soil P determina tions describ ed b elow provided a measure of 

immedia tely plant-availab l e  P (DIP ) , labile  organic P ( TDP less DIP) ; 

"available" soil P (Olsen P )  and to tal P ( TP)  s tatus . 

S o il P s tatus wa s monitored by sampling a t  the middle and end o f  each 

s eason . Two core samples ( 1 . 9-cm diameter) were collec ted adj acent to each 

o f  the f ive pas ture measurement plo ts p er s trata in each block and bulked 

to form one sample .  The first sampling on October 1 ,  1 9 7 5  and the f inal 

sampling on S ep tember 1 ,  1 9 76 v1ere a t  0-3 , 3-7 , 7 - 1 5 ,  1 5..:.30 , and 30-45  cm 

depths . All other sampl ings \vere to 15  cm only . 

Following collec t io n ,  samples were fro zen until they could b e  freeze 

dried then ground and sieved ( < 2 mm) .  To tal P ,  TDP , and DIP \vere measured 

as for dung samples . Soil  samples cullec teci a t  ead1 m:Ld s eason Here also 

analy zed for P by a modifi ed Olsen tes t (Olsen et  al . ,  1954)  in \vhich P 

release to O . SM NaHC03 (pH 8 . 5 ) a t  a solution : soil  volume ratio o f  50 : 1  

during 30 ruin was determined . - 1  Results a s  � gP ml soil were conver ted to 

- 1  �gP g by reference to the relevant soil bulk density o f  each sample . 

Soil organic matter content ( %  by Height)  \vas d er ived from the sample  weight  

difference b efore and after ignition and expressed as a % o f  oven-dried soil 

v1eigh t . 

3 . 3  Results and Discussion 

3 . 3 . 1  Phosphorus uptake 

3 . 3 . 1 . 1  Jas tu�e dry ma tter prcduc tion 

To ta l pas ture production for the y ear was high on the campsites 

on both north and south . a spec ts but decreased sharply with increase  in surface  

slope ( Table  3 . 2) .  

/ 



Tab l e  3 . 2  

Season 

Spring 

S . E . *  

Summer 

S . E .  

Autumn 

S . E .  

Winter 

S . E .  

Total 

S . E .  

S easonal and annual pas ture produc tion 
- 1  

. 
(kgDM ha ) f rom each s tratum 

Campsites 

4 9 7 5  

2 1 5  

2600 

236 

1 785 

1 7 3  

1 780 

129 

l l l40 

753 

Nor th aspec t 

25° 

s lopes 

3880 

2 1 2  

2445 

252 

1460 

182  

8 1 0  

69 

8595  

7 15 

4 5° 

slopes 

2200 

l l8 

1460  

l l 2 

1035 

1 64 

670 

1 14 

5365 

508 

Camps ites 

4 990 

385 

4 19 5  

4 1  

1 9 15 

1 8 1  

1 290 

109 

1 2390 

7 16 

* S tandard Error of the estimate . 

South aspec t 

25° 

s lopes 

2590 

1 7 2  

2640 

1 98 

1 200 

1 25 

680 

70 

7 1 10 

565 

69  

4 5° 

s lopes 

1805 

l l9 

1440 

1 9 5  

1060 

I l l  

405  

6 3  

4 7 10 

488 
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Pas ture growth on the sou th aspec t campsites was greater ( P  � 0 . 0 1 )  than 

- 1  o n  the north aspec t only in summer ( i . e . , 4 19 5  compared t o  2600 kg DM ha ) 

but the opposite occurred in winter (P � 0 . 05) , i . e . , 1290  compared to 

1780 kg DM ha - 1 . Cons equently , to tal annual production did no t differ 

- 1  between the two sites b eing 1 2 , 39 0  compared to 1 1 , 1 4 0  kg DM ha on the south 

and nor th aspec t camps ites , respec tively . 

0 
Although seasonal pa sture produc tion from the 25 slopes was 

cons istently higher from the north than from the south aspec t ,  the difference 

was s ignificant only in spring (P 6 0 . 0 1 ) , i . e . , 3880 compared to 2590 kg 

- 1  DM ha and did no t resul t in b et ter annual grmv-th . 

On the 45° s lopes the differenc e in pas ture dry ma tter produc tion 

b etween aspects vlas significant (P � 0 . 10)  in bo th winter and spring . 

The above indica tion that pas ture growth on north-facing slopes tends 

to b e  greater than on south-facing slopes supports results by Suckling ( 19 7 5) 

in the southern Nor th Island and results from els ewhere at  Whatawhata 

(Gillingham , 197 3) . This resul t is in contrast to tha t of Radcliff e  e t  a l . 

( 19 7 6)  for South I sland hill country , >-Ihere produ-:: tio� from south-fac ing 

slopes was higher , and also to thos e  by Burnham et al . ( 1970 )  for Scottish 

hill country where no effec t o f  aspec t was measured over a range in altitud e .  

The marked s easonal nature o f  the pas ture growth pattern (spring 

growth comprised an average o f  4 3 . 6% o f  the total on the nor th aspec t and 

38 . 3% of that on the south aspec t)  illus trates the problem of pas ture control 

faced by the hill-country farmer , especially those with limited ability to 

adj ust s tock numbers during the year . 

3 . 3 . 1 . 2  Ass essment of  P limi ta tion to pas ture growth 

The trial conducted to determine if pas ture growth on 25° and 

0 4 5  s lopes was limited by P deficiency a t  . any time o f  the year gave a 

pas ture dry matter response on only one occasion . The additional growth 



7 1 

occurred on the south aspect 25° s lopes in autumn (Table 3 . 3) . No response 

0 was measured on 4 5  s lopes . S imilarly , the additional fertilizer applied 

did no t s ignificantly affect to tal annual pro duc tion on any s i te . 

I t  i s  o f  interes t that on  25° s lopes the only topdressed plots to 

produce l ess  than the untopdressed were on the south aspect in summer , 

i . e . ,  measured pasture grm·Tth was highes t from all  other topdreECed 25° slope 

plots but significantly so at only one time . S imilarly , p roduc tion f rom 

d d 1 1•5° 
1 1 .  1 1 h h f f top resse  p o ts on 'T s opes was s 1g 1t  y ig er in · ive o - the eight  

measurements made . I t  is perhaps possib le tha t the real pas ture growth 

- 1  respons e t o  the additional 12 50 kg h a  o f  s uperphospha te was more widespread 

than - s tatis t ically detec ted . This would be surprising however , _ in r elation 

to  the lib eral pa s t  topdressing and higher than average soil P levels . 

3 . 3 . 1 . 3  Pas ture species composi tion 

Campsites were markedly different in pasture species composition 

from the remainder of each paddock ( Table 3 . 4 ) . They were charac teris tically 

ryegrass dominant , especial ly in winter and spring , with very few l egumes . 

I n  late autumn , annual meadow grass b ecame es tab lished and during late  \vinter 

and spring made a no ticeable contrib ution to pas ture growth on campsites . 

In summer and autumn , paspalum (Paspalum dila tatum ,  Poir) partly replaced 

o ther grasses . The south asp ec t  maiP tained a more stab le pas ture 

c omposition than the north throughout  the year , particularly in relation to 

l egume content . White clover (Trifolium repens)  was the p redominant legume . 

Particularly on the north aspec t s lopes in w inter and spring , however , this 

was supplemented to a large extent by sub terraneum clover ( T .  sub terraneum) . 

The l egume content of the pa s ture on the s lopes in winter and spring 

was high compared with l evels reported elsewhere for Nor th Island hill 

c ountry ( Radcliffe et a l . , 1. 968 ; Gillingham and During , 1 9 73 ; Sucklin g ,  

1 9 75) . This may be an effec t of  the previous generous topdress ing his tory 



Table 3 . 3  

S tratum 

0 25 s lope 

0 4 5  s lope 

Seasona l and annual pas ture produc tion from topdress ed 
- J  

and untopdressed slope s trata (kgDM ha · )  

North aspec t South aspec t 

Season Untopdressed Topdress ed Untopdressed Topdressed 

Spring 3880 4080 2590 2 7 1 0  

Summer 24115  269 5 2640 2560 

Autumn 1460 1 7 60 1200 1 4 65* 

Winter 8 10 10 10 680 7 6 5  

Total 8595 9545 7 1 10 7 500 

Spring 2200 2090 1805 1 67 0  

Summer 1460 1 605 1440 1 750 

Autumn 1035 1090 1060 1 0 50 

Winter 670  890 405 445  

Total 5365 5675  4 7 10 4 9 1 5  

* Significantly higher a t  5% p robab ility level . 

L . S . D .  

222 
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Table 3 . 4  Pas ture s p ec ies composition ( %  by weight) 

in each s eason 

Nor th aspec t South aspect 

Pasture Season Campsites 25° 45° Campsites 25° 45° 

component slopes s lopes slopes s lopes 

-----

Legumes Spring 2 . 7  32 . 0  3 1 . 7  5 . 0  1 6 . 1 24 . 4  

Summer 3 . 6  9 . 2  8 . 0  6 . 2  29 . 2  3 2 . 4  

Autumn trace 4 . 6 3 . 2 2 . 2  1 7 . 2  1 6 . 6  

Winter 2 . 0  2 1 . 0  20 . 0  2 . 0  10 . 0  1 3 . 0  

Grasses Spring 86 . 5  53 . 2  46 . 2  89 . 1  6 9 . 4  4 5 . 5  

Sununer 8 1 . 8  68 . 0  58 . 5  82 . 0  5?. . 6  4 0 . 8  

Autumn 72 . 6  6 7 . 0  34 . 4  76 . 4  5 2 . 2  4 5 . 2  

l.Jinter 9 2 . 0  66 . 0  52 . 0  86 . 0  65 . 0  55 . 0  

Weeds Spring 1 . 5  5 . 2  10 . 3  . 2 . 4  7 . 8 1 3 . 9  

Summer 2 . 4  6 . 8 10 . G  1 . 0 8 . 4  1 3 . 0  
Autumn 3 . 0 5 . 0 1 1 . 0  0 9 . 4 14 . 8  

Winter 1 . 0 6 . 0 1 5 . 0  5 . 0 1 3 . 0  22 . 0  

Dead matter Spring 9 . 3  9 . 6 1 1 . 8 5 . 7  6 . 7  1 6 . 2  

Su1nmer 12 . 2  1 7 . 2  18 . 2  10 . 8  9 . 8  1 3 . 8  

Autumn 24 . 4  23 . 4  5 1 . 4 2 1 . 4  2 1 . 2  23 . 4  

Winter 5 . 0  7 . 0  1 3 . 0  7 . 0 1 2 . 0  10 . 0  
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but i s  probab ly more a resul t of the recent s eries of favourable summer and 

autumn seasons that have dramatically increas ed legume persistence and s eed 

germination over this critical period of the year . (New Zealand Minis try o f  

Agricul ture and Fisheries , unpub lished trial results ) . 

Pas ture dead matter content increased from a minimum in Hinter and 

spring to a maximum in autumn on all s tra ta . Pas ture on s teep s lopes 

generally gave the highes t proportion of dead ma t t er at any time . 

The proportional contribution o f  \veeds to dry matter produc tion was 

lowes t on campsites and highest on 4 5° slopes a t  all times and remained 

rela t ively constant in rela tion to to tal dry mat ter production throughout 

the year . 

3 . 3 . 1 . 4 Pas ture P concentrat ion 

Resul ts for the TP ,  DIP , and DOP contents of pas ture are shoun 

in Table 3 . 5 .  In each s eason for each P form ,  l evels were highes t in 

0 pas ture from campsites and lowes t  in pas ture from 45  slopes . Levels ,.,ere 

s imilar in pas ture from b o th aspec ts  in spring and summer but generally 

higher on the south aspec t in autumn and winter . The lower levels in 

autumn and especially on the nor th aspec t  are a s so ciated with more mature 

plant conditions but could partly be at tribu table to the low soil moi s ture 

content (McNaught ,  19 70 ) . This do es not explain the winter difference 

b e tween aspects because the topsa ils on both usually reach field capa c i ty 

by the beginning of winter , i . e . , the start of June (Gillingham , 1 9 7 3) . 

The h igher P concentrations in herbage from the south aspec t  in winter 

were mos t  likely associa ted with the slower pas ture growth ra t e ,  compared 

with that on the north aspec t ,  b ecause soil P l evels on the s lopes were 

s imilar on both aspec ts ( Sec tion 3 . 3 . 5 ) and the legume conten t ,  which would 

tend to boo s t  mixed pas ture P levels (McNaugh t ,  1 9 70) , was grea tes t · on nor th-

facing s lopes at this t ime . 
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Table 3 .  5 Amotmts of P forms in pas ture in each s eason 

North aspec t South aspec t 

Season Form of p Camp s ites 25° 45° Campsites 2 5° 4 5° 

slopes slopes s lopes slopes 

Spring TP - 1  (lJ g  g ) 5300 5 1 30 4550 5 1 30 5320 4 5 1 0  

S . E .  33/f 146 208 1 5 1  1 2 1  1 6 2  

DIP (%  o f  TP) 8 1 . 7  7 6 . 8  7 2 . 3  8 3 . 6  74 . 4  7 5 . 3  

DOP ( 1 1  ) 1 1 . 1  1 3 . 1 1 5 . 8  1 1 . 7  1 1 . 5  10 . 6  

Summer TP - ] (l-! g g ) 4 6 1 0  4440 4 1 10 4 7 30 4 380 4 320 

S . E .  . 1 78 1 1 7 1 1 1  146 103  9 6  

DIP ( %  o f  TP) 80 . 2  68 . 7  53 . 0  7 7 . 4  7 1 . 5  64 . 6  

DOP ( 1 1  ) 8 . 9 1 5 . 1  14 . 6  6 . 8 9 . 4 1 1 . 6  

Autumn TP 
- 1  (lJ g g ) 4 0 30 3550 2940 5 120 4 19 0  4 4 20 

S . E .  8 4  1 6 7  2 6 4  204 2 10 252 

DIP (% o f  TP) 7 6 . 2  65 . 9  56 . 1  82 . 3  74 . 2  69 . 9  

DOP ( 1 1  ) 8 . 2  5 . 4 1 1 . 9  4 . 8 1 1 . 2  9 . 3  

Winter TP - 1  (l-!g g ) 5680 4 290  3740 6000 5 190  4 1 70 

S . E .  1 4 5  1 8 1  1 0 2  1 85 1 7 1  5 10 

DIP ( %  o f  TP) 6 9 . 4  7 6 . 2  7 1 . 6  7 2 . 5  77 . 8  7 8 . 2  

DOP ( " ) ' 6 . 0 9 . 3  7 .8 9 . 2  1.0 . 1  8 . 9 
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The to tal P content  o f  the pas ture from all but one s ite was high 

-1 - 1  ( > 3500 lJ gPg ) a t  all t imes o f  the year . · The lowes t value ( 2940 p gPg j 

was measured on the nor th-facing , 45° s lopes in autumn . This could b e  

rated a s  b ordering o n  deficient f o r  ryegrass and white clov er i n  a n  active 

growing condition (McNaught , 1 9 7 0 )  but for the dominantly paspalum pas tures 

should in this s eason be  considered adequate . 

The additional autumn pas ture growth obtained by extra topdressing 

( Table  3 . 3) suggests that some P l imita tion exis ts � especially on the south 

aspec t at  this time of year . 

The very high pas ture P levels in winter on the campsi tes may have been 

induced by some synergis tic effec t (McNaught ,  1970)  of the associated high 

soil nitrogen levels characteris tic of campsi tes ( Popay , pers . comm . ; 

Joblin et  al . ,  19 72) . + 
High NH4 up take f rom such areas could induce an 

associa ted high P04 up take to maintain the cation-anion balance in the plant . 

Although the pas ture P levels are sligh tly higher the resul ts are o f  the 

same order as those  reported by Gillingham and During ( 19 7 3)  and fal l  \vithin 

- 1  the range o f  4 500 to 7000 p gPg cons idered a safe excess for ryegrass and 

whit e  clover (HcNaught ,  pers . comm . ) . 

The very high l evel of DIP p resent in all pas ture supports the early 

results o f  Harley e t  al . ( 19 5 1 )  and later data of Jones and Bromfield ( 19 6 9 ) , 

and Bromfi eld and Jones ( 1 9 7 2 ) . 

The DIP levels were highes t in pasture from campsites and t ended to 

decrea s e  both in magnitude and as a proportion of to tal P as pas ture total  P 

decreased . This rela tionship is shmm in Fig . 3 .  1 .  Bromfield and Jones 

( 19 7 2 )  s imilarly no ted an increas e  in the proportion of wa ter-soluble  P as 

the total P l evel o f  plant material increas ed , an obvious reflec t ion o f  a 

l ower degree of conversion to o rganic P o f  inorganic P taken up by the plant . 

There was no \vell-def ined pattern to the variation in DOP level in 
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pas ture , b eing rela t ively cons tant in relation � o  TP level in  the south 

aspec t  pas ture but t ending to b e  lower on ·the campsi tes than slopes on the 

nor th aspec t . 

3 . 3 . 1 . 5  To ta�take by pa s ture 

By combining mean pasture dry matter produc tion and mean 

pas ture total P concentration l evels the to tal P up take for each s tratum was 

calculated ( Tabl e  3 . 6 ) . On each aspec t  b o th seasonal a.nd annual P up take 

decrea s ed sharply f rom campsites to 4 5° - s lopes . The seasonal and s trata P 

uptake resul ts were influenced predominantly by pas ture growth rate . The 

excep tions were the south aspec t !+ 5° slopes in autumn and the south aspec t  

0 
25 s lopes in �v-inter , where pas ture P uptake was higher than on respec tive 

north s lopes only b ecause of the much higher pas ture P concentra tions on the 

south aspec t  a t  these times . 

The results d emons trate the very marked s easonal na ture o f  pas ture P 

up take on all s trata , particularly on the north aspect where almo s t  half 

the annual total up take occurred in spring . Both spring and summer growth 

accounted for abou t  75% of to tal pas ture P uptake on all sites . 

3 . 3 . 2  Phosphorus r eturn via dung 

3 . 3 . 2 . 1  To tal dung dry weigh t 

One of the larges t differences b etween s tra ta within each 

aspect \vas in the total amounts of dung d eposi ted by grazing sheep . This 

ranged from extremely high levels on campsites to very small amounts  on  

s teep s lopes (Tabl e  3 . 7 ) . 

Th ere was no difference significant (P 6 0 . 0 5) in the annual tota l  

weight  o f  dung deposited o n  similar strata o n  each aspec t .  This was the case 

despite some relatively large differences -in dung levels between aspec ts and 

therefore reflec ted the extreme within-s trata variability of these resul ts , as 



Tabl e  3 . 6  

S eason 

Spring 

S . E .  

Summer 

S . E .  

Autumn 

S . E .  

Winter 

S . E .  

To tal 

S . E .  

Sea scnal and annual uptake o f  P by  pas ture 
. - 1  

on each s tratum (kg h a  ) 

Campsites 

26 . 4  

2 . 8  

1 2 . 0  

1 . 0  

7 . 2  

0 . 8  

1 0 . 1  

1 . 0 

55 . 7  

5 . 6  

North aspec t 

25° 

slcpes 

19 . 9  

1 . 7  

10 . 9  

1 . 4  

5 . 2  

0 . 9  

3 . 4  

0 . 4  

39 . 4  

4 . 4 

45° 

s lopes 

10 ; 0  

1 . 0  

6 . 0  

0 . 6  

3 . 0  

0 . 8  

2 . 5 

0 . 5  

2 1 . 5  

2 . 9  

Campsites 

25 . 7  

2 . 7  

1 9 . 8  

0 . 8  

9 . 8 

1 . 3  

7 . 7  

0 . 9  

6 3 . 0  

5 . 7  

South aspec t  

25° 

slopes 

1 3 . 8  

1 . 2  

1 1 . 6  

1 . 1  

5 . 0  

0 . 8  

3 . 5  

0 . 5  

33 . 9  

3 . 6  

7 9  

4 5° 

slopes 

8 . 1  

0 . 8 

. 6 .  2 

1 . 3 

4 . 7  

0 . 8 

1 . 7  

0 . 5  

20 . 7  

3 . 4  

2 



Tabl e  3 . 7  

Season 

Spring 

S . E .  

Summer 

S . E .  

Autumn 

S . E .  

Winter 

S . E .  

To tal 

S . E .  

SP"'.sonal and annual deposition o f  dung 
- 1  

on each s tratum (kgDM ha ) 

· North aspect 

Campsites 

2240 

665 

4475  

1 288 

2345 

893 

1 245 

4 1 5  

10305 

326 1 

25° 

slopes 

305 

8 2  

542 

59 

1 7 1  

20 

1 7 8  

4 6  

1 19 5  

207 

45° 

slopes 

35 

8 

22 

1 1  

75  

15  

25 

1 1  

1 5 7  

4 5  

Campsites 

3975  

502  

5850 

1434 

3900 

9 2 7  

1 170 

245 

14895 

3 108 

South asp ec t 

25° 

slopes 

6 19 

5 2  

57 1 

108 

278  

5 1  

155  

36  

1625  

247 

8 0  

4 5° 

s lopes 

90  

35 

1 4 8  

54 

44 

1 2  

34 

9 

3 1 6  

1 10 
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demons trated by the associated high s tandard errors . 

S easonal dung distrib ution patterns \vere s imilarly variabl e ,  a l though 

on the south aspec t  25° s lo pes in spring (P � 0 . 0 5)  and 4 5° slopes in 

s ummer (P � 0 . 10)  dung accumulation was significantly higher than on the 

respec tive nor th aspec t s ites at  those times . 

The greater deposi tion of  dung on south aspect  strata s ugges t ,  despi t e  

the high variability of  the results , that this may have been a real 

difference which could possibly be detected by greater sample replica tion . 

Al though it  canno t d irec tly b e  conclude� f rom the data , it is p o s s ible  

tha t such a difference b et\veen aspects  could exis t ;  cons idering the d i f f erenc e 

in overall topography of  the two paddocks ( Tabl e  3 . I ) .  The smaller 

proportion of  campsites and 25° s lopes on the s o u th aspect implies , with the 

natural preference of  sheep for easier slopes , tha t  the stocking densi ty on 

th ese areas would have b een high , relative to the north aspec t . With the 

l arge proportion of s teep , south-facing slopes , however , sheep were also 

f orced to gra ze these to a greater extent than s lopes o f  s imilar s teepness 

in the north paddock . Dung accumulation would tend therefore to b e  also 

relatively high er on the s t eep south aspec t slopes . I t  is possib l e  that 

paddock topographical balance may in this way be an inf luential fac tor 

modifying dung return patterns , not only to campsites but  to all parts  of a 

paddock . 

The dung accumulat ion on camps and 25° s lopes , in summer in particula r ,  

appeared to  b e  high relative t o  the results in spring . Considering b o th 

pas ture production levels ( Tab le 3 . 2) and s tock-grazing days ( i . e .  3332 

s tock-grazing days in spring , compared to 2803 in summer on the north aspect ;  

3298 compared to 1 9 70 , respectively , on the south aspect (Appendix I l l )  i t  

could b e  expected that dung deposition would b e  lower in summer than in 

spring , �specially on the north aspect . The to tals calculated on a paddo ck 
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basis using data from Table  3 . 1 ,  hm-Iever , show that this was no t so , i . e . , 

the es timated mean quanti ty o f  dung p er hec tare on b o th aspects was higher 

- 1  i n  summer than in spring , L e . , 1 207  and 1036 kg ha o n  the north and 

- 1  south aspec t ,  respectively , i n  summer compared with 6 2 8  and 805 k g  ha , 

respec tively , in spring . 

Bromfield ( 196 1 )  also r ecorded rela tively high summer faecal output , 

a f ea ture that may be  assoc iated \vith the generally higher dry ma tter cont en t  

and lower d iges tib ility o f  s u��er and autumn pasture , compared with tha t in 

spring , (Minson et al . ,  1 9 6 0 ; Button , 1 962) . 

3 . 3 . 2 . 2  Estimated dung dis tribu tion pat tern 

Dung return to the var ious stra ta in the pres ent trial was 

- 1  estimated as the mean weigh t  on uni t  area o f  land p er year  (kg ha ) . 

In reality , ho\-7ever , the time interval b etween successiv e  accumula tions o f  

dung o n  the same sma ll uni t o f  land may b e  many y ears and especially s o  o n  

very s t eep s ites (discus s ed later) . 

On flat land , P eterson et  al. ( 19 56a) concluded that the dung 

d i s tribution pattern by gra zing cat tle was more s imilar to that of a 

nega tive b inomial than a Pois son curve . On hill paddocks the effec t o f  

topography was to produce an even more skewed pat tern o f  dung return 

( Gillingham and During , 1 9 73 ) . I t  is likely that in the present trial the 

system of sampling according to the s tra tifica tion of slopes reduced 

considerably the distorted dung distribution so that the wi thin s tra tum 

r eturn was much nearer that o f  a normal d is tribution pattern . The f ix ed 

plot method o f  sampling , however , prevented any valid estima te b eing made o f  

the true within-s trata dung dis tribution pa ttern . Al though this 

dis tribution may no t b e  known , some assump tions can b e  made that are l ikely 

to b e  close to the true situa t ion and which s erve to .d emons tra te the order 

o f  f requency of dung r eturn to the three s trata s tudied . 
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In order to estima te the areas covered b y  dung the following 

assump tions were made : ( i )  s tock grazed o n  edch s tratum i n  direct 

proportion to the pas ture production l evel at  the es tima ted annual mean 

utili za t ion level ( 1  s tock uni t  equivalent to 500 kg consumed pas ture dry 

matter ) ; (ii)  each animal d efaecated an average of 6 times per day , dung 

2 covering 1 00 cm on each occasion and totalling 540g dry dung per day 

(bas ed on data of S ears and Newbould , 1 9 4 2 ; Herrio tt  and \.Jells , 1 9 63) ; 

( iii)  dung was dis tributed wi thin each s tratum in a Poisson manner ; and 

( iv) the mean excretal dens i ty ( i . e . , total dung p er to tal area) at 1 00% 

coverag e  was 10 . 

Using thes e assump tions , and the measured to tal dung weights 

( Tab l e  3 .  7 ) _, the times taken for ·dung r eturn to cover dif ferent  proportions 

of each s tra turn were calcula t ed ( Table  3 .  8) . These es tima tes illus tra t e  

the s tr iking difference i n  t h e  time s cales of dung return. intervals o n  the 

differ ent s tra ta . 

On campsites which received high l evels o f  dung , i t  would s till take 

7 . 0  y ears and 4 . 8  yea�·s to cover 20;� o f  their area on nor th .:md south .::t spec t s , 

respectively . Obviously during this time some sites wi thin this 20% area 

will have received dung s everal times . Similarly , the bulk of each camp s i t e  

(85%)  will take 1 1 . 4  and 8 . 0  years ,  respec tively , t o  r eceive P via dung . 

The mos t  s ignificant r esults , however , are thos e for the slopes which 

occ upy the bulk of any hill paddock . On 25° s lopes i t  vJOuld take many years 

( 60 . 0  on north and 43 . 6  on south) for even 20% o f  the s tratum area to b e  

covered . 0 On 45  slopes there was effectively a nil re turn of P via dung 

to the grea ter par t of the area . In order to place thes e figures in 

d d f h 250 
1 perspec tive it  could b e  in terprete that to ate  mos t parts o t e s opes 

and almos t all of the 4 5° slope s tra tum have never rec eived P via dung . 
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Table 3 . 8  Estimated time required for �ung from grazing sheep 

to completely cover various proportions o f  each s tratum 

North aspect  South aspect 

Parameter Campsites Camps ites 
slopes slopes slopes slopes 

Estimated grazing 

capacity 
- 1  (stock units ha ) 14 . 9  1 1 . 8 6 . 8  1 6 . 2  10 . 2  6 . 3  

Time required (yr) 

to cover 20% 7 . 0  60 . 0  445 . 0  4 . 8 4 3 . 6  228 . 8  

85% 1 1 . 4  9 9 . 6  7 36 . 6  8 . 0 72 . 6  379 . 2  

100% 109 . 2  949 . 4  7003 . 4  7 5 . 8  6 9 1 . 6  36 20 . 0  
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3 . 3 . 2 . 3  Dung P conten� 

3 . 3 . 2 . 3 . 1  Compara tive dung preparation and analys is . The 

dung samples derived from "improved " and ' 'unimproved" pa s ture d iffered in 

appearanc e .  The sampl e  from improved pas ture was relatively dark and 

the p ell ets compact  whereas tha t from the unimproved pas ture was l ighter 

in colour and conta ined no ticeable undiges ted , fibrous plant r esidues . 

The d ifferenc e in dry ma tter content ( Table  3 . 9 )  shows tha t the density 

of the "improved" sample was more than twic e tha t of the "unimproved " 

sample . TI1is difference was probably the main fac tor in the grea ter 

rel ea s e  of TDP from whol e  pellets of the "unimproved" samp l e ,  despite the 

higher TP level of the "improved" dung ( determined on dried and ground 

ma ter ial) . This sugges ts tha t the rate of P release from dung in the 

f ield may b e  markedly affected by the dens i ty as well as the P content of 

the ma terial . 

Resul ts from analys is of whole pellets of dung were extremely variable ,  

a s  ind ica ted by the separa te resul ts for subsamples (a) and (b ) in Tab l e  3 . 9 .  

This variab ility also exis ted in oven-dried , freeze-dried , and fro zen \olhole 

samples , and s imilarly in measurements of TIP and TP .  

For further analysis , all samples were crushed and mixed . In addition 

the oven-dried and freeze-dri ed samples were passed through a 2-mm mesh . 

This pretreatment markedly improved sample replication . 

Sample  prepara t ion method had no effec t  on the TP content of dung from 

eith er source or on the level of TIP in the dung fr9m "unimproved" pas ture 

( Tabl e  3 . 1 0 ) . Both drying methods did appear to cause a slight increase  

in the  inorganic P l evel of dung from "improved" pas tur e , and conversely a 

decreas e in the der ived to ta l organic P value , compared with that in the 

fresh condi tion . This differ ence was no t confirmed when TIP was determined 

by the Anderson-Mehta technique .  Results· by this lat t er method \vere s imilar 

.· 



Tab l e  3 . 9  

Sample 

Improved 

Unimproved 

Dry matter , TDP and TP content of whole , 

undried sheep dung from "improvec.l" compared 

with "unimproved" pasture 

Dry· matter TDP 
content content 

(% by weight)  - 1  (l-l g g ) 

(a) * (b ) *  

52 . 8  820 9 7 0  

2 3 . 4  1000 1690  

* (a )  and (b)  subsamples reflect var iability in results . 

** determined on dried and ground ma terial . 

8 6  

TP 
content** 

- 1  ()J g g ) 

7 830 

6940 



Table  3 . 10 knount s  of P forms ( �g g- 1 ) in variously prepared forms 

of �ung as determined by two methods of analysis 

Form of P · Sample 

Ignition method 

Total inorganic p Improved 

Unimproved 

Total organic p Improved 

Unimproved 

Total P Improved 

Unimproved 

Anderson-Mehta method 

Total inorganic P Improved 

Unimproved 

Total organic p Improved 

Unimproved 

Total P Improved 

Unimproved 

Oven­
dried 

6 5 10 

4 280 

1360 

2590 

7870  

6870  

6510  

4 7 7 0  

9 30 

1390 

7440  

6 160 

Freeze­
dried 

6 5 1 0  

4 360 

1 360 

2540 

7870 

6900 

6 350  

4560  

960  

1590  

7 3 1 0  

6 150 

Fro zen Fresh 

6020 5860 

4 340  4 330 

1600 1 9 70 

24 70 26 1 0  

7 6 20 7830 

68 10 6940 

6270  6 2 30 

4 6 10 4 440 

9 50 1080 

1290 1 4 30 

7 2 20 7 3 10 

5900 5870 

87  
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for  all prepara t ion techniques and to  thos e ob tained by  acid extrac tion 

(\\Talker and Adams , 1958) . 

Total P values ob tained by the Anderson-Mehta procedur e ,  however , 

were s l ightly lo-v1er than those measured by the ignition method , especially 

for the 1 1unimproved " samp l es . The reason for this difference remains 

unexplained because subsequent igni tion and shaking of the Anderson-Mehta 

dung residue wi th 1N H2so4 fa iled to extrac t any significant additional P .  

The method of dung sample  preparation was also tes ted for any effec t 

on the l evel of water-extrac table P .  As shown in Table 3 . 1 1 ,  this had 

no significant effec t on ei ther the amounts of DIP or DOP extracted . 

Smaller amounts of DIP wer e  extrac ted from the 1 1unimproved 11 than from the 

1 1imp roved" dung samples  but th e DOP content of both was similar . 

In order to evaluate the relative eas e  o f  extrac tion of water-solub l e  

P from dung , oven-dried samples were subj ec ted t o  both a s equential and a 

prol onged extraction . - 1  Water was renewed ( 40 ml g DM) for each o f  the 

four-successive extractions to tall ing 6 hours , compared with the unchanged 

extrac t shaken for a s imilar p 8riou . Considerably mor e  DIP was ex trac t ed 

from b o th dung samp l es by the s equential compared with the continuous 

extrac tion (Table  3 . 1 2 ) . The inorganic P content of the fourth extrac t  was 

in b o th cases still appr eciab le , indicating that  even fur ther P release  wa s 

likely . The to tal DIP extrac ted from b o th samples ( expressed as a 

proportion of the total inorganic: P l evel) was s imilar , i . e . , 56 . 3% o f  the 

TIP f rom the "improved ' ' samp l e  and 58 . 6% from the "unimproved" sample . 

This sugges ted that the overa l l  ra te of DIP release was proportional to the 

level of TIP initially present . 

In contrast  to the da ta for DIP the l evels o f  DQP extrac ted by b o th 

s equential and continuous extrac tion methods were similar and compr ised a 

small er proportion o f  the total organic P present in both dung sampl es . 



Tabl e  3 . 1 1 

Form o f  P 

DIP 

DOP 

- - 1  Amounts of water -extra c table P (�g g ) 

in variously prepared forms of dung 

Sample 

Improved 

Unimproved 

Improved 

Unimproved 

Oven­
dried 

1850 

360 

320 

Free ze­
dried 

1 9 50 

1 1 7 0  

2 9 0  

400 

8 9  

Fro z en Fresh 

1860 1860 

1300 1 25 0  

490 400 

4 90 380  
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Table  3 . 1 2 

Form of P 

DIP 

DOP 

Water-extractable P removed from oven-dried , crushed dung 

by b o th repeated and prolonged extractions 

Rep eated 

Sample Firs t S econd Third 
extract extract extrac t 

( 1  hr) �'t ( 1  hr) ( 2 hr) 

- 1  
Improved ( �g g ) 1 600 825 7 50 

(as % o f  TP) 4 3 . 6  22 . 5  20 . 5  

- 1  
Unimproved ( �g g ) 1000 560 560 

(as % of TP) 39 . 9  22 . 3  22 . 3  

-1  
Improved (� g g ) 270 65  50 

( as % o f  TP) 58 . 7  14 . 1  1 0 . 9  

- 1  
Unimproved (� g g ) 70 135  30 

(as % of TP) 26 . 5  50 . 9  1 1 . 3 

* Duration o f  extraction p eriod . 

Fourth To tal 
extract  

( 2  hr) 

490 3665 

13·. 4  

390 2510  

1 5 . 5  

7 5  4 60 

16 . 3  

30 265 

1 1 . 3  

Prolonged 

( 6  hr) 

2330 

63 . 6  

1370  

54 . 6  

440 

9 5 . 6  

2 1 0  

7 9 . 2  

\.0 0 
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I n  a similar experiment , Bromfield ( 19 6 1 ) , mad e  f ive success ive \va ter 

-1  extrac tions (80  ml  g DM shaken for  1 hours )  and rela ted the to tal 

extrac tabl e  inorganic P to TIP , d ef ined as the inorganic P extrac ted by 

shaking 1g of dung with 80 ml o f  0 . 2N HCl for 1 hours . In dung containing 

-1  - 1  1 2600llg P g o f  TIP a total o f  37 20llg P g ( equival ent to 29 . 5%) \·Jas 

wa ter soluble . A TIP 1 1 f 31 00 d L 00 P - 1  1 ' ' d t eve s o - 4 an 1 11 g g t 1�s 1ncreas e to 

57 . 0% and 60 . 0% ,  respectively . This contras ts vli th the resul ts o f  Floa te 

( 1 970a )  who in five succ es s ive extrac tions removed wa ter-soluble  P equivalent 

-1  to 67% o f  the TIP present when this was at a high l evel ( l l 60� g P g ) , and 

- 1  equivalent to 9 9% or more when the TIP l evel was 84.30!1 g P g o r  l ess . 

The wa ter-soluble P extrac t io n  procedure used was no t describ ed . As no ted 

in S ec t ion 2 . 4 . 2 . 4 ,  however , neither the resul ts from the present study nor 

thos e  r eported by Bromfield ( 1 9 6 1 )  or Floate ( 1 9 70a) support the contention 

of Barrm-: ( 19 75 )  that faecal P is present as d icalcium phosphate . 

I n  the present s tudy the lower wa ter : dung ra tio , longer shaking t ime 

used for extrac tion of wa ter-solub l e  P ,  and the s tronger acid ( i . e . , lN H2so4 

compar ed to 0 . 2N HCL) us ed to def ine TIP preclude any direc t compar ison o f  

resul t s  with tho se o f  either Bromf ield ( 19 6 1 )  or  Floate ( 19 70a) . The clo s e  

s imilarity b etween TIP l evels measured b y  both 1 N  H2so4 and the Anderson­

Mehta methods ,  however , suggests that the s tronger acid extraction ( lN)  mor e  

accurately represents the " true" inorganic P present in dung . 

For this reason 1N H 2so4 was selec ted as the extractant for determining 

the inorganic P content of dung . 

Freeze�drying and s i eving ( <  2mm) were chosen as the s tandard method 

of s ample  pr eparation on the basis that : 

(a)  a dried sample  was preferabl e for b e tter mixing 

and sample replication ; and 

(b)  although the r es ul ts from oven-dried and freeze­

dried samples v1ere generally s imilar , fre.eze-dried 

samples gave the bes t  compar ison l\d th fresh dung 

when all analyses were considered . 



3 . 3 . 2 . 3 . 2  F ield trial . TI1e TP content of dung was at  a 

maximum in spr ing and a minimum in sum..'T!er .on both a spects ( Tabl e  3 .13) . 

Thi s  contrasts \lith the t o ta l  weigh t o f  dung depos i ted in these seasons , 
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b eing lm.;rer in spring than i n  summer . A s imilar inverse relationship was 

reported by Bromf ield ( 1 9 6 1 ) . The sharp rise in TP content of dung on the 

no rth aspec t in late autumn was probably associa ted wi th the sudden boo s t  

i n  pasture clover growth during this period o n  a l l  north aspec t s tra ta 

following persis tent autumn rain . The preferential grazing by s tock o f  

new growth would have been a maj or fac tor increasing dung TP content b ecause 

a high faecal P level is as soc iated with periods o f  flush grm.;rth (Bromfield , 

1 9 6 1 ) . 

Th e south aspect maintained a higher pas ture legume content during 

autumn ( Tabl e  3 . 4)  and ther efore the new autumn growth did no t provide  such 

a change in diet as it did for s tock on the north aspec t .  Consequently , 

dung TP l evels did no t exhibi t  the same seasonal pa ttern o f  varia tion . 

In view o f  the increase in TP content of dung on the north aspec t in 

la te  autumn it appears tha t  th e mean TP conc entra tion in pas ture ,  as 

repres ented by the early autumn harves t and used to derive mean TP uptake by 

autumn pas ture (Table 3 . 6) , may have slightly underes t imat ed the real 

s i tuation . 

Dung contained a s ignificant proportion of DIP . This proportion was 

r elatively constant , in mos t  cases , b eing b etween 20 and 30% of TP , or 

2 5  to 40% o f  TIP , al though i t  was lower on each aspec t  in summer when TP 

was a t  a minimum . The dung collec ted in early spring from the south 

aspec t also had a rela tiv ely low DIP content . The DOP content in dung from 

the north a spect was lowest  in autumn and highes t in la te winter . On the 

south aspec t  these extremes occurred in late summer and early spring , 

respectively . At all t imes , however , DOP remained a relatively cons tant 

propor tion of TP .  



Tabl e  3 . 13 Amounts o f  P forms in dung coll ec ted a t  each s eason 

North aspec t  

S eason Sampling TP _ 1 TIP DIP DOP 
date (�g g ) ( %  TP) ( %  TP) ( %  TP ) 

S pring 1 . 10 . 7 5 14655  83 . 0  22 . 8  3 . 2  
S . E .  355 

1 . 1 2 . 7 5 1 224 5 7 5 . 0  26 . 8  2 . 7  
S . E .  590 

Summer 1 9 . 1 . 7 6 . 7 3 1 5  68 . 5  1 4 . 3  2 .  9 . 
S . E .  405 

1 .  3 .  76 8640 74 . 0 · 29 . 8  2 . 3  
S . E .  1030 

Autumn 20 . 4 . 76 8270 7 5 . 7  20 . 7  1 . 9 
S . E .  430 

1 . 6 . 7 6 • 1 4 1 55 7 3 . 4  26 . 9  2 . 8  
S . E .  4 20 

Winter 1 2 . 7 . 76 1 0700 7 7 . 9  24 . 4  2 . 4 
S . E .  685 

1 .  9 .  76 10530 78 . 6  3 1 . 3  7 . 7  
S . E .  470 

TP - 1  (�g g ) 

14585  
1025  

14920  
7 20 

10865 
290 

8680 
485 

1 1 225  
1380 

1 0365 
. 2 10  

9 7 80 
490  

1 1925  
555 

South aspect 

TIP DIP 
( %  TP) ( %  TP) 

79 . 0  1 4 . 4  

7 5 . 0  28 . 8  

79 . 7  20 . 6  

70 . 0  8 . 0 

8 3 . 4  24 . 5  

79 . 7  33 . 4  

7 6 . 1  22 . 1  

86 . 4  23 . 8  

DOP 
( %  TP) 

4 . 9 

2 . 7  

3 . 0 

1 . 7  

2 . 3  

2 . 7  

3 . 4  

1 . 4 

\.0 w 



The TIP content of dung from the nor th aspec t ranged f rom 68 . 5  to 

83 . 0% of the TP and from 70 . 0  to 8 6 . 4% o f  TP on the south aspec t .  These 

results are s imilar to tho se reported by Bromf ield ( 1 9 6 1 )  f rom dung with a 

TP content o f  1 6 , 600�g P g 
- 1 DH ( 76%  TIP ) , by Mar tin and Mol loy ( 1 9 7 1 ) us ing 

-1  dung o f  1 5 , 000�g P g DM TP level ( 7 7 %  TIP) , and by Barrow ( 19 75 )  for dung 

- 1  o f  20 , 800�g P g DM TP content (89%  TIP) . In each cas e , TIP was determined 

by different methods . 

111e lowes t proportion o f  TIP ( i . e .  68 . 5% o f  TP) was measured in dung 

from the north a spec t in early summer . This also repres en ted the lowes t  

concentra tion o f  TIP recorded ( 50 10 �g P g - l ) . Bromfield ( 19 6 1 )  no ted a 

s imilar propor tional decrease , e . g . , a t  low TP l evels of 6000 ( 57 %  TIP ) and 

-1  1 680 ( 23% TIP) �g P g DM, respec t ively . 

3 . 3 . 2 . 4 To tal P r eturn in dung 

Us ing the results from Tab les 3 . 7  and 3 . 1 2 ,  the TP return via 

dung to each s tra ta in each season was calculated ( Tabl e  3 . 14 ) . 

The quantity of P returned in each case was dominat ed by the dung 

d i stribution pattern . The associated high var iability o f  tho s e  r esults 

ensured tha t the s tandard errors o f  es timate o f  the derived levels o f  P 

return were correspondingly high . Consequently , al though seasonal  TP returns 

to south aspec t strata were in mos t  cases markedly higher than to respective 

nor th aspec t s i tes , the d ifferences were no t s tatis tically s ignificant . 

The importance of dung as a pa th\-Jay for P return to the soil \-Jas 

obviously greatly affec t ed by topography . The very bia s ed pattern o f  dung 

r eturn meant that on campsites faecal P supplied o f  the order of two to three 

times that nec essary for annual pas ture up take . In contras t ,  P r eturn to 

the slopes , \vhich occupied the grea tes t  propo r tion of each paddock , was 

sufficient for  only a fraction of pas ture needs . This frac tion appeared to 

decrease  sharply with increa sing s teepnes s of  s lope . 



Table 3 . 1 4 

S eason 

Spring 

S . E .  

S ummer 

S . E .  

Autumn 

S . E .  

Winter 

S . E .  

Total 

S . E .  

Seasonal and annual return of  P in dung 
- 1  to each stratum ( kgDM ha ) 

Campsites 

30 . 2  

1 1 . 1  

35 . 7  

1 2 . 8  

26 . 3  

1 2 . 2  

1 3 . 2  

6 . 1  

105 . 4  

4 2 . 2  

Nor th aspec t  

25° 

slopes 

4 . 1  

1 . 4 

4 . 3  

1 . 2  

1 . 9 

0 . 4  

1 . 9 

0 . 7  

1 2 . 2  

3 . 7  

4 5° 

s lopes 

0 . 4 

0 . 1  

0 . 2  

0 . 1 

0 . 8  

0 . 3  

0 . 3  

0 . 1 

1 . 7  

0 . 6  

Campsi tes 

58 . 6  

1 4 . 3  

5 7 . 2  

1 8 . 7  

4 3 . 7  

1 6 . 7  

1 2 . 7  

3 . 9 

1 7 2 . 2  

5 3 . 6  

South aspec t 

25° 

slopes 

9 . 1  

1 . 8  

5 . 6  

1 . 5  

3 . 1  

1 . 0  

1 . 7  

0 . 6  

19 . 5  

4 . 9 

9 5  

4 5° 

slopes 

1 . 3 

0 . 7  

1 . 4 

0 . 7  

0 . 5 

0 . 2  

0 . 4  

0 . 1 

3 . 6  

1 . 7  
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3 . 3 . 3  Phosphorus return via pas ture l i t ter 

3 . 3 . 3 . 1 To tal l i t ter dry weigh t  

I n  marked contra s t  to dung re turn patterns , the accumula tion 

of l itter was much more uniform on all s trata in each season ( Tabl e  3 . 1 5) . 

TI1is r eflec ted the evennes s o f  grazing pressure over the whole o f  each 

paddock . A rela tively high amount of litter accumula ted on campsi tes in 

summer and therefore the annual to tal for thes e areas grea tly exceeded that 

0 0 for either the 25 or  4 5  slopes which did no t dif fer significantly in this 

respect . 

In general more litter was collec ted f rom the south than f rom the 

north aspec t  campsi tes , excep t in spring , b u t  litter accumulation on the nor th 

slop es exc eeded that  on the south in each s eason . 

The sligh tly higher lit ter accumulation on the south aspec t campsites 

over mos t  of the year could partly be an effect of the s imilarly h igher dung 

accumulation on thes e areas b ecaus e it is known that s tock tend to r ej ec t  

fouled pas ture (Norman and Green , 1958) . 

On the other hand , the greater amount o f  pas ture litter on the north 

aspec t slopes in spring , summer , and autumn could reflec t the probably lower 

grazing pressure on thes e compared with corresponding nouth aspec t s i tes due 

to the d ifference in overal l paddock topography (as discussed in S ec tion 

3 . 3 . 2 . 1 ) . I t  is l ikely , however , tha t l i t ter accumulation in surrm1er and 

autumn was also accelerated by lower soil mois ture and h igher tempera tures 

on the north slopes than on the south s lopes . TI1ese fac tors would induce 

advanced maturity and senescence with a corresponding increase  in p lant and 

dead ma tter . TI1e b otanical composition o f  litter also varied wi th season 

and b etween campsite and o ther s tra ta (Appendix IV) . 

The mo st s triking aspec t of the l itter composition \-las tha t a l though 

dry n� tter produc tion of fla t weeds , and more par ticularly o f  clovers , was 



Table 3 . 1 5 

Sea son 

Spring 

S . E .  

Summer 

S . E .  

Autumn 

S . E .  

Winter 

S . E .  

Total 

S . E .  

Seasonal and annual pas ture lit�cr accumulat ion 
- 1  o n  each stratum (kgDH ha ) 

Camp sites 

457 

57  

1 283 

2 1 5  

646 

1 1 5  

136 

28 

3 152  

4 1 5  

North aspec t  

25° 

slopes 

34 7 

28 

8 7 6  

9 0  

539 

4 8  

2 13 

2 7  

1 9 7 5  

193  

4 5° 

s lopes 

3 7 2  

1 3  

58 1 

30 

4 7 2  

1 8  

253  

60 

1 6 78 

1 2 1  

Campsites 

290 

30 

1 57 1  

165 

830 

8 1  

260 

52 

295 1  

328 

South aspect 

2 5° 

slopes 

2 4 3  

1 7  

5 4 3  

2 1  

30 1 

1 1  

203  

4 2  

1 2 9 0  

9 1  

9 7  

4 5° 

slopes 

240 

32 

4 1 2  

44  

3 1 1  

30 

220 

16 

1 1 83 

1 2 2  
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a t  times marked ( Table 3 .lf ) , thes e  formed an insignificant p ro portion o f  the 

total litter collected in any season . I t  mus t  b e  concluded , therefore , 

that they were more sel ec tively grazed by sheep than were the grass 

components of the pas ture . 

I t  may b e  argued tha t  the more uprigh t  grasses offered b e t ter 

pro tec t ion to older leaves around and within the base of a plant and were 

less effic i ently grazed than the mor e  pros tra te  legumes and f la tweeds . I t  

seems remarkab l e  that even during the fas t growth periods o f  spring and summer, 

when clover and fla tweeds produced approxima t ely 40% of to ta l  growth on the 

slopes , virtually none remained unutilized by s tock·. 

I t  is recognised tha t incorpora tion and decomposi tion o f  plant ma terial , 

e . g . , by slugs (Agriolimax reticula tus . Mull . )  and earthworms (Allobophora 

caliginosa and Lumbricus rub ellus) may b e  very a c tive during the year , 

especially in winter and spring , and particularly ori the legume component 

( Charl ton , p ers . comm . , Sharpley and Syers , 1 9 7 6 ) . The 4 to 6 week interval 

between litt er coll ec tio.ns could have _ provided an oppor tunity for soil 

invertebra tes to decr ea s e  the quant i ty of  surface litter or  for any more 

rapid d ecompos i tion of clover than grass ma terial to occur . I t  s eems 

unlikely , however , that all dead l egume and fla tweed ma t er ial could have been 

eliminated if  i t  provided any s ignifi cant portion of the to tal pas ture 

unutili zed by s tock . 

3 . 3 . 3 . 2  Litter P content 

The TP content of litter was generally highes t on campsites 

0 - and lowes t on 45 slopes on each aspec t  ( Tabl e  3 . 1 6) .  On b o th aspec ts , the 

l itter TP content was highest in winter and spring . I t  was lowes t on the 

north aspect campsite in summer and on  the no rth aspec t slopes in autumn 

when the south aspec t pas ture l i t ter was s imilarly at its  lowes t TP content . 

The seasonal and s trata variab ility was s imilar to tha t for pas ture ( Table  3 . 5 ) . 
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Tabl e  3 . 1 6 Amounts of P forms in litter co�lected 

at  each season 

North aspec t South asp ec t 

S eason Form of P Campsites 25° 4 5° Campsites 25° 4 5° 

s lopes slopes s lopes slopes 

Spring TP - 1  
(1-t g g ) 5390 4440 2850 5250 29 70 28 10  

S . E .  9 2  187  1 8 1  367  1 5 5  228  

DIP ( %  o f  TP) 7 1 . 3  77 . 9  . 82 . 2  7 5 . 0  74 . 4  7 1 . 0  

DOP ( 1 1  ) 6 . 2  9 . 0 7 . 5  1 2 . 9  9 . 4 9 . 2  

Summer TP - 1  (1-tg g ) 3740 3870 29 60 35 70  3500 3140  

S . E .  106  1 1  409 1 7 2 2lf 1 55  

DIP ( %  o f  TP) 7 6 . 4  8 3 . 0  7 3 . 2  86 . 9  8 7 . 4  69 . o  
DOP ( 1 1  ) 7 . 8 9 . 8 1 2 . 2  7 . 6 8 . 8 19 . 4  

Autumn TP - 1  (1-tg g ) 4640 34 30 2 180 2 3 50 29 80 24 9 0  

S . E .  9 6  255 207 2 2 1  253  204 

DIP (% of TP)  37 . 3  37 . 3  34 . 4  38 . 7  4 2 . 9  40 . 6  

DOP ( 1 1  ) 4 . 1  7 . 3  8 . 4 9 . 8 7 . 0 1 1 . 7  

l-Iinter TP - 1  ( 1-t g  g ) 5 2 1 0  4 320 2830 5 6 50 4 1 30 2770  

S . E .  424 489 635 6 59 260 502  

DIP ( %  o f  TP) 34 . 3  45 . 0  49 . 4  38 . 1  52 . 6  48 . 7  

DOP ( 1 1  ) 2 . 5  5 . 8  5 . 6  3 . 6  3 . 8  4 . 9 
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The t\vo s ets of resul ts canno t b e  direc tly compared as the pasture us ed to 

produce "lit ter" was in a pregrazed conditio 11 when shaded , wherea s  the 

pasture for analysis was produced after pretrimming and allowing regrowth . 

The litter , therefore , was derived from more ma ture pas ture . Consequently , 

the generally lower TP content of l itter than o f  the pas ture mus t  partly b e  

attributed to the difference in ini tial material a s  well a s  to some 

transloca tion of P f rom herbage during s enescence induced by shading 

(Williams , 19 55) . 

The DIP content o f  lit ter , both in P concentration and as a p roportion 

of TP , �va s high in both spring and summer but much lower in autumn and winter . 

In contrast , DOP was rela tively cons tant , except in winter when b o th the 

l evel and proportion of TP were �t a minimum for the yea r . 

The DIP and DOP l evels pres ented in Table  3 . 1 5 were ob tained f rom 

finely-ground , freeze-dried material . For comparison , DIP and DOP from 

whol e ,  freeze-dried material  was d e termined . 

this purpose ( Table 3 . 1 7 ) . 

Autumn litter was used for 

The amount of DIP extrac t ed from Hhol e  samples ranged from 6 2 . 4  to 

80 . 6% o f  that measured in finely-ground samples . This is a high l evel 

r ela tive to the d ifference in surface area of the two samples . The cortical 

and epidermal cells of the predominantly stem material would almo s t  c er ta inly 

have a higher P content than the dead xylem c ells and pos sibly mor e  than the 

pith cells (Bieleski , p ers . comm . ) . Drying , in this case  freeze drying , 

would have ruptured some of th ese c ells and thus the effect of grinding may 

be only to provide shor ter diffus ion pa ths for the relea s e  of P .  

The ext ent to whi.ch this same effect occurs in the field will depend 

on the degree o f  drying experienc ed by dead plant mater ial b efore it  

collap s es to  the s oil surface . Such drying is more likely to occur in 

summer or autumn than in winter or  spring , al though freezing o f  plant tissue 

• 



Table 3 . 1 7 Effect of sample condi t ion o.n amounts o f  wa ter-extrac tab le 

inorgani c (DIP) and organic P (DOP) in autumn l i t ter 

Nor th a spec t Sou th aspec t 

Sample Form of P C . 25° 4 5° c . amps1tes amps1tes 25° 

slopes condi tion 

Finely 
ground 

Whol e  

Finely 
ground 

Whol e  

DIP 

(as % of 
f inely ground) 

DOP 

(ll g g
- 1 ) 

(ll g e -1 ) 

(as % of 
f inely ground) 

1 7 28 

1 28 2  

7 4 . 2  

190 

1 74 

9 1 . 6  

slopes slopes 

1 284 7 5 2  9 10 1 2 8 1  

8 7 1  469  7 34 848 

. 6 7 . 8  6 2 . 4  8 0 . 6  66 . 2  

2 5 1  1 8 5  233  214  

1 1 6 7 1  1 5 3  280 

4 6 . 2  38 . 4  6 5 . 7  1 30 . 8 

1 0 1  

4 5° 

slopes 

1 0 1 1  

6 70 

6 6 . 3  

29 1 

1 1 3 

38 . 8  
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as could occur on  both aspects in winter would achieve the same effec t .  

Following such preconditioning , i t  is possible that regular rainfall from 

la te  au tumn onwards could rel ease an appreciable proportion of the total 

DIP from dead pas ture mater ia l . 

The DOP rel eased from whole lit ter was variable both in amount and as 

a p roportion o f  that extrac ted from s imilar finely ground ma terial . In all 

samples how�ver DOP provided only a small proportion of total wa ter-extractable 

P and therefore in the field s i.tuation P leached direc tly f rom litter may b e  

considered to be  p redominantly DIP . 

3 . 3 . 3 . 3 To tal P return in lit ter 

The estimated .:mnual TP return to the soil surface via litter 

\vas highes t on campsi tes and lowes t on 4 5° slopes on both aspects ( Table 3 . 1 8) . 

This difference was significant on both nor th (P � 0 . 10) and south aspects  

(P 6 0 .  05) . The same pat tern of return applied within each s eason , the 

difference b eing s ignificant (P 6 0 .  05)  on the north asp ec t in spring , summer 

and autumn but only in autumn on the south aspect (P � 0 . 05) . 

Al though the TP return to the south aspect campsites was higher in 

summer and win ter than to the north campsites , the difference was no t 

significant . S imilarly , al though annual li tter P return was higher to all 

the north than to  respec tive south s lopes , the difference was significant only 

0 between the 2 5  s lopes . 

The l evel o f  TP return via l i tter was remarkably uniform over the whole 

trial cons idering the range in l itter produc tion and P conc entra tion o f  

pas ture on the various s trata . The annual TP return in l i t ter , however , did 

tend to b e  proportional to pasture P up take and so contribu ted approxima tely 

1 5 to 20% o f  annual pas ture requirement s  on each s tratum . 



Tab l e  3 . 18 

S eason 

Spr ing 

S . E .  

S ummer 

S . E .  

Autumn 

S . E .  

Winter 

S . E .  

Total 

S . E .  

S �dsonal and annual return of to tal P in lit ter 
- 1  t o  each stratum (kg ha ) 

Campsites 

2 . 5  

0 . 4 

4 . 8  

1 . 1  

3 . 0 

0 . 6 

0 . 7  

0 . 2  

1 1 . 0 

2 . 3  

Nor th aspec t  

25° 

slopes 

1 . 5  

0 . 2  

3 . 4  

0 . 2 

1 . 9  

0 . 3  

0 . 9  

0 . 2  

7 . 7  

0 . 9 

4 5° 

s lopes 

1 . 1  

0 . 1  

1 . 7  

0 . 3  

1 . 0 

0 . 1  

0 . 7  

0 . 3  

4 . 5  

0 . 8  

Campsi tes 

1 . 5  

0 . 8 

5 . 6  

0 . 7  

2 . 0  

0 . 3  

1 . 5  

0 . 5  

10 . 6  

2 . 3  

South aspec t 

25° 

s lopes 

0 . 7  

0 . 4 

1 . 9 

0 . 2  

0 . 9  

0 . 1  

0 . 9  

0 . 3  

4 . 4 

1 . 0 
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4 5° 

s lopes 

0 . 7  

0 . 4  

1 . 2  

0 . 1  

0 . 8  

0 . 1  

0 . 6  

0 . 2  

3 . 3  

0 . 8  



3 . 3 . 3 . 4 Es t imated pas ture u tiliza tion by sheep 

The degree of pas ture u tiliza t ion by s tock is generally 

expressed a s  a percentage of the feed offered ( Campbell , 1 9 66) . This is 

usually on a per-grazing basis and so to tal pas ture utiliza t ion over a 

longer p eriod can only be  determined by su�ning the per-grazing intake by 

s tock , measured as the difference b efore and after grazing , o f  s tanding 

pasture dry matt er , and relating i t  to total pas ture growth over the same 

period . This method is likely to overestimat e  pasture u tiliza tion by 

s tock unless b efore and after gra z ing measurements are made  by collec ting 

all above ground pas ture dry matter , i . e . , including dead mat erial . 

In contras t ,  s easonal pasture utilization in the present s tudy was 

104 

estimated by sub tract ing herbage "li t ter ( to tal less roo t ma terial ) f rom the 

to tal pas t ure product ion measured by the trim technique . While the pa s ture 

cutting t echnique did . not exactly s imulat e  the grazing r eg ime , particularly 

in winter when there were two grazings but only one pas ture cut ,  it was 

considered to provide a useful relative comparis::m of grazing efficiency 

b e tween dif ferent s tra ta and s easons . · 

0 Average annual pas ture utiliza t ion was higher on 2 5  slopes than on 

any o ther s trata although util i za t ion was surprisingly high on all s trata in 

spring ( Table 3 . 1 9 ) . On the campsi tes this decreased in summer and autumn 

and incr ea sed aga in in winter . A s imilar fluc tuation o ccurred on the nor th 

aspec t  slopes , although the ris e in winter was less  marked . On the south-

facing s lopes , however , the u tilization l evel decreased continuously from 

spring to winter . 

The above variations in grazing efficiency by s tock closely followed 

the changes in pasture  physiological cond it ion . Because o f  vigorous 

vegeta t ive growth in spring on both aspec ts (Table 3 . 2 ) , little  s enescent 

material formed even though p lants in s ome areas were relatively rank . 



Tabl e  3 . 19 

S eason Aspect 

S pring North 

South 

Surmner North 

South 

Autumn North 

South 

Winter North 

South 

To tal Nor th 

South 

Estimated seasonal and annual utilization of pas ture 

on each stratum by grazing sheep 

Campsi tes 
0 25 slopes 

-

Pas ture Herbage Pas ture* Pas ture Herbage 
Produc t ion Litter Utiliz . Production Li tter 

-1  
(kgDM ha ) 

- 1  
(kgDM ha ) (%) -1  

(kgDM ha ) 
-1  

(kgDM ha ) 

4 9 7 5  36 1 9 2 . 7  3880 250 

4990 224 9 5 . 5  2590 143 

2600 1 1 7 4  54 . 9  2445 6 7 1  

4 1 9 5  1494 64 . 4  2640 4 38 

1 785 569 68 . 1  1460 394 

19 1 5  7 6 3  60 . 2  1200  232 

1 7 80 102  94 . 7  8 10 164 

1 290 227 82 . 4  680 1 50 . 

1 1 140 2206 7 9 . 2  8595  1479  

1 2390 2708 7 7 . 2  7 1 10 963 

0 
4 5  slopes 

Pas ture Pasture Herbage 
Utiliz . Produc tion Litter 

( %) - 1  
(kgDM ha ) 

- 1  
(kgDM h a  ) 

9 3 . 6  2220 275  

94 . 5  1805 167  

7 2 . 6  1460 467  

8 3 . 4  1440 326 

7 3 . 0  1035 360 

80 . 7  1060 246 

79 . 8  670 1 7 6  

7 7 . 9  405 164 

82 . 8  5365 1278  

86 . 5  4 7 10 903  

* derived as pas ture produc tion less  herbage litter accumulation and expressed as a % of pas ture produc tion . 

Pas ture 
Utiliz . 

(% )  

87 . 5  

9 0 . 7  

68 . 0  

7 7 . 4  

65 . 2  

66 . 8  

7 3 . 7  

59 . 5  

7 6 . 2  

80 . 8  

..... 0 V1 
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The accumulation o f  dead pas ture mat erial in s ummer \vas largely a reflec tion 

of the eff ic iency of spring grazing in maintaining plants in a vegeta tive 

condition for as long as possib l e .  This effect  carried over into early 

autumn when death of p lants , gue to dry s o il conditions , reduced gra zing 

effic iency s till further as s tock rej ec ted such ma teria l . The ons e t  o f  

fairly persistent autumn rain hal ted s enescence of  mos t  spec ies o n  north-

facing s lop.es . As a cons equence, further contributions to pas ture l i tter in 

ea rly winter came predominantly from previously upright s tems and l eaves 

collapsing to the s o il surface . On �he  south aspec t ,  pas ture growth on 

s teep s lopes in winter was very s low as a resul t of the generally low soil 

tempera tures during this period of the year at Whata\vhata ( Gillingham and 

Bell , 1 9 7 7 )  . . Cons equently , plant senescence continued , resul ting in a 

lower proportion o f  u tilized pas ture than in any o ther s eason . 

The slightly higher utilization of pas ture on the south than on the 

north aspect s lopes in summer and autumn could partly b e  a ttributed to the 

difference in ma turity and species compositi�n ,  resulting from the 

differing microc limate . The drier north aspect conditions produced more  

pas tur e dead matter ( Table 3 . 4 ) which would have b een p referentially 

ungrazed by s tock compared wi th pasture o f. higher l egume content on the 

south aspec t .  

Using the paddock deta il s  in Tab l e  3 . 1  and results from Tabl e  3 . 19 

an overall pas ture utiliza t ion l evel was calculated for the year . This 

was estimated to be 8 1 %  for the north aspec t p addock and 83% on the south . 

This is very h igh by hill country s tandards ( Eadie , 1 9 70 )  but no t unrealis tic 

in relation to o th er es tima tes for grazed flat-land pas tures . Smetham ( 19 7 3) 

quo tes 80% as a level obtained by bet ter dairy farmers in New Zealand and 

Hutton ( 1973)  90% as that a t tainable . 

By us ing results from Tables 3 . 1  and 3 . 1 8 ,  and Appendix Ill the amount 
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o f  pas ture grown on each s tratum that was utili zed by  s tock was calculated . 

Therefore the proportiona l  con t r ibution of each s t ra tum to grazing s to ck in 

each paddock was also derived . Campsi tes , 25° s lopes , and 4 5° slopes were 

es t ima ted to contribute 2 6 . 0 ,  59 . 1  and 14 . 9 % ,  respectively , of total 

carrying capacity on the nor th aspec t and 20 . 6 ,  50 . 4 ,  and 29 . 0% ,  

respectively , on the south asp ec t  paddock.  Thes e values related to the 

percentage area occupied by each stratum in each paddock ( Tabl e  3 .1:) enabl ed a 

% carrying capaci ty : %  area ra tio to b e  derived . This was 1 . 29 ,  1 . 0 6 , and 

0 . 62 ,  

0 . 69 ,  

respec t ively , for s t ra ta on the nor th aspec t and 1 . 6 9 , 1 . 1 1 ,  and 

respec tively , for south aspec t s trata . These rat ios show , as 

suggested in S ec tion 3 . 3 . 2 . 1 ,  that all strata on the south aspec t were 

subj ected to proportionately higher gra zing pressure than s imilar s trata on 

the north aspec t . 

In managing the present trial i t  was intended tha t grazing should give 

a high level o f  pas ture utilization to all s trat a  within each paddock a t  all 

t imes of the y ear . In general this was achieved , and in fac t  grazing 

pressure was higher th<1n would be applied by a hill  farmer , as evidenced 

by mean s tock weight loss es during some grazing p eriods (Appendix Ill) . The 

l evels of pas t ure utiliza t ion estimated for each aspec t  should therefore b e  

considered a s  an upper l imit for th is type o f  country and unl ikely t o  b e  

exceeded in similar cond itions with the grazing sys tem used . 

3 . 3 . 4  The phosphorus cycle 

3 . 3 . 4 . 1  Annual uptake and return of P 

By comparing the annual TP up take by pasture and the TP return 

in both pasture litter and in dung a net P balance was derived for each 

s t ra tum ( Fig . 3 . 2) . 

The large surplus o f  to tal P above annual pas ture needs that occurred 



I 

I 

Pas t u re 

5 5 · 7 
� 5 · 6  

Pasture 

N O R T H  

+ 6 0 · 7  
+ 5 0 ·1  

I 

A 

8 

3 9 ·4 
- ± 4 ·4 

t � �  LTJ G]J  
5LJ � 

Pasture c 

21 · 5  
-:. 2 · 9 

t L i t ter  

I Balance 

leill Gill Gill t 

� 

S O U T H  

Pa sture 

I � 1 1 9 · 8  
- ! 6 1 · 6  

Pasture 

Pasture 
2 0 · 7  
± 3 · 4  

t L i t ter 

Gill Balanc e 

[ill t 

A 

I 
Dunq 

1 7 2 · 2  
� 5 3· 6  

8 

c 

@ 
� 

FIGURE 3 . 2  Annual total P up take by pas ture and to tal 

P return in lit ter and dung , and net to tal 

P balance (kg ha-1 ) including S tandard 

Erro rs of estima te for each value ; 

A campsi tes , B 
0 C = 45 slopes . 

25° 1 d s opes , an 

1 08 



109  

on  campsites was a direct reult o f  the d ispropo r tionat ely high P return in 

dung . Convers ely , the total P return to the slopes was in all si tuations 

less than that required to compensate for pas ture up take . The net P · loss es 

from all slopes were no t significantly different but on the 4 5° s lopes this 

represented a high propor tion of  annual P up take . The relatively high loss 

0 from 4 5  s lopes was largely due to the very low P return in dung even though 

pas ture utiliza t ion levels were h igh . 

This strong topographical influence on the dung , and therefore P ,  

return t o  various hill-country s ites was earlier indica ted in the resul ts o f  

Gillingham and During ( 19 73) . Al though their s trata "C" and "D" occupied 

the s teepest 63 . 4 %  of the paddock , which relates in proportion to the 4 5° 

slop es in the p resent s tudy , the topography of  these s trata \vas only 

mod erately s teep and therefore in actual steepness was s imilar to the 2 5° 

slope group . The es t imated P returns in dung to s trata "C" and "D"  were 

-1 - 1  
27 . 5  and 1 5 . 8  kg P ha y r  , respectively , which , together with pas ture 

product ion levels , are more s imilar to thos e  for the 25° than for the 4 5° 

s lopes , as shm·m in Fig . 3 .  2 .  This sugges ts  that surface s lope rather than 

rela tive accessib il i ty , or topographical balance , within a paddock is the 

maj or factor affec t ing the l evel of P return as dung to any par ticular site . 

I t  appears , however , that relative accessibility may b e  more  impor tant 

in affec ting dung concentra tions in camp areas . The camp area d escribed 

by Gillingham and During ( 1 9 7 3) occupied only 6 . 4% of  the to tal paddock area 

but was surrounded by a large adj acent area of s imilar c ontour ( "B " s tratum 

of 27 . 5% total area) which received relatively high dung returns and so 

tended to spread the effective camp area . Consequently , dung return to 

the camp s i te its el f  was lower and the e s t imated P surplus was l es s  than on 

the much more defined camp areas in the present trial . I t  is likely then 

that the gradient of dung return away from campsi tes will b e  more gradual 

where topographical changes are not abrup t . Where such changes do occur , 
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surface steepness  alone b ecomes the maj o r  influence affecting the level of 

dung return . 

3 . 3 . 4 . 2  Sea�onal uptake and return of P 

The s ea sonal net P balance s  comp ris ing the annual to tals are 

shown in Table 3 . 20 .  In general . the greatest  p roportion of the net TP 

los s es from s lop es occurred in spring and summer . The net TP surplus on 

camps ites accumula ted largely during the same p er iod but was also high in 

autumn . 

The rela tively wide confidence limi t s .· o f  the estimates o f  net P 

balance for the slope s ites in autumn and for all s ites in winter preclude 

any detailed interpretations but i t  would appear that the net balance was 

small  at  those times . 

The above s easonal P balances are bas ed on the assump t ion that P uptake 

from the. soil and also P return to the soil via litter and dung occur 

completely within each s ea son . This would no t s trictly apply in the field 
. 

but  was adop ted a s  a first approximat ion in the ab sence o f  informa tion 

relating to the rates of P release and minerali za t ion from l i tt er and dung 

residues in this situation . If  as an alternat ive approxima t ion , ho�1ever , 

i t  is assumed that there is a 3-month d elay in P release from o rganic 

r esidues ( e . g . , p from litter and dung accumulated in spring is releas ed to 

the soil during s ummer) then the es t imated s easonal net P balances alter 

considerably ( Table 3 . 2 1 ) . On camp s ites there is a net P loss  in spring , 

and autumn b ecomes the s eason of greatest net P surplus . 
0 On 25 s lopes net 

P los ses occur in spring and summer but a P surplus occurs in autumn and 

winter . The net P balances on the 4 5° slopes were little affec ted by the 

modified calculation . 

I t  cannot presently be s ta ted which approximation ( i . e . , results in 



Table  3 . 20 

Season 

Spring 

S . E .  

Sunnner 

S . E .  

Autumn 

S . E .  

Winter 

S . E .  

S easonal to tal P net balance 
-1 on each stratum (kg ha ) 

Campsites 

+ 6 . 2  

1 4 . 3  

+ 28 . 5  

14 . 9  

+ 22 . 1  

1 3 . 6  

+ 3 . 8  

7 . 3  

North aspect 

25° 

s lopes 

- 1 4 . 3  

3 . 3  

3 . 1  

2 . 8  

1 . 4 

1 . 6  

0 . 7  

1 . 3  

45° 

slopes 

- 8 . 4  

1 . 2  

- 4 . 1 

1 . 0 

- 1 . 2  

1 . 1  

- 1 . 6  

1 . 0  

Campsites 

+ 34 . 6  

1 7 . 8  

+ 4 2 . 9  

20 . 2  

+ 35 . 9  

1 8 . 3  

+ 6 . 4  

5 . 3  

South a spec t 

2 5° 

slopes 

- 3 . 9  

3 . 5  

- 4 . 1  

2 . 8  

- 1 . 0 

1 . 9  

- 1 . 0 

1 . 3 

4 5° 

slopes 

- 6 . 2  

1 . 9 

- 3 . 5  

2 . 1  

·- 3 . 4  

1 . 1  

- 0 . 7  

0 . 7  

1 1 1  



Table 3 . 2 1  

Season 

Spring 

Sunnner 

Autumn 

Winter 

Seasonal total P net balance on each s tratum 

assuming a 3-month delay in availab ility o f  P 

f 1 .  d d (kg ha- 1 ) rom 1. tter an ung 

Campsites 

- 1 2 . 5  

+ 20 . 7  

+ 33 . 3  

+ 19 . 3  

North aspect 

25° 

slopes 

- 1 7 . 1  

5 . 3  

+ 2 . 5  

+ 0 . 4  

45° 

s lopes 

- 9 . 0  

- 4 . 5 

- 1 . 1  

- 0 . 7  

Campsites 

1 1 . 5 

+ 4.0 . 3  

+ 53 . 0  

+ 38 . 0  

South aspect 

25° 

slopes 

- 1 1 . 2  

1 . 8  

+ 2 . 5  

+ 0 . 5  

45° 

slopes 

- 7 . 1  

- 4 . 2  

- 2 . 1  

- 0 . 4 

1 1 2  
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Table 3 . 20 or 3 . 2 1 )  more closely resembles the field  situa tion . Both 

approaches show that spring is the season of  grea tes t net P loss from s lopes , 

or smallest net P ga in to campsites , and that any depletion of  soil P would 

predominantly occur during this season . 

3 . 3 . 4 . 3  Dung P and lit ter P rela t ionships 

The s easonal and annual TP returns in dung decl ined n�rkedly 

0 0 from campsites to 25 slopes to 45  slopes ( Tabl e  3 . 1 4 ) . Because litter 

P was much more evenly dis tributed over all sites ( Table 3 . 18 )  it was o f  

relatively greater importance a s  a P return pathway to the s teeper slopes . 

Hence , TP returned in litter was higher than in dung on the north aspec t 

45° slo p es in all seasons and also on the south aspec t 4 5° s lopes in autumn 

and winter . 

In any pas ture situa t ion it would b e  expec ted that as grazing pressure 

and animal intake increas ed , so the l evel o f  P r eturn via dung would 

s imilar ly increase ; convers ely , the pas ture Hhich remained to b e  returned 

to the s oil via litter would decrease . This was demons t �ated by Rhoades 

et  al . ( 1964)  who measured a decrease in litter dry matter from 9 52 to 274g 

- 2  m as grazing increas ed from nil t o  heavy pressure . An examination o f  dung 

and litter accumulation on the same plots  wi thin any one s eason showed no such 

definite relationship . I t  mus t b e  conclud ed ,  therefore , that at  the high 

overall level o f  grazing p ress ure applied , the variation in within-season 

dung accumula tion was also a ffec ted by o ther fac tor s . This could include 

pasture species which tend to trap more dung or produce  more l itter than 

o th ers, o r  plot loca tion relative to s it es upslope which may tend to contribute 

any dung dropped o r  dislodged by grazing s tock . 

S imilarly , the b etween-s eason differences in l itter P accumula tion were 

not s ignificantly related to the levels of _ .dung P a t thos e  times . On all 

areas , however , both dung P and litter P tended to b e  high in summer and low 
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in winter due to the different l evels o f  pas ture growth . · The more 

independent variations which occurred in o ther s easons , on the o ther hand , 

precluded the exis tence of any significant relationships throughout the year . 

If the s easonal dung P and litter P data are express ed as a p ercentage o f  

the TP uptake b y  pas ture in each season , a more valid between-season 

comparison can be made  without the over-riding effect of pasture production 

level influencing the direction of the relationship . 

The modified data ( Fig . 3 . 3) indicate  positive , but no t s ignif icant , 

rela tionships between dung P and litt er P l evels on both camps ites ( Fig . 3 . 3A) 

and 45° s lopes (Fig . 3 . 3C) , and a nega tive rela tionship on the 25° slopes 

(Fig . 3 . 3B ) . 

Any positive rela t ionship between dung P and l itter P accumulation on 

campsi tes would mos t  likely be due to the effec t of pas ture fouling by dung 

resulting in pasture rej ection by s tock (No rman and Green , 1 9 58 ; Marsh and 

Campling , 1 9 70) . The s l ight positive asso ciation on the 4 5° s lopes \vas 

possib ly due to phys ical entrapment o f  dung by pas ture and l itter on these 

s teep areas . More  dung would b e  held when pas ture was long , and litter also 

relatively abundant , than when growth was s lower and gra zed more closely . 

On this s tratum , therefo r e ,  any such relationship exis ting a t  a high pas ture 

utilization level i s  likely to b e  an effect o f  lit ter on dung accumulation , 

i . e . , the reverse o f  that on the campsites . 

On 25° s lopes the proportional contribution f rom li tter (y)  decreas ed 

as that from dung (x)  increas ed . The analysis using all data 

(y = 2 1 . 2  - 0 . 1 2x ;  r = 0 . 1 63 )  was strongly affec ted  by the isolated data 

point (ringed in Fig . 3 . 3B )  showing both proportionately low dung · P and low 

litter P re turn . These values were measured on  the north aspec t in spring 

and b ecause l itter was low on all s ites at that time , it appears that dung 

P on this site was underes timated , p erhaps par tly b ecause of inadequate 

replication o f  dung collection plo ts in early spring ( Sec tion 3 . 2 . 5 . 1 ) . 
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The associated data point repres enting the south aspect in spring ( showing 

y = 5% and x 66% o f  P uptake) was apparently not affec t ed by inadequate  

replica t ion . 

A s econd analysis exclud ing this data showed a s trong negative 

relationship b etween p roportional l itter P (y)  and dung P (x)  return for 

all o ther r esul ts (y = 63 . 5 - O . B l x :  r = 0 . 850**) . Thi s  indicates tha t on 

25° slopes .the return of dung P was not great ly modified by camping behaviour 

at one extreme as on the camps ites , or by s urface s teepness at the o ther , as  

on 45° slopes , but was more clos ely related to normal grazing effects . The 

emergence o f  this relat ionship f rom the modi f i ed da ta , compa red with the 

rela�ively unchanged rela t ionships on the camp and 45° s ites , sugges ts this 

to be a r eal effect b ecaus e o ther s easonal fac tors \vere also s imilar on 

these o th er sites . The same relationship \vas not expected on examina tion 

0 o f  the within season resul ts for 2 5  s lopes . The narrow range in litter 

accumula tion,  due to high overall grazing pressure , comb ined with the 

r elative variabili ty in dung re turn would have obscured any exis ting within-

s eason r elationship . This overall relat ionship emerged only by comparing 

the wid er range in dung ! lit ter ra tios exis ting over the year . 

3 . 3 . 4 . 4 Dung P return and net P balance relationships 

The r elationship b e tween dung P return and the net s easonal 

P balance (Table 3 . 20)  for each s tratum is shown in Fig . 3 . 4 .  As discuss ed 

previously , there is a s trong correlation between net P surplus (y)  and 

total dung P return ( x) on campsites in each s eason (y = 0 . 78x - 4 . 3 ;  

0 0 A s imilar analysis o f  resul ts from the 25 and 4 5  slopes , however , 

showed that the s easons of greatest  dung P accumulation were also times of 

greates t net P loss from these areas . Al though the data was o f  a very 

clumped nature and therefore of limi ted value the resul ts  do demons trate  

the effect of topography on the relat ionship . 
0 

Data f rom the 25 slopes were 
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analyzed both with ( y  = -0 . 5 lx - 1 . 67 ; r = 0 . 285)  and also without the 

1 1 8 

ringed data point measured on the north aspect in spring (y = -0 . 48x - 0 . 26 ;  

r = 0 . 863*) . The latter analysis shov1ed that changes in dung P return 

during the year account for a large pruportion of the varia tion in net p 

0 los s  from 25 s lopes , a t  leas t on all but the north aspect  in spring . 

As discussed above , the amount o f  dung returned to the nor th aspect in 

spring may have b een under-es t ima ted . The low value s till s erves to 

demonstrat e  the marked ef fec t o f  dung P r eturn on the net P loss from these 

strata . 

0 The seasons o f  greatest net P loss from 25 s lopes were  spring and 

summer when pasture P uptake was highes t .  Dung P return was also highes t 

a t  thes e t imes , but as is evident from Fig . 3 . 4  associated transfer effects  

were even more marked , resulting in  higher net  P loss than in s easons of 

s lower pas ture growth . The same rela tionship would apply in comparing 

areas of the same slope but differing pas ture produc tion at any one time . 

If  similar data had b een collec t ed from flat land s i tes the dung P : net P loss 

line would lj e somewhere below zero ; as sugges t ed by the d o t t ed l ine in 

Fig . 3 .  4 .  This is so becaus e to tal P loss in animal p roduc ts and by transfer 

to camps and yards increases as the total P intake o f  the animal increases . 

0 
The grea ter steepness of the dung P :  net P loss relationship for 25 slope 

s t rata illus tra tes the modifying effect o f  topography . 

The topographical effec t  was a t  the most  extreme on the 4 5° slopes in 

that dung P was always very low and so showed no s trong rela tionship wi th 

net P loss  ( i . e . , y = 0 . 9 7x - 2 . 9 5 ; r = 0 . 1 74 )  which was determined largely 

by o ther fac tors . 

While a comparison of actua l data illustrates the rela tionship between 

dung return and net P loss in different s easons i t  also tends to be  

dominated by  seasons of  both very high and very low pas ture growth . For 

this reason the regressions of net P balance and P in dung were derived as 
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a p ercentage of total P uptake ( Fig . 3 . 5 ) .  

As expec ted , this shows. that the rela t ive surplus P on campsites is 

almost  completely dependent on the P in dung depos ited there ( Fig . 3 . 5A) . 

If  ent irely dependent , the regression line would have crossed the dung p 

axis (x)  at  100% . 

0 On 25 slopes the proportional net P loss  (y)  tended to decrease as 

the contribution' from dung (x) increa s ed (Fig . 3 . 5B ) . As in Fig . 3 . 3B ,  the 

data point for the spring north aspect appeared isolated ( ringed in Fig . 3 . 5B )  

in relat ion t o  the remaining points and therefore the non-significant 

relationship derived by omitting this point (y = 0 . 19x - 36 . 5 ;  r = O . j70)  

may be  more va lid than that using all data ( y  = 89x - 74 . 2 ;  r = 0 . 7 76*) . 

The modified r egression shows that even though dung provided the maj or 

P return pathway on 2 5° s lopes (Fig . 3 . 2 ) and had a subs tantial P cont ent in 

relat ion to pasture P uptake ( i . e . , 37 . 1  to 6 6 . 3% ) , the proportional net P 

loss was not affec ted  by changes in the relative dung P return . This 

reflec ts to some extent the s trong comp ensat ing inverse r elationship b etween 

proportional dung and litter P accumula tion (Fig . 3 . 3B)  but p erhaps also the 

more powerful trans f e r  effect by s tock away f rom these s ites . 

0 
The proportional net loss from 45 s lopes tended to decrea s e  as the 

contribution from dung increased (Fig . 3 . 5C ) . This was to some extent 

probably due to an associated increase in P return from l itter (Fig . 3 . 3C) 

and therefore any decreas e in net P loss was rela ted as much to an increased 

contrib tuion from l i t ter as it was to higher dung P return . 

I t  would b e  expected that at a very low grazing pressure on these 

steep s i tes , lit ter P would b e  higher and , b ecause of negligibl e  s tock 

presence ,  dung P lower , i . e . , the nature of the dung : l� tter rela tionship 

0 
would change to b ecome s imilar to that found for 25 slopes . I t  is obvious 

0 
then that over a range o f  pasture utiliza t ion levels on 4 5  slopes , P return 
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via litter will have the closest rela tionship w�th net P los s . Conversely , 

dung P will  always tend to b e  of l i ttle s ignificance because of surface 

s teepness , regardless of grazing p ressure . 

0 The regression o f  net P los s (y) with litter P (x) for the 45  slopes , 

expressed as percentages of pas ture uptake , was y = -9 3 . 1  + 1 . 35x with a 

correla tion coefficien t  r of 0 . 860* * ,  i . e . , very similar to  that derived for 

dung P under the · same conditions . 

3 . 3 . 5  Soil phosphorus 

3 . 3 . 5 . 1  To tal phosphorus 

Topsoil (0-3cm) TP l evels were high on camp s i tes (Fig . 3 . 6) , 

lower on 25° slopes ( Fig . 3 . 7 ) , and even lower on 45° slopes (Fig . 3 . 8) . 

On all s trata , TP l evels decreased sharply with increas ed soil depth so that 

the TP content of 0-3cm dep th soil was at  l eas t double that o f  soil at  

3-7 cm depth and about four times higher than the P content of soil  a t  7- 1 5cm 

depth . S o il TP a t  1 5-30 and 30-45cm depths · was measured  a t  only the f irs t 

and f inal sampling dates . These resul ts showed a further decline in soil 

TP content with depth (Appendix V) . The TP present in the 0-3cm dep th soil 

o f  each s tra tum repres ented a s ignificant p roportion of the to tal soil P 

to 45cm dep th .  By relating TP content to depth of soil measured , it  can 

b e  shown that  the 0-3cm depth contained approximately 26% , 34% , and 29% of 

0 0 the total s o il P in the campsite , 2 5  s lope , and 45 slope strata , 

r espec tively . TI1is represents a relatively high propor t ion of total P 

concentrated in only a very shallow layer o f  surface soil . 

The measured soil TP l evels showed some marked apparent fluctuations 

during the year . The amplitude of these changes was grea test in the 0-3cm 

depth soil than at  grea ter dep ths and more  extreme on the campsite than on 

o ther s trata , i . e . , the degree of f luctua tion was p ropor tional to TP s tatus . 
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The TP values in the 0-3cm depth soil from the north aspect 

campsite in particular showed a marked decline during spring and summer and 

a subsequent recovery in autumn and early winter . The extent o f  these 

changes , however ,  were far greater than could b e  a ttributed to net P 

losses which may have occurred from campsites in spring ( Tabl e  3 . 2 1 ) , o r  to 

the combined e ffects of the added fer t ili zer (approximately 25 kg P ha- 1  on 

February 10)  and, a net P surplus in autumn ( Tables 3 . 20 and 3 . 2 1 ) . For 

- 1  example a TP value o f  2500�g P g in campsite topsoil represents 

- 1  approximately 600 kg P ha in the 0-3cm depth soil . The high TP content 

and associated high LSD values would  have obscured any real changes that 

may have occurred due t o  net P loss , or  accumulation , or  to topdressing . 

The large , non-significant variation in measured TP l evels on 

c ampsites was not due to dif:erences in soil variability on different 

s ampling occas ions . Checks on the variance o f  samples collec ted a t  each 

date showed that they were no t from s ignificant ly different populations . 

The variab ility in results must  therefore b e  considered in relation to 

possible  variation in o ther soil properties . I t  is pos s ib l e  that some of 

the variability in TP l evels may be attributed to variabl e  incomplete 

recovery o f  P by th e i gnition method used . I t  was shown in Section 5 . 3 . 2 . 1  

that the ignition method recovered s ignifican tly less TP in this soil than 

that r ecovered by the carbonate fusion method ( Syers et al . ,  l968) . The 

ignition method total P values were higher as a proportion o f  carbonate 

fusion TP , where the o rganic mat t er content o f  soil was also higher . The 

relationship between ' ignition ' TP and organic mat ter c ontent (determined 

on 4 o ccasions as shown in Table  3 . 22 )  was therefore determined . This 

showed that variation in soil organic mat ter content b e tween samplings 

accounted for approximately 30% of the variability in ' ignition ' TP content 

of the 0-3cm campsite soil ( i . e . , north cittnpsite r = 0 .  537* ; south 



Table 3 .  22 O.o.:ganic mat t er content of soil 

on each s tra tum at four sampling dates (% by wt) 

Sampling S tratum 
date 

1 .  3 .  76  Campsites 

25° s lopes 
0 45  slopes 

1 .  6 .  7 6  Campsites 

25° s lopes 
0 

45  slopes 

1 2 . 7 . 76 Campsites 

25° slopes 
0 4 5  s lopes 

1 .  9 .  7 6  Campsites 

25° slopes 
0 4 5  s lopes 

0-3 
( cm) 

2 7 . 2  

2 5 . 0  

1 7 . 8  

3 1 . 3  

24 . 7  

1 7 . 8  

2 7 . 0  

25 . 5  

1 8 . 7  

28 .ll 
26 . 3  

1 9 . 5  

Nq_rth aspect 

3- 7 
( cm) 

1 6  .. 7 

1 5 . 1  

1 4 . 0  

1 9  . 1  

1 5 . 3  

1 3 . 7  

1 7 . 9  

1 5 . 3  

1 3 . 9  

1 7 . 2  

1 5 . 6  

1 3 . 5  

7 - 1 5  
(cm) 

1 3 . 2  

1 2 . 8  

1 2 . 7  

1 3 . 7  

1 1 . 0  

9 . 1  

14 . 2  

1 2 . 9  

1 2 . 3  

1 2 . 6  

1 1 . 3  

10 . 4  

0-3 
(cm) 

28 . 4  

20 . 4  

1 5 . 8  

29 . 2  

22 . 2  

1 7 . 8  

27 . 1  

23 . 4  

18 . 4  

25 . 9  

19 . 7  

14 . 9  

South aspec t  

3-7 
(cm) 

22 . 7  

16 . 6  

1 4 . 1  

2 1 . 7  

1 8 . 2  

1 3 . 3  

2 1 . 7  

1 6 . 7  

1 4 . 2  

1 9  . 1  

1 3 . 2  

1 1 . 3 

7 - 1 5  
( cm) 

1 3 . 3  

1 2 . 6  

1 0 . 8  

1 5 . 0  

1 3 . 4  

1 1 . 0 

1 6 . 1  

1 2 . 8  

1 1 . 1  

1 2 . 6  

1 1 . 4 

9 . 0 

1 26 



camps i te r = 0 . 545*) . The residual  soil TP variabi lity remains 

unexplained . 

0 0 The 0-3cm TP values on 25 and 45 s lopes shmved a decline in early 

1 2 7  

summer and a subs equent irregular b u t  gradual increase during the remainder 

of the year . The same changes were not evident on the south aspect . 

The supply of P f rom added fertilizer or  estimated loss of P by trans fer 

could represent only a sma ll  part of the changes in TP that occurred in 

each s eason . The greater proportion o f  the fluctuations mus t ,  as in the 

campsi te soil , be attributable to other factors . Variab le organic ma tter 

content o f  the soil may again be responsible for s ome of this variab ility . 

3 . 3 . 5 . 2  Soil DIP 

The amounts of DIP also f luctuated considerably throughout 

the year , particularly in the 0-3cm dep th on each s tratum . This 

var ia tion may have been associated to a large extent ,.,ith the fac tors 

caus ing varia tion in TP and therefore DIP levels were expressed as a 

percentage of TP .  By this means any DIP variation unre lated to TP 

varia.t ion could b e  examined . 

Results for the campsi tes ( Fig . 3 . 9A) , 25° s lopes (Fig . 3 . 9B) , and 

45° s lopes (Fig . 3 . 9C)  showed that on each s tratum , at each soil depth , DIP 

was a relatively cons tant proportion of TP throughou t  the year . · The soil  

DIP values were higher on the camps ites , both a s  a proportion of TP and in 

quant ity , than on eith er 2 5° or 4 5° s lopes , therefore demons trating tha t  as 

soil TP content rises the proportion o f  DIP also increas es . Consequently , 

the D IP in campsite soils did not d ecline as sharply with d epth as on the 

slopes where the DIP conten t  of 3-7 cm depth samples , as a percentage of TP , 

was s imilar to that in 7-1 5cm samples . The propor tion was also s imilar a t  

1 5-30 and 30-45cm depths o n  the two occasions measured (Appendix V) . 

/ 

- I 



A 
5·0 

3·0 

1 ·0  

Cl.. 
1- B 3·0 
-0 

2!2 2·0 

rJJ 
ctl 

Cl.. 1 · 0  

0 

c 

2 · 0  

10 

FIGURE 3 . 9 

:0 /·� .-·� ' 
' · - - - · --. 0 ___. ----;;�......... ......... .�. 

- - �- - :::-- �- ------- �0....... - - -·-- ,. ___..:::> 0 /!) �--/-� 
Q - -....- ... =��'8- · - - 0 - =- � - - - . ---- -:::.- -
o / /  

-- -- o -- --- - · - - - - o --

1 Oct 1 Dec 19Jan 1 Ma r 20Ap 1 Ju n  1 2 J i y 
1 975 1 976 

S a m p l i n g  d a t e  

1 Sep 

Soil DIP (as % of  TP ) ; solid l ines nor th aspec t 

and broken l ines south aspec t ;  0-3crn , 

X = 3-7cm ,  and 0 7 - 1 5  cm so il  dep th . 

A camp s i tes , B 2 5
° 

s lopes , and c = 4 5° 
slopes . 

1 28 



129  

The h igher soil  D!P levels on  the campsites than on  the slopes must  

be  at tributed largely to  P release  from the large accumulation of DIP 

derived from dung on these areas . Whereas a significant p roportion o f  the 

TP in dung would have b een readily water-extractable ( Tab l e  3 .  13 ) , as 

defined by the laboratory procedure used , the ac tual amounts and rates of 

release  o f  P from dung in the field would have great ly b een modified by the 

physical form of · the material ( Bromfield and Jones , 1 96 1 ) , the density of 

the dung p ellets ( Table 3 .  9f, and also by s easonal variations in tempera tu re  

( Floate , 1 970c) and moisture content of the material  (Floate , 19 70d) . 

Because the various effects of these  and other factors are unknown , the 

total mineraliza tion and release  of P from dung over a y ear cannot b e  

determined . I t  would appear f rom the relatively constant proportion of soil 

DIP throughout the yea r ,  and as  demons trated in S ec tion 5 . 3 . 3 . 1 .  . tha t  P 

from dung and litter was rapidly converted to water-insoluble  forms in the 

soil . The extent o f  such convers ion may be  b etter apprecia ted when it  is 

considered that the annual net P surplus on campsites was equivalent to 

approximnt cly 300% nnd 450% of the 0-3cm soil depth DIP content on noTth and 

south aspects , respec tively . 

I f  relatively large annual inputs of P to campsites wer e  no t 

reflec ted in increased DIP l evels it would be  expected that smaller net 

transfer losses of P from s lopes would also be undetected . The estimated 

net annual TP loss from both 2 5° and 45° s lopes ( i . e . , f rom 10 . 0  to 

- 1  19 . 5  kg P ha ) however ,  was equivalent to b etween approximately 200 and 300% 

of the measured DIP pool to 3-cm soil depth . If  rela ted to a more realistic 

plant P up take depth , e . g . , 7 cm ,  these changes would repres,en t a l ower 

proportion of soil DIP s ta tus although , as indica ted by rela tive roo t 

activity measurements (Sec t ion 4 ) , the greates t up take would occur f rom the 

0-3cm soil dep th . Because soil DIP is cons idered to b e  p lant-available  in 



the very short term (Ryden and Syers , 197 7). the rates of P release into , 

and plant removal from , the soil DIP pool mus t  have been sufficiently 

s imilar to p revent marked changes in P status occurring . 

3 . 3 . 5 . 3  S o i l  DOP 

130  

The soil DOP data were also express ed as a percentage o f  TP 

a t  each sampl ing date ( Table 3 . 23) . Resul ts were more variab le than for 

DIP , both 'l.vithin and b etween sampling depths at any one time , and also 

b e tween sampling dates throughout the year . I n  general , the result s  

were similar on all s tra ta and at all  depths ; i . e . , DOP as a proportion 

of TP was relatively uni f orm .  Ac tual DOP l evel s  were higher and more  

variable  in 0-3cm soil samples than at greater d epths in  all  strata . 

On campsites , DIP g enerally comprised the greater part of TDP a t  all  

sampl ing dep ths throughout the year . On 25° and 4 5° slopes , however , 

DIP was p redominant only in the 0-3cm soil layer . At 3-7 and 7 - 1 5cm 

d ep ths , the proportion of DOP appeared to b e  h i gher than that o f  DIP in 

spring and early summer b ut at  all  other times they were s imilar in amount . 

On Octob er 1 ,  1975  DOP on  25° and 4 5° slopes was a relat ively high 

proportion of TP a t  1 5-30  and 30-4 5cm depths . Values were similar a t  

both dep ths and on a l l  s trata on S ep tember 1 ,  1 9 76 (Appendix V) . 

3 . 3 . 5 . 4 Bicarbonate-extractabl e  P 

Sodium b icarbonate-extractable P (modified Olsen method) was 

determined at  each mid-s eason only . There were no s tatistically 

significant changes in Olsen P l evels over the 9-month p eriod for campsi tes 

0 and 4 5  s lopes . For 2 5° slopes , the nor th aspect  7-1 5 cm depth showed a 

s ignificant increase ( P  :!E 0 . 05)  at  the January sampling , as did the south 

aspect 0- 3cm sample in April (P � 0 .  0 5) . Both values decreased aga in at  

the sub sequent samp ling . 



Tabl e  3 . 23 

S ampling 
date 

1 . 1 G . 7 5  

1 . 1 2 . 75 

1 9 . 1 . 76 

1 . 3 . 76 

20 . 4 . 7 6 

1 . 6 .  7 6  

1 2 . 7 . 76 

1 .  9 .  7 6  

Water-extrac table organic P co:. L en t  o f  soil 

on each s tratum (as % of TP) 

North aspect 

S tratum 0-3 3-7 7 - 1 5  0-3 
( cm) ( cm) ( cm) (cm) 

Campsites 1 . 4 1 . 7  1 . 1  1 . 3  

2 5° slopes 2 . 7  2 . 0 2 . 3  1 . 3  
0 4 5  slopes 2 . 1  1 . 1  2 . 0 1 . 2  

Campsites 1 . 4 0 . 6  0 . 6  2 . 2  

2 5° slopes 1 . 4 1 . 1  0 . 8  1 . 7  
0 4 5  slopes 1 . 2  1 . 5  1 . 1  1 . 6  

Campsites 1 . 0 0 . 8  1 . 0 1 . 1  

25° slopes 1 . 1  1 . 8  1 . 9  1 . 2  
0 4 5  slopes 1 . 0  1 . 4  1 . 7  1 . 1 

Campsites 0 . 4  0 . 5  0 . 4  0 . 5  

25° slopes 1 . 1  1 . 1  0 . 5  0 . 8  
0 4 5  s lcpes 1 . 1 0 . 7  0 . 5  0 . 6  

Campsi tes 0 . 6  0 . 7  0 . 8  1 . 7  

25° slopes 0 . 9 0 . 9  0 . 9 0 . 9  
0 4 5  slopes 0 . 7  0 . 9 1 . 1  0 . 9  

Campsites 1 . 2  0 . 5  0 . 4  1 . 4 

2 5° slopes 1 . 2  0 . 5  0 . 8  1 . 2  
0 4 5  slopes 0 . 8  0 . 3  0 . 7  1 . 0 

Campsites 0 . 4  0 . 9  0 . 6  0 . 5  

25° s lopes " 1 . 2  0 . 7  0 . 9  0 . 9  
0 45  slopes 1 . 1  1 . 2 1 . 1  0 . 9  

Campsites 1 . 2  0 . 6  0 . 5  0 . 7  

25° slopes 1 . 0 0 . 9  1 . 3  1 . 0  
0 4 5  slopes 0 . 9  0 . 7  1 . 1  1 . 0 

13 1 

South aspect 

3-7 7 - 1 5  
( cm) ( cm) 

1 . 5 0 . 5  

1 . 1  1 . 6 

1 . 2 1 . 7  

0 . 9  0 . 7  

1 . 5  1 . 3  

1 . 3  1 . 3  

0 . 9  1 . 0 

1 . 2  2 . 1  

1 . 3  1 . 9 

0 . 6  0 . 6  

0 . 8 0 . 9  

0 . 8  0 . 6  

0 . 6  0 . 6  

0 . 8 1 . 3  

0 . 6  0 . 8 

0 . 6  0 . 4  

0 . 9  0 . 8 

0 . 7  0 . 8 

0 . 8  0 . 5  

0 . 9  0 . 8  

1 . 1  0 . 9  

0 . 6  0 . 5 

0 . 7  0 . 8  

0 . 8  0 . 7  
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The results  expressed a s  a percentage of total TP are presented in 

Figure 3 .  10 . The proportion o f  Ols en P was s imilar at all depths on each 

campsite (Fig . 3 . 10A) but was lower and decreased more with depth on both 

25° s lopes (Fig . 3 . 10B) and 4 5° s lopes ( Fig . 3 . 10C) . 

Express ion o f  the estimated annual net TP surplus on campsites in 

terms o f  Olsen P values , shm..red that on the north aspect the es t imated p 

surplus of 60 . 7kg �vas equivalent to approximately l l O% o f  the 0-3cm Olsen 

P value . - 1  On the south aspect the estimated surplus o f  l 19 . 8kg P ha was 

equivalent to 160% of the Olsen P value . Together with the P applied as 

- 1  fertilizer ( 25kg P ha ) this represented a large P input t o  these areas . 
o., c " "'  ps ites 

No increas e in Olsen P ,  hm,•ever , \-laS recordedL during the year . As shown 

in laboratory s tudies (Sec t ion 5 . 3 . 3 . 1 .  ) approximately 2 / 3  o f  applied P 

may b e  lost from an Olsen -extractab le  form within a week o f  addition to 

these so ils . This would reduce the exp ected increase in Olsen P values 

to · a moderate level . Halm e t  al . ( 19 7 2 )  noted f luctua t ions in Olsen 

organic  P levels which tended to compensate  for changes in Olsen inorganic 

P .  I t  is pos s ib l e  that such changes , v!hieh may b e  partly rela ted to 

variation in rainfall and temperature (Jessop e t  a l . ,  1 9 7 7 ) , could occur 

following addition of inorganic P and thus further modify the effects o f  

such additions . The above effects may explain to some extent the apparently 

s tabl e  Ols en soil P levels on camps ites throughout the year . Replicate 

variability a t  each sampling date however , >·muld have largely obscured 

changes of the o rder expec ted . 

The above d iscussion s imilarly applies to the use of Olsen P analysis 

to detect the smaller apparent transfer losses of P fro1n s lope s tra ta , and , 

particularly during spring when losses predominant ly occur . 
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3 . 4  General Dis cussion 

It has widely been recognis ed (During , 1 9 7 2 )  tha t in many hill 

country situations pasture improvement by topdressing can b e  a rela tively 
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slow process . The signif icant trans fer o f  P f rom slopes by grazing animals 

measured in this s tudy demonstrates why this can be so . The three  s trata 

selec ted for s tudy d emons tra te well how topography a ffected bo th the l evel 

and relative importance of dung and li tter as a source of plant- available P 

and consequently the net P balance on each s tratum . In campsites the 

regular supply of P and o ther nutrients f rom dung and associated urine 

(Peterson et al . ,  1 956b ;  Hilder , 1966)  was more than sufficient  for pas ture 

needs , with the soil  s erving to a large extent , merely as the sub s tra te on 

which this occurred . 0 
On moderately-steep (25 ) slopes to ta l  P return in 

dung and litter was less than that required for annual pasture needs and 

therefore topdressing was nec essary to avoid  some depletion o f  soil  P .  

0 
On the s teepes t s lop es ( 4 5  ) only a small p roportion of total P uptake was 

returned and the ' above-ground ' P cycle was largely d isrupted . Consequently , 

on this stratum the role o f  topdressing in maintaining soil P levels and 

therefore also plant P uptake , was vital and more important than in any 

other areas of the paddock . 

The above conclusions a re based on measured P uptake and return to 

the various s trata over one y ear only . For such conclusions to b e  valid 

and relevant to  longer periods the P cycl e  in each situa tion should be  near 

equilibrium so tha t  the various unmeasured rate fac tors operating between 

compartments of the cycle  can . b e  considered cons tant from year to year . 

The extent to which this desirable  condition exis ted in the 

situations s tudied mus t be considered both with regard to P uptake and P 

return to the soil by the above-ground components , including topdressing . 

If these  tend to b e  rela tively cons tant then the various soil compartment P 

I 



levels and associated rat e  factors should similar�y tend toward an 

equilibrium . 

Annual P uptake by plants is determined p r imar ily by the pas ture 

growth rate over a year . The first long-term pas ture produc t ion 
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measurements on  North Is land hill country were reported by S uckling ( 19 54 ) . 

La t er results ( 1 959 , 1 9 7 5) concluded a p eriod o f  2 1  years o f  measurements . 

These  show that in southern North Island hill coun try , pas ture p roduc t ion 

has varied considerably f rom year to y ear . For e xample , over the f inal 

10 years from 1 9 59 to 1 9 69 annual dry ma t ter production varied by up to 30% 

from the mean . S imilar y ear to year variability was also measured a t  

Wha tmvhata , (Ministry of Agriculture and Fisheries , unpub lished trial  

resul ts)  in  the p eriod 1 9 6 9 - 1 97 5 . .  A more detailed examina tion o f  the 

pas ture growth data of Suckling ( 1 9 7 5 )  revealed tha t  variabi l i ty in annual 

pro duction 'vas associated largely with summer and or autumn weather 

condi tions . Minor carry-over effects into winter  and spring , the s easons 

of more reliab l e  rainfall , s lightly modified the more s table  growth pa t t erns 

in those s easons also . 

I t  follows then that with adequate soil P l evels , pas ture P up take 

wil l  be relatively cons tant from year to year during winter and spring but 

may vary considerably a t  o ther t imes . Because o f  the rela t ively high 

summer rainfall during the p resent trial , pasture production and P up take 

from all sites over this p eriod mus t  b e  considered higher than average . 

The situation in relat ion to P return is less  well-def ined . The 

immediate supply of P to p lants over any period will be determined firs t by 

the available ' p level in the soil . However the continued supply will b e  

dependent o n  both the quantity o f  potentially-available P returned t o  the soil 

surface in litter , dung , and/or fertilizer , and also by the rate of P release  

from these mat erials . 
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The distribution patterns of pasture lit ter and dung on the �oil 

surfac e d iffer dramatically . The very even spread o f  l itter means that p 

is returned to the soil relatively close  to the s it es o f  up take . The 

availability of P f rom lit ter therefore is governed largely by the 

prevailing levels of mois ture and tempera ture which affec t the rates of P 

relea s e  ( Float e ,  1 9 70c , 1 9 7 0d) . 

While moisture and temperature s imilarly affec t P release  f rom 

dung , the potential b enefit is limited by the very clumped and b iased 

pat tern of d is tribut ion , as discussed in S ection 3 .  3 .  2 .  2 .  The na ture o f  

dung d is tribution means tha t the effic iency of use  of fa ecal P by plants will 

be affec ted critically by the ra te of P release  r ela tive to plant uptake 

over any period . Excess wa ter-solub le inorganic P from either l i t ter or 

dung sources is l ikely to be rapidly lo st from the plant-availab le  soil pool 

as defined by iso topically-exchangeabl e  and/or wa ter-extractable P ( Sec tion 5 ) . 

Therefore ,  a prolonged relatively slow release  and mineral i za t ion o f  P from 

dung is des irable . The delayed plant-availab ili ty of P from dung following 

depos ition on pas ture (Watkin , 1 9 5 7 ; During , 1 9 7 2) is surpri s ing cons idering 

the high level and proportion of inorganic P present in dung , especially that 

o f  high to tal P content , and also the cons iderable propor t ion of this which 

is readily water soluble ( S ec tion 3 . 3 . 2 . 3 ) . Faecal P has g enerally b een 

found to b e  of low immedia te plant availab ility unless incorpora ted in soil 

(Gunary , 1 968) . Although Barrow ( 19 7 5) explained this in terms o f  the P in 

dung b eing present as d icalcium phosphate , this conclusion is no t suppor ted 

by results from s equential wa ter extrac tion experiments where large and 

declining proportions of inorganic P have b een ob tained in successive 

extracts (Bromfield , 1 9 6 1 ;  Floa t e ,  1 9 7 0a ;  Table 3 . 1 2 ) . 

The extent to Hhich dung-soil contact  occurs in grazed pas ture \vill 

depend predominantly on the amount of trampling received . Such trampling 
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0 will  b e  relat ively intens e on campsites but  less s o  on 25 slopes . 

slopes i t  \vill b e  effec t ively non-exis tent as thes e sites are too steep for 

animal traffic and dung is returned to them only by stock gra zing adj acen t ,  

less-s teep si tes ups lope . From this considera tion alone the rate  o f  

releas e of  P from dung will decr ease from camp s i tes to !+ 5° slopes . O n  
-

thes e  la t ter area s  dung will only reach the so il  following d i sintegra t ion 

by rainfall . or incorporation by organisms . The l evel o f  ear th\vorm popula tion 

in this situation could th erefore have a s igni ficant effect on the plant-

availab ility P derived from dung . 

The amounts and forms of  inorganic and organic P in dung , and to a 

large extent in lit ter , were a t  any time g enerally s imilar on b o th nor th and 

south aspects and therefore unlikely to contribute appreciably to any aspec t 

differences in the rate of  r elease or  mineralization o f  P f rom thes e materials . 

I t  is l ikely , however , a t  the generally higher temp eratures on the north 

aspec t ( Gillingham and B el l , 1 9 7 7 ) , that with adequa te mois ture , P 

mineralization and r elease vlill also b e  higher (Floate , 1 9 7 0c ; B iederb eck 

and Campb ell , 1 9 7 3 ;  Ellis , 1 9 74 )  . from dung and l i tter ma terial than oc curs 

on the south aspec t . As p reviously considered , however ,  the maj or  factor 

limit ing mineraliza t ion a c t ivity will be the rate of incorpora tion of 

0 
organic residues into the mineral soil , especially on 4 5  s lopes where the 

rol e  o f  earthworms and o ther comminution organisms will b e  mos t  important . 

The high frequency and amount of  P return relative to pas ture up take 

on campsites sugges t that conditions on this s trata are in a s ituation far 

removed from an equilibrium .  The high and variable level o f  soil organic 

ma tter reflects the high dung return and assoc iat ed organic P accumula t ion . 

Because soil P levels are presently high , pas ture p roduc tion and associa ted 

P uptake levels will no t b e  a ffec ted appreciab ly by fur ther net P gains . 

The rate of  P return in dung is also likely to remain s imilar in the f uture 



and therefore soil P level s , both inorganic and o rganic , . should continue 

to slowly ris e ,  especially a t  greater dep ths as has already occurred to a 

signif icant extent . 

With similar variabi l i tX in pa sture production to that recorded by 

0 0 Suckl ing ( 1 975) , annual pasture P up take from 2 5  and 4 5  s lopes in the 

trial area could range from a ppr6ximately 24 to 39 and 1 3  to 2 lkg P ha- 1 , 

res p ec tively . I t  is likely that litter and dung P returns at  any time 

would be in proportion to P uptake and so would be correspondingly lower 
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a t  t imes o f  low pas ture growth . At such times , however , grazing pressure 

is l ikely to be  higher and less l itter will accumulate . S imilarly , because 

of lower overall s tock numb ers the dung return to each area would also b e  

lower and the effec tive return intervals ,  as es timated in Tabl e  3 . 8 would 

increa s e  in direc t proportion . As emphas ized previously , the present trial 

measurements and estimates relate to a year of rela t ively high pas ture 

grmvth and dung return and therefore dung return interval s  mus t be increased 

by about  60% to repres ent periods of lowes t annual p roduc tion . The mean 

levels could be assumed to l ie abou t mid-way in this range for each s trata . 

An important aim o·f the present s tudy was to a ssess the efficiency o f  

the P cycle  \-lith a view both to  deriving a n  es t imat e  of topdressing 

requirements and also to examine aspects of s to ck management which may help 

reduce f ertilizer needs . 

With respec t to fer tili zer requirements i t  can b e  concluded tha t 

probably one o f  the mo st s ignificant practical f indings f rom this aspec t o f  

the s tudy i s  that the maintenance of soil P levels and pas ture growth ra tes 

on slopes will at  all times continue to be  largely d ependent on fertilizer 

inputs . Because fertili zer P is the predominant fac tor affec ting the l evel 

of P up take from 25° slopes it is probable that  \vhere the same topdress ing 
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and gra zing management has continued for severa l yea rs , the above-ground 

components of the P cyc l e  at l east wil l  be in rela tive equi l ibrium . Under 

intensive grazin� the con tributions f rom litter and dung to soil P on 4 5° 

0 
s lopes play an even smaller rol e  than on 25 s lopes and thus the importance 

of fertilizer p is even more pronounced on those  areas . B l a i r  e t  a l . ( 1 9 7 7 )  

showed tha t  a t  a given l evel o f  P transfer , P losses will b e  grea ter at  

h igher ava ilable soil  P l evels .  While ac tual transfer los ses  f rom s lopes 

would therefore be lower if the soil  in the present trial was of lower P 

s ta tus the maintenance of pasture growth on both 2 5° and 4 5° s lope s trata 

would continue to be highly fertilizer dependent .  

I t  can b e  concluded that a lthough soil P in campsi tes \vould appear 

unlikely to reach a s teady-s tate  ·condition under the pre s ent topdressing and 

management regimes , pasture P up take from this s trata will  be  unaffected by 

continued addition of P in dung and fertilizer . On slopes a s tabl e  

ferti l i zer-induced soil P l evel could exis t following s everal years o f  

topdressing . Such a condition , however ,  would b e  highly fertilizer dependent 

and increasingly so on s teeper s lopes . 

Resul ts from the s tudy also imply that the effici ency of the P cycle 

on each s tratum can be modif ied by differing graz ing management . 

Consideration of the factors influencing both pas ture u tiliza tion and 

associated dung dis tribution suggests that if a predominantly mob-grazing 

system is used there are s everal l ikely benefits to b e  ob tained rela tive 

to a set-s tocking policy . The first is that higher overal l  pasture 

utilization can be ob tained espec ially where s to ck carry ing capacity is 

approaching op timum (McMeekan and Walsh e ,  1963 ; Campbell , 1 9 66 ) . 

Ess entially , a mob-s tocking method was used in the p resent  tria l , al though 

s tock numbers were in genera l less and grazing per iods s omewha t longer than 

in the method proposed by Smith and Dmvson ( 1 9 7 6 ) . Very high pa s ture 
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utiliza tion l evels , however ,  were s till achieved . The second b enef i t  

from mob gra zing is tha t large numb ers o f  s to ck grazing for shor t p eriods 

should reduce the tendency for nutrient transfer to l imited areas o f  

es tabl ished s tock camps . Because of the high s tock numbers , additional 

camp areas have to be found . The second of these factors may have the 

mos t  effec t on dung return pa tterns , esp ecially to less s t eep s lopes . At 

a high gra zing pressur e ,  hmvever , the dung return interval es t ima tes for 

each stra tum f rom either a mob-s tocked or set-s tocked gra z ing sys tem should 

no t be grea tly d ifferent . The major  .advantage of a mob s tocking sys tem 

could be that the di.Ing return times to the paddock as a whol e  will b e  more 

synchronized , i . e . , the whole  paddock will tend to receive dung in grea ter 

amounts on f ewer occasions during a year . Such dung return will therefore 

co incide more  with urine r eturn to the same sites . The associa ted N and P 

return can b e  expec ted to have an interac ting effec t on pas ture growth 

(\va tkin , 1 957 ; Wheeler , 1 9 58 ;  S impson et al . ,  1 9 74 )  for  grea ter b enefit  

than when return is  more  independent . I t  is probable then tha t at  l eas t 

part o f  the b enefit  claimed for mob s tocking over s e t  s to cking is  due to the 

more effic ient utilization of P from dung , litter ,  and s o il organic ma tter 

b ecaus e of the paddock-wide , synchronized fertilizing effec t and gra z ing of 

subsequent responses . Regardless o f  the sys tem used on  h i l l  country , 

however , the rate and extent o f  dung and urine return to slopes as s teep 

or s teeper than 45° will always b e  very low . 

Results from soil analys is during this s tudy, when considered in 

relation to either annual plant P requiremen ts or es t imated annual net 

transfer o f  P on each s tra tum ,  sugges t tha t  in grazed , s te ep hill country 

such analys is is unabl e  to detect equivalent changes in soil P s ta tus . 

Wa ter-extractable inorganic P obviously represents a v ery labil e P fraction 

which is rapidly replenished following any depletion as equilibrium b e tween 
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solu t ion and solid phases i s  restored . Olsen P ,  however ,  \vhich r epresents 

a larger soil P ' pool ' ,  should be more s table and r eflec t mor e  long- term 

effec ts of P addition or removal . The ab sence o f  such changes in ei ther 

DIP or Olsen P l evels on slope s tra ta r ef l ec ts the capac i ty of the non-

extrac table P frac tions to buffer these effec ts . Changes in DIP or Olsen 

P ,  however , would , b ecause o f  relatively high replica te variab i l i ty ,  have 

had to exceed approximately 1 / 3  of DIP s ta tus and 1 / 5  to 1 / 3  o f  Olsen P 

s ta tus b efore they would have been statistically de tec ted a t  the level of 

repli cation employed . Col e  e t  al . ( 1 9 7 7 )  conclud ed tha t opera t ion of a 

P model was more s ensitive to soil than to  plant and decompos er parameters . 

Convers ely , this means that relatively large changes can occur in plant and 

decomposer parameters before greatly affec ting available soil P l evels . 

This agrees \vith conclusions from the present s tudy . In making s imilar 

ob serva tions rela t ive to the effec t of camping or c essa tion of topdressing 

on available soil P levels , B lair et  al . ( 19 7 7 )  concluded tha t the net 

effec t was also very much a func tion of the level of organic ma t ter and 

the rate of subs equent P mineralization . 

In the presen t  s tudy the samples analyzed were from small , defined 

plots . I t  should b e  expec t ed tha t  r esult s  from routine sampling of large 

hill paddocks would show grea ter variab ility .  I n  such s i tua t ions, soil 

analysis may b e  expec ted to reflect only an approximate  measure o f  soil P 

s ta tus , even within defined s trata . Any real changes , due to moderate  

levels of topdress ing or net lo sses by  transfer would be  detec t ed only a fter 

relat ively long t ime intervals , perhaps up to 5 years . 



SECTION 4 



UPTAKE ZONES FOR PHOSPHORUS BY PASTURE 

ON DIFFERING S TRATA WITHIN A HILL PADDOCK 

4 . 1  Introduc tion 

Soil contains the grea test amount of P involved in the P cycl e  a t  

any one time . · The very l imited depth of dis tribution o f  a s ignificant 

propor t ion of plant-available  P ,  bo th on s lopes and campsites 

1 4 2  

(Sec tion 3 . 3 . 5) ,  sugges ts tha t  the grea ter part o f  pas ture P requirements 

on thes e s tra ta is obtained from near the soil surface . This has been 

illus trat ed in o ther situations (Nye and Fo s ter , 1 960 ; O ' Brien e t  al . ,  

1967 ; Newbould e t  al . ,  19 7 1 ;  Halm e t  al . ,  19 7 2 ;  Jackman and Moua t ,  1 9 7 2 ;  

Maurya et  al . ,  1 9 7 3) , for o ther nutrients , e . g . ,  for S (Gregg e t  al . ,  1 9 7 7 )  

and K ( Ozanne et al . ,  1964) , and i s  also supported b y  mea surement s  of roo t 

mass ( Sprague , 19 4 3 ;  Troughton , 1957 ) . While mos t  o f  plant P is 

apparently ob tained f rom a relatively shallow depth of soil , an evalua tion 

of P uptake by deeper roots is necessary in order to identify the to tal 

effec t ive soil dep th i�volved in the P cyc l e  on each s tratum .  Such 

measurements will also indica te  the significance of soil drying and 

therefore the effect of " season on plant P uptake,  as demons tra ted by Uyo 

( 19 74 ) . Marked. drying of surface soil is preval ent  in late summer and 

aut�mn , particularly on north-fac ing aspec t s  in New Zealand hill country . 

Plants tend to overcome l imi ted nutrient and mo is ture availab ility 

by a wide lateral spread o f  roo ts rela tive to the area occupied by the 

canopy . On flat-land , Trough ton ( 1 9 5 7 )  showed tha t roo t spread from 

some pas ture species may extend to a distance of up to 30cm from the crown . 

2 In this way roo ts from one plant could cover ari area o f  more than 0 . 25m . 

S imilar roo t spread on slopes could enabl e pas ture plant s  on one s tra tum 
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to ob tain nutrients from a nearby zone o f  higher s tatus , e . g . ,  where 

s tock tracks cross s teep s lopes . 

Roo t  mas s  in any dep th of soil does no t necessarily represent the 

relative uptake o f  a nutrient from that zone b ecaus e the activity per 

unit  weight of root ma terial tends to d ecline with increas ing soil dep th 

(Halm et al . ,  1 9 7 2) , probab l y b ecaus e o f  the grea ter propor tion of fine 

roo ts near the so il surface . Roo t  weight alone , therefore , t ends to 

underestima te P up take from the topsoi l  and conversely over-e s t ima te the 

uptake by deep roots . 

The defini tion of nutrient uptake activity b y roo ts using radio-

iso topes is ·now recognis ed as a rel iab l e  method . Recent refinements in 

field technique ( Jacobs et al . ,  "19 70 ; Goh et  al . ,  19 7 7 )  have r emoved many 

of the obj ections relating to contamination and roo t dis turbance during 

iso tope placement associated with some earlier work (Weaver , 1 9 26 ;  Hal l  

et  al . ,  1953 ; Burton, 19 5 7 ) . Extreme care is required in the quantitative 

interpretation o f  results obtained by this method , which has a much wider 

appl i ca tion in supplying qualita tive inforJUation . To b e  sui tab l e  for s uch 

experiments a radioiso tope should exis t as a carri er-free or  high specific 

activity solution or powder which can readily b e  taken up by a p lan·t but 

which will remain essentially immob ile in the soil over the r equired uptake 

p eriod . Isotopes of P are very suitab l e  in thes e regards . 

A trial was designed to measure P uptake in spring from varying 

0 0 dep ths by mixed pasture on campsites , 2 5  slopes , and 4 5  slopes . A 

s epara te s tudy examined the availab ility to pas ture of soil P a t  various 

depths , both upslope and downslope f rom s tock tracks . The s tudy was 

l imited to a north aspec t only because a larger trial could no t have b een 

accomodated with the time , facilities and labour avail abl e . The trial 

commenced on 1 3 . 9 . 76 and concluded on 1 2 . 10 . 7 6 ,  a period in whi ch near 
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maximum pas ture gro\o7th rate and soil mois ture l evels occurred . 

The s tudy aimed at providing a comparitive measurement o f  the 

relative P up take activity dis tribution o f  mixed pas ture roo ts b o th in 

relat ion to soil dep th and also to lateral dis tanc e  from a P source . No 

such previous measurements are known to have b een made on hill slopes . 

The method of deriving rela tive root activity (RRA) was that of Jackman 

and Moua t ( 1 9 7 2) . Added 3 2P was considered to rapidly equilib rate  with 

. 1 3 1P S O l  • The 32P activity in herbage was therefore proportional to the 

32P level added to so il and inyersely related to the soil 
31

P con tent at  a 

given dep th . Relative roo t  ac tivi ty at  a c ertain depth was derived as a 

% of the sum o f  ac tivities a t  all depths . Jackman and Mouat ( 1 9 7 2 )  

reported that corrections for variable plant P content did no t essentially 

alter results . I n  th is trial it  was assumed that all pas ture within each 

stratum was of similar P content . 

4 . 2  Vmterials and Methods 

At the conclus ion of the trial describ ed in Sec tion 3 some plo ts used 

for pas ture produc tion measurement on campsites , 25° slopes , and 4 5° s lopes 

in the north aspec t paddock were selected as iso tope placement s i tes . In 

0 
addition , new sites on s tock tracks adj acent to 4 5  slopes were located . 

4 . 2 . 1  Treatments 

On each of the campsites , 25° slopes , and 45° slopes four plots in 

32 each of f ive blocks were s elec ted for s epara te placement of P in the soil 

at 1�,  5 ,  1 1 ,  and 22  cm depths , respectively . Thes e average depths 

repres ented the so il sampling zones of 0-3 , 3-7 , 7- 1 5 ,  and 1 5-· 30cm , 

respe c t ively , us ed to measure so il P s tatus in the previous trial ( S ection 3) . 
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In addition six new sites per b lo ck were p elec t ed adj acent to  s tock 

tracks ; three wi th 45° slopes immedia tel)r downs lope of the track . In 

each group one s i t e  each was chosen for placement of 32P at 1� ,  5 ,  and 

1 1  cm depths , in the track soil on either th e ins id e edge or outside edge 

of  the track , as related to upslope or downslope sites , respec tively . 

4 . 2 . 2  Iso tope prepara tion 

32P as orthophospha t e  in dilute H
_
Cl and added to KH2Po4 ( s ee b elovJ) 

was placed in the soil in gela tin capsules similar to those  firs t used by 

Jacobs et al . ( 1 9 70) . A remo te contro l method of filling and handl ing 

the capsules was devis ed (Pla te !1 . 1 ) to accomodate the large numb er of  

capsul es and relatively high specific activi ty of  the to tal isotope 

involved in the trial . 

A s tainless s teel "Ovij ecto r "  gun , as used for vac c inat ing animals , 

v1as c lamped to a s tand and the trigger extended by a 4 0-cm length of  

s tiffened b lack plas tic tub ing . The intake hose f ed f rom a p iece of glass 

tub ing through a hole in the b o t tom of an up turned aluminium can coveriug 

the beaker containing the iso tope solution . 

Each 2 . 0-ml volume capsule \vas placed in a shor t  metal tube and a 

plastic cap with a small ( 3-mm diameter) hole in the c entre and with a 

30-cm long . .  handle was fit ted by upending the tub e onto the cap and pressing 

firmly . The capsule container was nes t ed on a vert ically mob ile plat fonn 

formed from a modified b eam balanc e . The platform vms raised by d epress ing 

an extension of the b eam . As this occurred , the need l e  o f  the Ovij ec tor 

gun penetrated f irs t the hole in the plas tic cap and then the gela tin capsule . 

Following inj ect ion with 1ml ( 5p Ci )  of solution the platform was lowered , 

the plas tic  cap removed , and the capsul e trans ferred immediately into a 

solution o f  dry ice and acetone . Because the capsules were only approximately 



Plate 4 . 1  Equipment used for loading gela tin capsules with 3 2p ,  
showing capsule holder in position on the mobile 

platform of the modified beam balance . 

Plate 4 . 2 

1 4 6  

Wooden template in position 

above the "ho t l ine" with 

rods used to make iso tope 

placement holes to required 

depth . 
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50% f u l l  they floa ted uprigh t in the freezing mixture with m inimal escape 

o f  iso tope through the needl e  punc ture . Once fro z en ,  which took about  

5- 10 s econds , the  capsules were placed in  small insula ted b ins and 

s tored in a freezer . 

The above method was found to be rapid and safe , enabling ample  

shield ing to be provided from the total o f  2 1 . 25 m Ci  us ed to  fill  the 

required 425 capsules . 

I t  was int ended that  a small amo�nt o f  KH
2

Po
4 

be added to the iso tope 

solution ( equivalen t  to 1� g P ml- 1 ) to reduce the possibility o f  s ignif icant 

32P sorption on to glass- and metal-ware 'vhich would have d iminished the 

po tent ial ac tivity of the available iso tope . 3 1  The P was mis takenly added , 

- 1 however , at  a rat e  equivalent to 1 000�gP ml o f  solution . The 

implica tions of this are d iscussed in S ec tion 4 . 3 . 2 . 2 .  

4 . 2 . 3  Isotope plac ement 

At each s i te a transec t of f ive gelat in caps ules were spaced a t  

5-cm intervals a t  the required treatment depth across s lope . This spacing 

interval was s el ec ted as b e ing suitable ,  based on the conclus ions o f  

Harries e t  al . ( 1 9 74)  ,.;rho considered that P diffus ion o f  up to  a 2 .  5-cm 

dis tance in soil can occur af ter isotope addition . Hol es to the required 

dep th 'vere  made  at  right ang l es to the soil s urface u s ing a 4 .  5-cm thick 

wooden templa t e  and a 1 . 3-cm diameter metal rod (Plate 4 . 2 ) . A thin metal 

rod marked the end of each t ransec t wh ich involved a to tal l ength o f  30cm . 

A frozen capsule wa s guided into each hole  f rom a narrow nosed s coop 

and gently pushed to the bo t tom o f  each hole  wi th a wooden rod . A small 

amount o f  pumice s and was added to ensure tha t no air . pockets exi s t ed 

around the capsule and each hole was then back f illed with soil from the 

relevant soil dep th obtained at  a nearby s it e . 
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4 . 2 . 4  Soil measurements 

Jus t  prior to isotope plac ement and at  approxima tely 10  cm from the 

ends of each i sotope trans ec t ,  f ive  cores of soil were c o ll ec t ed from the 

r elevan t treatment d epth . Thre e  o f  these cores in each case  wer e bulked 

for analys is of Ol s en P (Sec t ion 3 . 2 . 6 ) and the rcmo.ining t\-10 cores were 

used for mois ture content det ern1ina tion by oven d rying overnight  at 1 10°C .  

4 . 2 . 5  Pa s ture harves ting 

Pas ture was harvested on two occasions ; the firs t 2 days a f ter 

iso tope placement and the sec ond 27  days la ter . At each time the pas ture 

on the transec t ,  or "ho t" l ine , and in a band 3-cm wid e  o n  each s ide  was 

trinnned over the l ength of the transec t and collec t ed as one samp l e . 

S imila r ly , pas ture on 5-cm wid e bands parallel  to and at  inc r easing 

d istance s  from the transec t were s epara tely sampled . The exc ep t ion was on 

s ites adjacent to s tock tracks where bands only in either an ups lope or a 

downs lope direction were harves ted according to tr ea tment . 

acros s-slope spread o f  P up take wa s mad e . 

No measure o f  

Pa s ture was cut using battery-powered hand shear s with the cutting 

edge reduc ed to 5-cm wid th and with a shield f itted to collec t  cut ma teria l . 

The opera tor was dir ec t ly screened from the "hot"  l ine as  much as pos s ible  

by a per s p ex shield (Plate 4 . 3 ) .  Sample weights were no t r ecorded and 

analysis was done on a mixed pas ture sample . This procedure was nec essary 

b ecaus e o f  both the difficul ty o f  cut ting and collec ting a l l  the pasture 

growing on each measurement band and s econd ly ,  b ecause of the sma l l  sample  

size on some sites , especially 4 5° s lopes . Within each s tra tum , however , 

pasture was cons idered suitab ly uniform for comparitive measurements to b e  

validly compared . Jackman and Moua t ( 1 972 )  found tha t correc tions for 

variabl e  pas ture growth on a f la t-site did no t affec t  r el a t ive root activity 



Pla te 4 . 3  0 Pas ture on a 25 slope plot prior to 

harves t 29 days fol lowing isotope 

placement . Perspex sheet in posi tion 

to shield opera tor from the "ho t line" 

and bat tery-powered harves ting shears 

ready for use . 
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es tima te s . Dir ec t ,  b et>veen s trata comparisons , however , were no t pos sibl e  

b ecause o f  muc!. larger differ ences in pasture composition and grmv th ra tes . 

4 . 2 . 6  Measurement of 3 2P activity 

Th . ' h d f . 32P . . . 1 e recogn1zeo met o o measur1ng act1v1ty 1n pas ture samp es 

invo lves ac id ex trac tion o f  to tal P ,  an aliquot o f  this being mixed with 

a sc intilla tion cocktail for counting in a liquid scintilla tion counter 

(Dyer , 1 9 74 ) . I t  was consid ered that b ecause  of the large numb er of 

samples t o  b e  analyzed ( approximat ely 600 per harvest) and the need for 

only comparitive results a modif ied , mor e  rapid method could b e  u s ed . 

Consequen tly iso to pe ac t ivity >vas measured in pas ture samples immersed 

d irec tly in a scintilla t er , a t echnique no t encountered elsewhere .  Oth er 

forms o f  solid mater ial , containing high energy 13 emit ters ( e . g . ,  3 2P ) , 

have b een measured in several vlays  (Dyer , 1 9 7 4 ) . For example ,  f inely-

d ivided s olids der ived from ur ine , plasma , and bone , have b een dispersed 

in cocktail us ing cabosil , a fumed s il ica produc t .  Var ious forms of 

precipitate  have also been d epos ited on glass-fibre  fil t er paper and 

mulched in a toluene s�intillator for counting . In addit ion , b iological 

samples conta ining high-energy 13 emitters are now rout inely b eing analy z ed 

using the mor e  s impl e C er encov c ounting t echnique (Whit e  and Ell is , 1 9 68 ;  

Cole , p ers . comm . ) . The bes t r esults from the Cerenkov counting method , 

however , are ob ta ined by wet-ashing the sample and by us ing an ex ternal 

s tandard to correc t for colour quenching (White  and Ellis , 1 968) . Thi s  

wa s found t o  provide grea ter counting effic iency o f  32P in plant sampl es 

than by the prepara tion and counting of compressed dry briquet tes 

(MacKenzie and Dean , 1950) . All of the above methods were either 

unsuitab l e  or cons idered to be too time consuming for use in the present 

s tudy . An at temp t was th erefor e mad e  to d evelop a s imple method o f  
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ob taining r epeatable , r ela tive ac t ivity measurements from solid pas ture 

samples . 

An initial approach involved p lacing small , who l e ,  undried sub-

samples of pasture in a scintilla t ion cocktail and counting . This 

provid ed mea sureab le ac tivi ty tha t was generally rela ted to the level of 

isotope present . Replica tion, however , was poor . Neverthel ess , i t  d id 

p�ovide a measure of any activity present in pas ture and therefore was used 

a s  a rapid indication of the extent ( i . e . , distance from the "ho t" l ine) 

32 of P uptake by pas ture over the two-day period following iso tope 

placement . 

For the second harves t ,  howev er , a mor e-ref ined method was d eveloped 

which gave r eliable  r esults rela�iv e  to the acid-diges tion technique . 

The resul ts given in S ec tion 4 . 3 . 1 involved the following method of pas ture 

sample preparation and analysis . 

Pas ture was oven-dried overnigh t  a t  60°C and finely ground ( <  2mm) 

within a forced-draught chamber . Approxima tely 0 . 1g o f  pas ture , measured 

by volume for grea ter convenience ,  and 10ml of Tri ton- toluene scintilla tion 

cocktail (Patterson and Green , 1 9 6 5 )  were placed in a counting tube and 

shaken \vell . This was allowed to  s tand for a t  l ea's t 1 hour before counting 

to avoid chemiluminescence contamination of iso tope readings and to allow 

suspended solid pas ture material to settle . 

4 . 2 . 7  Processing o f  r esul ts 

- 1  All resul ts were expressed a s  cpm g dry matter . B ecause of the 

extremely wide range of readings , r esults were transformed to logarithm 

values for s tatis tical analysis . All resul ts from within each s tratum 

were ass embled into a single analysis of variance and trea tments (dep th and 

distance from the ho t line) ranked by . th e method of Duncan ( 19 55 ) . I t  wa s 
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no t ed , however , tha t where trea tment r eplica tes contained low or  zero 

values , some situa tions occurred �.;rh ere the order of ranking true means was 
I 

d is s imilar to the ranking o f  logari thmic means . This anomalous s i tuat ion 

can b e  encountered where an extremely wide range s till exi s t s  in transformed 

logarithm values used for s tatistical analysis (Wright ,  pers . comm . ) . In 

ord er to r emove this anomaly all values (x) below 100 , and including z ero 

values , were converted to logarithms (y) by the formula y = log (x + 10 )  to 

fur ther condens e the range for s ta tis t ical analysis . 

4 . 3  Results and Discuss ion 

4 . 3 . 1  Sample preparation comparison 

An increa s e  in sample weight up to 0 . 05g increased the measured l evel 

of activity in f inely-ground pas ture but  had no further effec t ,  at l ea s t  up 

to 0 . 2g (Fig . 4 . 1 ) .  The increas e  in l evel of measured ac t ivity associa t ed 

with the increas e  in sample size  up to 0 . 05g and the subs equent con s tant 

l evel of r eadin8 d emonstrat ed the class ic "s elf  weakening" effec t  associa ted 

with an increa s e  in size of B -ac t ive solid samples (I .A . E . A . , 1 9 6ft ) . The 

counting ra te  o f  samples increased a t  f irs t with sample size  b ecaus e o f  

i ncreased total ac tivity and then b ecame cons tant a s  extra contributions 

f rom deeper layers were ab sorb ed by s ide- and back-sca t tering effects . 

The level a t  �vhich this occurs is  termed the "infinite thicknes s "  o f  th e 

s ample .  For f inely ground pas ture us ed in this s tudy i t  would appear to 

b e  approximately 0 . 05g . Th 1 1 f 32P . . ( ) 24 h f 1 1  . e eve o ac t1 Vl ty cpm ours o ow1ng 

sampl e prepara t ion was generally only fractiona lly les s  than that measured 

a fter only 1 hour and th erefor e  could be cons idered s tabl e  at each sample  

size , a t  l ea s t  over this perio d . 

Sub sample variab ility �..:ras low a t  ail l evels of ac t iv i ty and over all  
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dura tions measured ( e . g . , the means o f  eight subsamples had coeffic ients 

of varia tion of the order of 5- 7%) . 

The data ob tained f rom 0 . 1 -g ground pas ture samples compared with 

diges ted samples showed that the counting efficiency of the former ranged 

from 7 . 9 to 9 . 7% over an approxima tely 50-fold range in 32P content . 

For the purpose of the field trial the counting ef ficiency was r egarded  as 

cons tant at the · s elected sample s i z e  of 0 . 1 g .  

4 . 3 . 2  Field resul ts 

B efore interpr eting the r esults ob tained in the field s tudy it is 

necessary to cons ider the effec t of the unintentionally high 
3 1

P loading 

dd d h 32P . b f 1 a e to t e �sotope e ore p acement . 

At the first  harves t two days after isotope placement ,  the high P 

l evel in the capsules would effec t ively have swamped the plant- availab le P 

supply from the surrounding soil a t  all depths . Uptake o f  P during this 

period coul d  b e  considered to have predominantly occurred from the added P .  

Therefore ,  no correc tion for soil P s tatus at each dep th \vould ha•Je b een 

required if this was the full dura t ion of the trial . 

For the final harves t ,  however , the assessed RRA ( Tabl e  4 . 2 ) was 

greatly affec ted by eith er inclusion or exclus ion of a correc tion for 

"availab l e" (Ols en) soil P at each d epth ( Tab l e  4 . 3 ) ,  as describ ed by 

Jackman and Mouat ( 1 9 7 2) . The likely effect o f  the added carrier o n  

availab le soil P mus t therefore b e  considered . The maj o r  obj ect ion to 

h 1 .  . f 
3 2 . h . d 3 1P . . h h dd  d t e app �cat�on o ·� w�t an assoc�ate carr�er �s t a t  t e a e 

3 1P induces enhanced roo t prolif era tion (Newbould , 1969 ; Newbould and 

Taylor , 1 964) , and that this is r ela tively greater as _ p lant-availab le 

soil P s ta tus decreases , i . e . , with increased soil depth . As shown b elow 

however , the added 3 1P in this s tudy should no t greatly affec t  the 
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conc lus ions drawn from RRA es tima tes based on measured soil P levels . 

If the a dded P from each capsule could b e  assumed to spread into a 

s ph ere of about 5-cm diameter (Harries e t  al . ,  1 9 74 ) , then this would 

involve a soil volume of 65 . 5cm
3 

which , for examp l e ,  at  the 1�-cm dep th 

would b e  equivalent to 4 5 . 8g soil and a t  22cm about 66g soil . The s o il 

to tal P level in thes e sph eres would therefore have increas ed by 

- 1  
approximately 22  and 1 5JJg P g resp ec tively . As demons tra t ed in 

S e c t ion 5 . 3 .  3 . 1 ,  the immediately plant-ava ilab l e  portion ( i . e . , wat er-

extrac tabl e  P) of th e added P would have decreased rapidly over 7 days , 

occurring at  a fas ter rate where soil P status was ' lower , i . e . ,  at  greater 

depths . In the 2 7-day r egrowth p er iod following the f irs t harves t ,  th e 

grea test growth , and therefore P · uptake , would have occurred in the latter 

half o f  this p eriod due to the exponential pat t ern of pas ture regrowth 

follow ing clo s e  cutting (B rougham , 1 9 56) . I t  is likely then , that P 

uptake during the final harves t  p er io d  would have b een predominantly from 

"na t ive" soil P ,  d espite the relatively high l evel of added P .  This is 

highly probable  in the 0 --3cm soil d ep th but relatively less so a t  g;:-eater 

d ep th s . If  the high soil P s tatus to 3cm dep th could b e  considered to 

have r emained ess entially unaltered , and to comprise the "actual"  plant-

ava ilable  P source , then calculations show that any assumed increas e in 

P s ta tus at  grea ter depths would be r eflected in a s imilar proportiona l  

incr eas e in estimated RRA . For example ,  if the effective Ols en P s ta tus 

0 
o f  the soil at 2 2cm depth o f  placement on 25 s lopes was ,  due to added P ,  

- 1  considered to b e  1 0  ins tead o f  3 �g P g ( Tab le 4 . 3) ,  then the recalculated 

RRA a t  that depth would increase to 1 . 1 % compared with 0 . 5% ( Table 4 . 2) .  

Th is would s imilarly apply to any assumed changes in soil P l evel a t  o ther 

d ep th s  ( excluding 0-3cm) . 

Correc ted es timates o f  RRA based on measured soil P should therefore 
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pres ent a more  true picture than if  it was ass�med that added P was the 

predominant source of plant uptak e . Any errors resul ting from this . 

as sump t ion will l ead to some overes timation of P up take from sub so il and 

convers ely , a slight under-estimation of relative root a c t ivity in top 

soil . 

4 . 3 . 2 . 1 P uptake a f ter 2 days 

Pas ture samples coll ected 2 days af ter iso tope placement �vere 

used primarily to define the extent of ' pas ture p uptake over tha t period . 

Although replicate variab ility was high , the results s t i ll provid ed a 

useful indication of the perimeter o f  the P up take zone relative to depth . 

As expec ted , the l evel and spread o f  P up take decreas ed with depth ( Table 

4 . 1 ) • 

32P placed near the s o il surface ( i . e . , 1�-cm dep th) on camps ites 

was taken up by pas ture to a dis tance of 23cm away , and on 2 5° and 4 5° 

s lopes  to a s imilar distance downslope . The ups ] ope zone on thes e lat ter 

0 s tra ta was less \-7el l-defined but appeared l imited to about 1 8cm on 2 5  

slopes a n d  13cm o n  45° slopes , a lthough i n  both ins tances  some activity 

was measured to a dis tance o f  23cm upslope from the iso tope transec t .  

On all s tra ta there was a lower , but s till apprec iable  up take o f  

P placed a t  22cm depth ,  but only by pas ture growing within about 1 3cm of 

the trans ect . Pas ture adj acen t  to s tock tracks showed a s imilar spread 

of uptake both from the 1�-cm soil dep th ( 2 3cm dowrislop e  and 1 8cm upslope) 

and the 11-cm depth ( 18cm downslope and upslope) as tha t  by pas ture on 

0 
mid 4 5  s lopes . 

4 . 3 . 2 . 2  P uptake a f ter 29 days 

Within any one s tratum , the data from all treatments ( i . e . , 

each d ep th of plac ement and dis tance away o f  pas ture P uptake) were 



Tab le 4 . 1  Mc:-.n 32P l evels (cpm) measured in whole , undried 

pasture two days follmv ing iso tope placement in 

soil a t  various depths . 

-Dis tance from "ho t line " ( cm) 

P lacement Ups lope Downs lope 
d epth 

S tra tum ( cm) 23 18 1 3  8 3 3 8 1 3  

Campsite 1� 30 240 6 3 0  2920 4 900 3220 1 8 0  260 

5 10  80 34 0 1 1 70 2 7 1 0  680 7 0  9 0  

1 1  10  50  60 460  1 70 40  10  

22  50 8 0  100 300 50 40  

25° slope 1� 10 20 1 9 0 350 15980 2 1 20 820 130  

5 10  50  330 2580 230 1 00 80 

1 1  1 0  10  6 0  190 560 400 2 7 0  50 

22 4 0  180 500 100 50 

0 
4 5  s lope 1� 20 20 1 60 1060 9 9 70 2 140 3 30 60 

5 1.0 20 7 0  240 1 4 20 310  1 10 20 

1 1  40  6 0  6 0  1 500 100 4 0  L�O 

22 20 1 20 80 360 1 10 40 10  

0 
4 5  slope 
above track 1� 30 7 0  300 8 7 20 

5 20 6 0  220 1 2 10 

1 1  4 0  7 0  4 10 

0 4 5  slope 
below track 1� 8650 3420 24 0 370  

5 1 160 1240 1 30 40  

1 1  990  1070 250 80 

157 

1 8  23 

1 0  

20 

60 

10  

40 

60 

1 0  

50 

20 



Table 4 . 2  

Soil depth 
(cm) 

1� 

5 

1 1  

2 2  

1 �  

5 

1 1  

Relative root  ac tivity (%) at  various soil dep ths on each stratum 

es timated both with and without correction for soil Olsen P values 

Campsites 
0 

25 slopes 
0 

4 5  slopes 

Uncorrec ted Correc ted Uncorrected Correc ted Uncorrec ted Correc ted 

57 . 9  66 . 0  53 . 8  88 . 1  44 . 4  82 . 4  

28 . 0  29 . 1  25 . 8  9 . 7  27 . 9  14 . 6  

1 1 . 3  4 . 0  1 3 . 5  1 . 7 1 7 . 3  2 . 3  

2 . 8  0 . 9  6 . 9 0 . 5  10 . 4  0 . 7  

Slope above track S lope below track 

Uncorrec ted Corrected Uncorrected Corrected 

5 1 . L• 86 . 4  4 7 . 1  78 . 7  

29 . 5  1 1 . 5  30 . 1  4 . 0 

1 9 . 1  2 . 1  22 . 9  4 . 0  

,_. 
\J1 
(X) 



Tab l e  4 . 3  Soil charac teris tics on each s tratum at  trial 

commencement ( 1 3 . 9 . 7 6) and also so il mois ture 

content at f inal harves t - North aspec t 

1 59 

S tra tum Sample Olsen pH Soil mois ture content  
depth p at  at  

- 1  1 3 . 9 . 76 1 2 . 1 0 . 76 
( cm) (ll g g ) ( %  by \vt ) ( %  b y  \vt) 

Camp s i te 0-3 1 69 6 . 2  106 . 7  1 4 2 . 6  

3-7 154  5 . 2  65 . 8  7 1 . 5  

7 - 1 5  5 3  4 . 9  4 2 . 0  4 6 . 8  

1 5-30 44 4 . 6 34 . 8  '•4 . 3 

0 2 5  slopes 0-3 98 6 . 2  100 . 6  1 0 5 . 9  

3-7 22 5 . 5  44 . 0  60 . 9  

7- 1 5  8 5 . 2  38 . 8  4 6 . 1  

1 5-30 3 5 . 0  39 . 3  4 2 . 6  

0 4 5  s lopes 0-3 l lO 6 . 3  6 7 . 5  7 6 . 1  

3-7 3 1  5 . 3  4 6 . 6  5 2 . 0  

7 - 1 5  8 5 . 1  4 3 . 4  4 3 . 5  

1 5-30 4 5 . 2  34 . 5  4 0 . 0  

S tock Track 
( insi d e  edge b elow 0 0-3 1 25 6 . 2  99  • .8 8 3 . 8  4 5  s lope) 

3-7 29 5 . 7  57 . 1  5 5 . 7  

7- 1 5  8 5 . 4  40 . 0  38 . 7  

S tock Track 
(outs ide  edge 0 0-3 105  6 . 3  94 . 9  1 0 1 . 5  above 4 5  slope) 

3-7 36 5 . 4  52 . 7  6 9 . 0  

7 - 1 5  l l  5 . 2  40 . 7  4 5 . 0  
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assemb l ed into a two-dimens ional measure o f  RRA by pas ture . Roo t  a c t ivity 

at 1�-cm depth pr�dominated in all s trata , representing 66 . 0 ,  88 . 1 ,  and 

0 82 . 4 %  o f  to tal up take on the camps ite (Fig . 4 . 2A) , 25 s lopes (Fig . 4 . 2B ) , 

0 and 4 5  s lopes (Fig . 4 . 2C) , r_espec tively . Rela tive P uptake d ecreas ed 

sharply and significantly (P � 0 . 05 )  with each dep th increment .  Thi s  

decline was more marked o n  the slopes than o n  the camps i tes and appeared 

to refl ec t the more  gradual decline in soil P levels on the la t t er 

s tra tum , i . e . , RRA was concentrated in so il zones of highest P s ta tus . 

Pas ture \V'ithin 1 3cm of the placem�nt s ites accounted for 9 0 . 8 , 

9 5 . 5 ,  and 90% ,  of the to tal RRA on the camps i t es , 25° slopes , and 4 5° 

s lopes , respec tively , sugges ting that the spr ead of roo t ac tivi ty was 

s imilar on all s trata . Whereas the overal l P up take pa t t erns were s imilar 

on all s trata , the l a t eral dis tribution of this activi ty was affec t ed by 

slop e .  Camps i tes were on flat to undula ting land but all plo t s  had some 

s lope and ther efore  P up take could be  r ela ted to an upslope or  downslope 

end o f  the plo t .  (Fig . lf . 2A) . This slight slope appeared to have some 

eff ec t in that P up take \v-as measured in pa s tut· e  to a grea t er dis tanc e 

upslope a t  all depths . · This resul ted in s ignificantly ( P  � 0 . 05 )  g reat er 

up take only a t  the 5-cm dep th . 

On 25° slopes (Fig . 4 . 2B ) , the RRA a t  1�-cm dep th downslope was no t 

s ignif icantly different to that on the upslope s id e .  A t  a l l  grea t er dep ths , 

however , both the spread and l evel of ac tivity were signif icantly grea t er in 

pas ture uptake from 5-cm (P  � 0 . 05) , 1 1-cm (P � 0 . 05) , and 22-cm dep ths 

(P � 0 . 0 1 )  on the upslop e  s ide of the 1 1hot 1 1 line . 
32p . . . act1v1ty 1n pas ture 

was measured to grea ter dis tances than shown in Fig . 4 . 2B ( i . e . , upslope to 

18-23cm di stance  a t  1 1 -cm d ep th and 23-28cm dis tance at 22-cm d ep th ; 

downslope to 3-8cm d is tanc e a t  22-cm depth , 8- 1 3cm dis tance a t  1 1-cm , and 

1 3- 1 8cm dis tqnce a t  5 and 1 1-cm depths ) , but  in each case these represented 

less than 0 . 1% RRA .  
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On 4 5° slopes ( Fi g . 4 . 2C)  both upslope and downslope RRA was 

similar at 1�-cm 9epths (P 6 0 . 10 ) . At the 22cm d epth o f  plac ement , the 

RRA in pas ture upslope was higher and measured fur ther away from the 

transect ( 23-28cm) than tha t in pas ture downslope ( to 3-8cm) . Because 

o f  extreme variab ility b etween replicates at  this depth the differ ence  

was no t s ignificant . This indicated that  the penetra tion o f  ac tive 

pasture roots to 22-cm d epth comprised only a r elatively sparse network 

and tha t uptake of P \vas also extremely va riab l e ,  although a t  a very low 

RRA l evel . . 32  
Increa s ed variab ility in P up take from greater d ep th as  

also r ecorded by  Burton ( 1 9 57 )  may be  associated with the  marked d ry ing 

and cracking of the sub soil that can occur during later sununer and 

autumn . Uptake variab ility at  d epth , however , may also b e  asso cia ted 

\vith some suppresion and subseque:J.t recovery o f  root elonga tion follm·!ing 

d efoliation of shoot ma t�i:iaJ� as d emons tra ted b y  Evans ( 1 9 7 2 )  \vi th 

ryegrass . The grea ter variability in P uptake from lower soil depths 

sugges ts that greater r eplication is needed in such situations to achieve 

the same accuracy of measurement as was ob ta ined in the topsoil . 

Rela tive roo t  activity in pas ture adjacent  to stock tracks was 

measured to only 1 1 -cm d epth (Fig . 4 . 3 ) .  Unless  the data in Fig . 4 . 2  

are s imilarly recalcula t ed to only this depth , they canno t b e  d irec t ly 

compared . B ecause o f  the very low proportion of root up take from the 

2 2cm d ep th , a direc t comparison would , in this ins tance , introduce l it tl e  

erro r .  

The RRA a t  1�-cm d epth was s imilar , b o th upslope and downslope o f  

track s ites . As the t racks were relatively l evel across  their wid th , P 

plac8d at  greater depths was correspondingly much fur ther away from plants 

0 
s lope of the track than when placed on a 4 5  slope a t  s imilar d ep ths 
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normal to the slope .  32 
Consequently , P placed at bo th . 5  and l l -cm 

depths on the track was availabl e  to a shorter dis tance upslope ,  and a t  

1 1-cm dep th only , to a greater d is tan�e downs lope , o n  the adj acent 4 5° 

s lope than shown in Fig . 4 . 2 ,  In addition , the results d emons tra t e  tha t 

P placed a t  1 1-cm depth on the outs ide edge of tracks was available to 

plants fur ther do-.vnslope (23-28 cm) than when placed at mo re  shallow 

depths . 

4 . 3 . 2 . 2 . 1  Zones o f  rela tive roo t activity .  Because the 

iso tope placement dep ths of 1 � ,  5 ,  1 1 ,  and 22 cm repres ent the mid points 

o f  soil zones 0-3 , 3-7 ,  7-1 5 ,  and 1 5--30cm , respec tively , roo t a c t ivity 

l evels a t  each o f  these dep ths should b e  related to each soil zone on 

each s tratum as shown in Fig . 4 . 4 .  

A more correct pic ture o f  RRA in each soil santpl ing zone will 

therefore be  ob tained by integra ting the relevant area under each par t  of 

the various curves , assuming that P up take at the midpoin t  is representat ive 

of the zone . Such integra t ion is necessary to overcome b ias introduced by 

the variab le distances b etween iso tope placement depths . \\There dis tances 

are equal b etween placement dep ths , the RRA may b e  relat ed directly to the 

encompass ing soil zone . 

Integrated results show that the RRA level ranged from 52 . 3 ,  6 9 . 9 ,  

and 66 . 5% in the 0-3cm soil depth to 4 . 3 ,  3 . 4 ,  and 4 . 0% in the 1 5-30cm 

d ep th in the campsites , 25° slopes , and 45° slopes , r espec t ively . The 

effect of such integration can b e  s een by comparing thes e values with the 

r elevant results in Table 4 . 2  for RRA at each dep th . 

The results  in Tab le 4 . 2  are s imilar to those  r epor t ed for browntop 

and white clover roo t dis trib ut ion by Jackman and Mouat ,  ( 19 7 2) . Thes e 

·workers rela ted roo t activi ty a t  a particular dep th ( e . g . ,  approxima tely 

80% a t  2 . 5cm depth) to the soil above , rather than to a soil zone 
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encompas sing this point . Such integra tion would have reduced their RRA 

e s t ima tes by a s imilar order to tha t shown in Fig . 4 . 4 .  

4 . 3 . 2 . 2 . 2  Direc tion of predominant roo t activi ty .  1�e two-

d imensional mea sure o f  RRA a t  the four depths and at var ious dis tanc es 

away from the iso tope placement fi ites was derived from measurements of 

pasture plants growing on or adjacent to the "ho t line" which had roo ts  

exploring thes e placement sites . I f  the pas ture within each s tra tum is 

cons idered to b e  rela tively uniform in growth and botanical composition,  

this same measure can represent the spread and dep th o f  RRA of a s ingle  

plant growing on the "ho t line" trans ec t . Where the roo t up take pattern 

i s  not symmetrical , however , as was the situation on all thr ee s tra ta , the 

pat t ern mus t b e  inverted so that the upslope roo t uptake a c t ivity o f  a 

s ingl e plant is r epresented by tha t  ac tually measur ed in pas ture downslope 

of isotope placement . 

Furthermore , the effect o f  s lope  on RRA dis tribut ion i s  mor e  c l early 

d emonstrated if the mid point of spread of such activity is p lo t ted in 

rela t ion to the 32P pl�c ement s ites a t  each dep th . 

T"he da ta in Fig . 4 . 5  indica t e  tha t  the direction of predominant roo t 

a c t ivity was no t normal to the soil surfac e but tended to b e  nearer to the 

vertical on all s trata . Al though roo t growth was predominantly g eo t ropic 

0 on all s tra ta , the differ ence between the vertical (90 ) and the angle  of 

predominant roo t activity tended to increase wi th s teepness o f  s lop e ,  

i . e . , 6° o n  the 25° slope and 1 5° on  the 45° s lope . 

There are two possible explanantions for this pat tern o f  roo t growth . 

Firs t ,  as prev ious ly d is cussed , the soil  tends to dry and c rack in drought 

p er iods . Because i t  is likely that soil drying will occur normal to the 
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s o i l  surface , such c ra cks w i l l  tend to fol low this direc tion . Th erefo re , 

both  the d irec t io n  o f  drying and the forma tion o f  s uch cracks would 

encourage subsoil  roo t  develo pment in pa r t icular , to be  more no rmal to 

the surface than would o th erwis e  o c cur and especially a f ter s o i l  rewe t t ing 

\vh ich would also t end to follow soil c racks . The second , but  less l ikely 

pos s ib i l ity is  that  there may be apprec iab l e  downs lope movement of the 

topsoil  relat ive to the sub s o i l  lay ers whi ch would tend to make inherent ly 

ver t ic a l  roo t p en e t ra tion pat t erns mo re normal to  the s lope . Al tho ugh no 

evi d ence has b een produced t o  suppo r t  e i th er o f  these explana t ions i t  is  

probable  that the f irst  may have the grea t er credence a s  no obvious signs 

of surface soil  movement are present . 

The direc t io n  o f  p redominan t roo t a c t ivi ty has imp l i ca t i ons for  soil  

sampling on hil l s lopes . I f  assoc iated wi th assessmen t o f  p l ant P 

availab il ity , sampling should validly r epresent  such up take zones . S o i l  

samples taken no rmal to the s lope H i l l  obviously no t d o  this , the erro r 

increasing Hith t h e  dep th o f  sampl ing and b eing gr ea ter on s t eeper slopes . 

Such s ampl ing wil l t end to indic a t e  mo re sha llow hori zons than th e pas ture 

ac tua lly explores . 

I f  samp les are taken norma l t o  the s o i l  surfa c e ,  and thi s  i s  o f t en 

eas i e s t  on very s teep s lopes , then a correc t ion fa c to r  ( e . g . , 1 . 06 on 2 5° 

slopes ; 
0 

1 . 1 5 on 4 5  s lopes ) should be  appl i ed to validly repres ent the 

samp l ing depth . 
0 

Th is would only b e  neces sary on 25  s lopes for  samples 

0 
deeper than 7cm and 4 5  s l o p es for samp l es d eeper than 3cm . At more 

shal low depths the c o rrec t ion would b e  l e s s  than the p robab l e  error in 

sampl e  length ( i . e . , abou t 0 . 5cm) . Samp l e s  taken ver t ical ly would  involve 

much smaller erro r s  i n  a l l  s i tua t ions and generally obvia t e  the need for  

correc t ion fac tors . Wh ile  such correc t ions a s  sugges ted should improve 

samp l ing prec ision it is l ikely  tha t  the d i f ference would be ma rgina l  



relative to the field variab ility o f  hill soil� , as indicated from 

analysis of samples from the s tudy area (Sec tion 3 . 3 . 5 ) . 

4 . 4 General Discus sion 

I t  is apparent from the results on each s tra tum that the full 

effec t ive root dis tribution pat tern was measured in the study and it is 

unlikely that soil P a t  any dep th greater than 30cm partic ipated 
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s ignificantly in the P cycle . The surface concentration o f  roo t a c t ivity 

can b e  associated with the zone o f  predominant P mineraliza tion and also 

t o  a large extent , wi th the effects of nutrien t return to s lopes . 

Fer tilizer P has a low mob ility in the soil and therefore remains 

p redominantly near the surface . In addition , urine returned to slopes 

potentially covers a larger area than on flat land and consequently the 

associated supply of N and K, being a t  lower effective application ra t es , 

would penetrate to a more shallow dep th than on flat sites or camp areas . 

Under such conditions i t  could b e  expec ted tha t pas ture roo ts would b ecome 

highly concentrated in the soil surface zone . 

In this s tudy i t  was shmvn that 84 . 7 ,  9 2 . 0 ,  and 89 . 9 %  o f  TP up take 

by mixed pasture on campsites , 25° slopes , and 45° slopes , respec t ively , 

was from the surface 7 cm of soil . The high proportion o f  total P taken 

up from a shallow soil depth agrees with the results ob tained by Jo.d<.l"\qn and 

MOuQt ( 1959 ) with browntop and white clover and Harries et al . ( 19 74 )  

with ryegrass . In contras t ,  Halm et al . ( 19 72) found in rangeland pas ture 

that a soil depth of 30cm was required to encompass 90% of P uptake a c t ivity 

and that some uptake was tneasured from as deep as 60 to 1 2 0-cm soil d ep th . 

Halm et al . ( 19 7 2)  also s tressed the importance o f  availabl e  soil 

mois ture to the up take of P by plants . · The very high p roportion o f  TP , 
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and probab ly o th er nutrient up take b y  vigorously growing pas ture that was 

ob tained from th e surface 7 cm of soil reflects th e vulnerab le  dependence 

o f  pas ture on all strata on adequa te levels of soil mois ture . This i s  

p ar t icularly the case o n  slopes where the greater bulk o f  P up take occurs 

from the 0-3cm so il depth . In this s tudy up take of  P from all d epths was 

no t l imited by inadequate soil mois ture becaus e ample rainfall over the 

tria l period ( 1 1 8 . 5  mm measured at the Whatawhata meteorological s i te 

SOOm dis tant) maintained the soil a t  or  near field capacity ( Tabl e  4 . 3 ) .  

TI1 e topsoil (0-7cm) on the north aspec t , however ,  may dry out to b elow 

wil t ing point in summer and early autumn _ (Gill ingham, 1 9 73) . A t  thes e  

t imes i t  would b e  expected that a larger proportion o f  the P requirements 

would be  derived from greater dep ths , as was recorded by Uyo ( 19 74 )  who 

calculated the RRA in 0-5cm depth soil to be  about 96% in spring but only 

65% in autumn . 

The extremely high P inputs to campsites from predominantly dung 

and fertilizer appear to have encouraged a les s  surface-orientated roo t 

sys t em than on s lopes . This is also associated with a sligh tly grea ter 

d ep th of topso il on some campsites . The poss ibility e f  achieving generally 

deeper  root penetration on s lopes by topdressing , where net P t rans fer 

loss es also have to be  comp ensated for , \vould be  prohibitive in t erms of the 

amount of fertilizer required . 

An alternative approa ch towards reducing pas ture vulnerab ility to 

drought is to adopt management prac t ic es or encourage pas ture sp ecies that 

will maximis e  root depth and or conserve available moisture . More l enient 

grazing in summer and autumn , although difficult to prac tice in t imes o f  

pas ture shortage , will maintain associa ted deeper root penetration 

( Evans , 19 7 1 ) · and improve plant p ersis tence by more prolonged access to 
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mois ture a t  lower soil depths . The encouragen}ent of white  c lover at th e 

expense o f  browntop should also t end to r-educe the rate o f  soil mois ture 

loss and therefore increase the associated relative ava i lab ility of P 

(Jackman and Mouat ,  1972) . 

A further possibility is to s timulate the ac tivity o f  subsurface-

cas ting earthworm species ( e . g . , Allobophora caliginosa . ,  J . A .  Springet t ,  

p ers . comm . ) perhaps by us e o f  l ime . Such cas ting activity would resul t 

in mixing of surface and deeper soil layers and thereby promote improved 

conditions for deep plant root p enetration . 

The lateral spread of  roo ts  in an ups lope or downslope direction 

from the c rown was no t as great as dis tances recorded on flat s i tes (up to 

30cm; Trough ton , 1957) . The g reater part of P up take in the present 

s tudy , however , was from dis tanc es of less than 1 5cm from P placement . 

The lateral extent of up take of P by pas ture plants therefore appears 

s imilar to tha t for N and S uptake . Vallis et al . ( 1 9 7 3) found that 

pasture p lants r ecovered little  1 5N at dis tances greater than 1 5  to 30cm 

from the placement area . S imilarly , Goh e t  al . ( 19 7 7 )  concluded tha t mos t  

uptake o f  35s was from within 1 5cm o f  the s ite o f  application . If  the 

effec t iv e  roo t  spread in any direction could be cons idered to be about 

1 3cm from the crown ( encompass ing about 90% of total roo t activity) , then 

h 
. 

. 2 t e effective uptake area for any one plant could be  approxima tely 530cm • 

I t  would be  expected that any fertilizer , litter , dung , o r  urine falling 

on any one spo t could be po tentially available to all surrounding pas ture 

encompassing such an area . This has implications to the dung return 

interval s  es tima t ed in S ec t ion 3 . 3 . 2 . 2 .  In those  calcula t ions , dung was 

2 considered to cover , and contribute P to , an area of lOOcm per defaeca t ion . 

As a resul t of the above estimates the effec tive dung return area mus t  b e  
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considered as nearer 500cm
t 

and th erefore the dung return intervals shown 

in Tabl e  3 . 8  should be  divided by five to pres2nt a more  realistic  es t ima t e . 

The spread o f  roots from plants growing downslope into soil under 

t racks could provide an additional source o f  P to a narrow s trip to 

pas ture in such s ituat ions . This \llould be especial ly so when soil on 

t racks was of a higher P status ; a situation likely to apply af ter a long 

perio d  of topdress ing and dung return associated with continued pas toral 

use .  Again , such an advantag e  would b e  mos t  pronounc ed during periods 

of drought . 



SECTION 5 



THE ASSESSMENT OF SOHE P SORPTION AND DESORPTION 

CHARACTERISTICS OF SOILS FROH TH� FIELD TRIAL AREA 

5 . 1  Introduc tion 
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The above-ground components o f  the P cycle  in gra zed h ill-country 

have b een shown to b e  affec ted to a l arge degree by topographic s i tua t ion 

( S ec tion 3) . Plant up take of  P and relat ive roo t activity ( RRA) have also 

b een measured (Sec t ion 4) , both with respect to soil dep th and distance 

from the plant crown . S imilarly , bo th s easonal and annual es tima t es have 

b een made of the amounts of P returned in l i t t er and dung to diff ering 

hill  s trata . Field measurements were made  over a period  o f  approximat ely 

one year . The relevance of these r esul ts will depend to a large extent 

on the abi lity of the soil on each s tratum to mainta in a s imilar l evel o f  

p lant-availabl e  P in subsequent years . This will depend on the continued 

replenishment of the so il solution by net d esorption pro c ess es but  also 

on the effec t iveness of f ertilizer P ,  and P returned in dung and l i tter in 

correc ting any soil deficiency . The amount o f  applied P and the P desorption 

characteristic s  of the soil would influence this situation . Us ing s oils 

from the field trial area a programme was th er efore planned f irs t to assess  

some of the fac tors affec ting P desorp tion into the soil solution , as 

measured by wa ter-extrac tab le P ;  s econd the rela t ionship b et\..reen wa ter­

extractable  P and o ther forms of "native" soil P ,  as reflec ted in the rat e  

and extent o f  P exchange b etween thes e forms ; and third to a s s es s  the 

fa te of appl ied P as reflec ted by changes in water-extractab l e  and O l s en P 

levels . 

I t  has b een shown that the change in f inal soil solutio n  P concentration 

resulting f rom either P addition or removal is proportional to the solid 

phas e  P sta tus ( S ection 2 . 1 . 2) .  The soils o f  the field  trial area have a 
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his tory of regular and mor e  than adequate topdress ing with superphospha t e ,  

particularly in recent years . The high . l evels o f  diff erent forms o f  

so il P ( S ec t ion 3 . 3 . 5) ,  and of wa ter-extrac tabl e  P in particula r ,  suggest  

tha t P sorp t ion s ites in r egion I of these so il s , as defined by Ryden and 

Syers; (1 9 7  Sa)., have been f illed and that  predominan t  sorp tion of added p ,  

or  desorp tion of soil P ,  would occur in regions I I  and III . This would 

par ticularly be the cas e for campsite topso ils . From sorp tion iso therm 

s tudies using the Langmuir equa tion and from sub s equent desorp tion 

measurements , Ryden and Syers ( 1 9 7 5a)  concluded tha t P equivalent  to that 

in region III  can be  removed from soil by two successive 1 -hr wa ter 

extrac tions (40 : 1  wa ter : so il ra tio) . If this '"as the cas e ,  fur ther 

continued s equential extraction of P would be expec ted to be dominat ed by 

r eg ion II desorption charac teris t ics . 

The extent to wh ich P sorption exhib its predominantly s ingl e  r eg ion 

charac teris tics will depend on the extent to which region II sorpt ion 

s i tes are satura ted and therefore the proportion of added P that is sorb ed 

in region III . If  a large propor tion of added P rapidly b ecomes non-

extrac table  by two successive 1-hr extrac tions ( a t  a 40 : 1  water : soil  ra tio )  

then assuming region I so rp tion s ites are filled , a s  previously discus s ed , 

i t  would b e  expec ted tha t a very high proportion of the added P will b e  

sorb ed in region II . In this s i tuation , P sorp tion would 'b e  domina t ed 

by single region characteristic s . Such b eing the case ,  the predominant 

P desorption and sorption characteris tics of a soil of modera te  to high P 

s ta tus should be  qualitatively s imula ted by a s imple s ingle ' r egion ' model . 

In order to tes t this hypo thes is a s ingle  ' r egion ' Langmuir model was 

cons truc ted (Appendix VI) and used to s imulate  some of the P desorp t ion 

and sorpt ion experiments conduc ted in the labora tory and the resul t s  o f  b o th 

were compared . 
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Th e  laboratory experimental progratrume had the following obj ec tives : 

( 1 )  Measurement o f  P desorption - to assess some cond i t ions 

affec t ing the removal of lab ile  soil P ,  as d efined by 

that extrac table  in \va ter . 

(2 )  Assessment of exchange reac t ions - to  examine s ome factors 

affec t ing the rate  and extent of P exchange , and therefore 

also equilibrium conditions wi thin a soil . 

(3 )  . Measurement o f  P sorption - b y  addi tion of P from various 

source s  and examination of the wa ter-extrac tabl e  and Olsen P 

levels as they reflect no t only the net effect o f  applied P ,  

but also th e component c6ntributions o f  applied P a nd 

previously sorb ed P to these  net eff ec ts . 

The soils examined were from contras ting s trata in order to evaluate 

the effect  o f  P s ta tus on the above measurements . Because soils from 

slopes occupy the greates t proportion of each hill paddock , mos t  

measurements were mad e  in these so ils . 

5 . 2  Materials and Methods 

5 . 2 . 1 Laborato�y experiments 

Soil samples for these experiments were collected to a depth o f  

7 cm from each s tra tum of the field trial area ( Sec tion 3) . This depth 

range represented the zone of maj or  roo t ac tivity (Sec tion 4 )  and therefore 

was of greates t  a gronomic interes t .  S o i l  was air dried to approximat ely 

5% moisture content by weight and s ieve d  to pass a 2-mm s ieve . 

5 . 2 . 1 . 1  Measurements of P d esorption 

5 . 2 . 1 . 1 . 1  Effect of wa ter : soil ratio and extrac tion 

per iod on d esorption o f  P .  Soil from the North 

0 aspec t  25 s lope \vas used to assess the effec t of water : so il ratio and 
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duration o f  shaking (end-over-end a t  4 5  r . p . m . )  o n  the amount o f  DIP . 

The water : soil ratios used were 20 : 1 , 4 0 : 1 ,  60 : 1 ,  and 80 : 1 , on an oven-

dry soil basis and shaking involved either �, 1 ,  or 2 hour periods . The 

2-hour extract ion was repeat ed at all rat ios . The DIP concentrat ion o f  

each extract was measured following centrifugat ion and filtration 

( S e c t ion 3) . 

5 . 2 . 1 . 1 . 2  Effect of successive extractions 

with water on desorption of P .  Six success ive 

0 . 
hal f-hour extract ions of DIP from a North aspect  25 slope soil were made 

us ing water : soil ratios of 20 : 1  and 40 : 1 .  In a s imilar experiment using 

a 4 5° slope soil , 13 successive half-hour and 8 successive 1 -hour 

extractions of DIP at a water : soil rat io of 40 : 1  were made . 

5 . 2 . 1 . 1 . 3  Effect of antecedent soil moisture 

content on the desorption of P .  During previous 

experiments it  became apparent tha t the amount of DIP was affected by 

antecedent soil moisture conditions . This effect  was examined in more 

detail by wet ting air-d ried soil from all s t rata t o  90% field capacity 

and incubating for 2 days . The soil was sampled in an air-dry condition 

and subsequently after incubation for 1 and 2 days at 90% field capacity . 

0 
The North aspect campsite  and 45 slope soils were also sampled after 

incubat ion for 1 2  days . These two soils were then redried to  an air-dry 

condition and sampled 2 days later . 

Water-extractab le P was removed by shaking at  a 4 0 : 1 water : so il 

rat io . An ext ract ion period of � hour was used following the resul ts 

o f  experiments in Sect ion 5 . 2 . 1 . 1 . 2  which showed that DIP was lit t le 

affected . by shaking periods ranging from � to  2 hours . 



5 . 2 . 1 . 2 Evaluat ion of P exchange rea c t ions 

5 . 2 . 1 . 2 . 1  ya te  of applied carrier-free 32P .  Carrier-free 32p 

was applied to a ir-dri ed so il from the North aspec t 25° slope in 
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suff ic ient water to reach 90%  field capacity (measured as mois ture content 

at 50-mm tens ion) and tho roughly mixed . After 1 � ,  6�, and 24 

hours , DIP (40 : 1 "rater : so il ra tio on an oven-dry basis shaken for 2 hours) , 

b icarbonate-extractable P (modifi ed Olsen) , to tal  inorganic P (40 : 1 

1NH2so4 : soil ratio on an oven-dry basi� shaken for 2 hours), to tal P a f ter 

ignition (550°C for 2 hours and extrac tion wi th 40 : 1  1NH2so4 : so il ra tio  

a s  for  inorganic P determination) , and also total P as determined by 

Na2co3 fusion (Syers et al . ,  1968)  wer e  measured . 

Suspens ions from each extraction were centrifuged , filtered , and 

3 1  s ub-sampled for measurement of P con tent , as describ ed i n  S ection 3 .  

F h d · · f 3 2p · · 1 1 1 · dd d 1 0ml or t e eterm1nat1on o act1v1ty a -m a 1quot was a e to 

o f  triton-toluene scintillation cocktail (Patterson and Green , 19 65)  i n  

a counting vial . Isotope ac tivity was determined us ing a Beckman LS-350 

l iquid scintillation counter (discrimina tor channel opening a t  range 

30- 1000  and Ga in setting on 490) . Counting efficiency varied with 

extrac t  type and was determined by addition o f  known isotope s tandards to 

non-lab ell ed samples of the appropriate extracts . As a safeguard , an  

ext ernal s tandard was also used with an automa tic quench to ensure tha t 

all samples of each extract  type exhibited s imilar counting efficiences . 

5 . 2 . 1 . 2 . 2  Effect  of soil P s tatus on net sorption o f  applied 
. f 32P f " 1  1 . carr1er- ree rom s o 1  so u t1on . Carrier-

32 free P was added to air-dried soil from South aspec t campsites , Nor th 

0 aspec t  campsites , and 4 5  slopes in sufficient water to r each 9 0 %  f ield 

capacity ,  and thoroughly mixed . These soils represented a wide range in 

/ 
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s o i l  P s tatus . At intervals up to 96 hrs o f  incubation . (a t  approxima tely 

2 0°C) ,  all soils were analyzed for DIP ( 40 : 1 wa ter : soil ra tio ) and 

b icarbonate-extractable P (modified Ols en) . The North aspect campsi te 

and 45° slope soils were s imilarly sampled af ter incubation for 12  days . 

E h 1 1 d f 1 32p . a c  extract was a so ana yze o r  to ta 1sotope content . 

5 . 2 � 1 . 3  Measurements o f  P sorption 

5 . 2 . 1 . 3 . 1  Effects of the addi tion to soil of wa ter-solub l e  
P f rom various sources . Water-soluble P*( 3�from 

s up erphosphat e ,  dried sheep faeces , and dried ryegrass,  ( li t ter ) , ,.ms 

32 " lab elled" with carrier-free P and added to soil previously incuba ted at 

f i eld capacity for 1 1  days . Thes e three treatments were compared with the 

addition o f  carrier-free 3 2� only ( control t rea tment) to s imilarly incubated 

s o il . Each treatment was replicated 5 times ( 100-g sample  p er replicate) . 

The soils used were 0-7-cm depth samples from North aspect campsite 

d 450 1 an s apes . The "plus P" trea tments received a to tal of 88 . 51.lg 3 1p £ 1 

with an inorganic P content ( expressed as a %  o f  total P as follows ) : 

superpho sp�at e  100% inorganic P 

dung 89% " 11 

litter 89% 1 1  1 1  

32 - 1  
P was added in each treatment a t  a rate equivalent to 0 . 6 �Ci g soil . 

Fol lowing thorough mixing , soil was allowed to dry to approximately 60%  

f i eld capacity ( %  by weigh t) . Sampling ( duplica tes of 2-g oven dry 

equivalent per trea tment )  was conduc ted 1 ,  3 ,  7 ,  1 4 ,  and 4 2  days following 

3 2p 1 '  . app. 1cats..on . 3 1  Samples were analyzed for to ta l  water-extra c tabl e  P ( a t  

b o th 10 : 1  and 40 : 1  water : soil ratios shaken for � hour) and bicarb ona te­

extrac table  inorganic 3 1P (a 20 : 1  NaHC03 : soil ratio shaken for � hour) . 

* -G t 'lg le e x.t,-a.. t . 



5 . 2 . 2  The Langmuir Model 

The origina l Langmuir model for describing the adsorption of gases 

on solids was based on the following assumptions (Hoore ,  1 9 6 6 ) : 

( l ) " The solid surface contains a fixed numb er of adsorp tion 
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sites . At equilibr ium a t  any t empera ture and gas pressur e ,  

a frac t ion o f  the s i t e s  i s  occupied by adsorb ed molecules , 

and a frac tion ( 1-8 )  is no t occupied , 

( 2 ) Each site can hold one adsorb ed molecule , 

( 3) The heat  o f  adsorption i s  the same for all sites  and does 

not depend on the frac t ion covered , and 

(4 )  There is no interac t ion b etween molecules on  d i fferent 

s ites . The chance tha t  a molecule condenses a t  an 

unoccupied s ite or leaves an occupied site does no t d ep end 

on whether or not neighbouring s it es are occupied" . 

In applying thes e assumptions to the sorp t ion of P from solut ion 

by a soil , they can be res tated as follmv-s : 

P sorp t ion ra te  (SR) from solution � solution P concentra tion 

x proportion of s ites on the solid surface that are unoccupied . 

i . e . , SR � (Pconc )  ( l  - 8 )  

S imilarly , the desorp t ion ra te  (DR) o f  P from the solid to solution 

is propor tional to the proportion o f  f illed sorp t ion si tes . 

i . e . , DR � 8 

These can be expressed in the following form :  

SR K1 (P  cone.) ( l  - e )  - - - - ( 5  . 1 ) 

and DR = K2 ( 8 ) - - - - - - - - - - - - - - ( 5 .  2) 

This model was programmed on a Burroughs B6700 compu ter using 

C . S . M . P  ( shown in detail in Append ix VI) . 
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Arb i trary values were used for the appropriate cons tants and soil 

parameters , and the model was operated until an equilibrium was reached , 

i . e . , until SR = DR . 

"Experiments " conducted with the model were as follows : 

5 . 2 . 2 . 1 Measurements of P desorption (Langmuir model) 

The total amount o f  P removed by two-extrac tions a t  a ratio of 

40 : 1  was compared with that removed by a single extrac tion a t  80 : 1 . 

This was accomplished by cons idering the sys tem a t  equilibrium, 

lowering solut ion P concentra t ion to zero , and allowing the model to 

restore equilibrium . For a repeat extrac t ion the level o f  P on the solid 

was reduced to the new equilibrium level and P concentration again lowered 

to zero . For an 80 : 1  extrac t ion the solution : solid ratio was adj us ted 

appropria tely . 

5 . 2 . 2 . 1 . 2  The effect o f  repea ted extractions on 

removal of wa ter-extractable P (Langmuir model) . A 

series o f  5 success ive extractions at a 4 0 : 1  ra tio was conduc t ed in order 

to es tablish the shape .of a P-exhaus tion curve and to a s s ess  any effect of 

P s ta tus on this relationship . 

5 . 2 . 2 . 2 Fate of an appli ed ' label ' (Langmuir model) . 

The exchange occurring within a dynamic sys tem at equilibrium 

is mos t  easily ass essed in t erms of the t ime required for a small amount 

o f  ' labelled ' P added to the soil solution to be  s imilarly at equilibrium 

within th e sys tem. In practice , iso topes provide the ' label ' .  In the 

- 1  model a small amount (0 . 00 1� g  m l  ) of lab elled P was added t o  the solution . 

"High" and "Low" P s tatus sys tems ,.,ere compared in terms o f  the time taken 

for the added ' label ' to reach equil ibrium and on the l evel of label 

remaining in solution at this t ime . 
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5 . 2 . 2 . 3  Measurements of P sorption (Langmuir model) 

5 . 2 . 2 . 3 . 1  The fa te  o f  added P .  The effect  of adding two ra tes 

of P (80�g P and 1 20�g P) to both High and Low P s ta tus sys tems was 

s tudied . The effect was measur ed both in terms o f  the final concentra tion 

of P in 4 0ml of solution and the to tal P on the solid at equilibrium .  

5 . 3  Results and Discussion 

5 . 3 . 1 Measurements of P d esorption 

5 . 3 . 1 . 1  Effect of wat er : so il ratio and extrac tion 

period on desorption of P 

Wa t er-extrac table  P increased with an increas e  in wa ter : soil ratio 

from 20 to 80 (Fig . 5 . 1 ) .  Doub ling the extraction ratio had a smaller 

effec t  than a second extrac tion a t  the same ratio in removing addi tional P .  

This effect \'las more  pronounced a t  high ratios . For example ,  with a 

- 1  2-hour shaking , the P extrac t ed by a single 40 : 1  extrac t ion ( 6 . 9pg  P g ) 

was only marginally l ess than the total r emoved by two 20 : 1  extra c tions 

-1 ( 7 . 3�g p g ) .  The difference was grea ter , however , when comparing the 

P removed by an so·: 1 extraction ( 10 . 1 �g P g - 1 ) with that  removed in a 
. . 

- 1  r epea t ed 40 : 1  extraction ( 1 2 . 5 �g P g ) .  The difference between the 

amounts of P r emoved by the two lower extraction ratio s  was no t 

s ignificant i . e . , 
- 1  

only 0 . 4 �g P g This compared with a differ ence o f  

2 . 4 �  P g- 1  a t  the higher ratios , i . e . ,  a 6-fold increas e  for a 2-fold 

increas e  in ratio . 

The grea ter amount o f  P released in 2 successive extrac tions , 

compared with tha t removed by a s ingl e  extrac tion of the same total 

volume , is in agreement with the resul ts from the Langmuir mod el ( Tabl e  5 . 1 ) 

and d emons trates tha t the effect  was due only to the greater d esorp tion 
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Soil 

High P 

Lm-1 P 
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Effect  of solution : soil ratio on extraction 

of P (Langmuir model) 

2 x 40 : 1  extrac tions 

- 1  
(J.lg p g ) 

39 . 6  

1 0 . 9  

1 x 80 : 1 extractions 

- 1  
(J.lg  p g ) 

34 . 8  

9 . 7  

(as % o f  2 x 40 : 1  total) 

8 7 . 9  

8 9 . 7  
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opportunity provided by the doub l e-extraction method . The greater 

advantage of two extrac tions under conditions of low extrac tion efficiency 

( i . e . , at  higher water : soil ratios)  is s imilarly explained . The 

- 1  - 1  increasing efficiency of P extrac tion ( i . e . , � g P g m l  water) at  lower 

water : soil ratios sugges ts that p lant P uptake from the soil solution a t  

extremely low ratios may b e  very efficient , relative t o  laboratory 

procedures as used in this experiment . 

The small difference in wat er-extractabl e  P removed by either a 

s ingle 4 0 : 1  or a r epeated 20 : 1  extract ion , compared with the greater 

difference at higher ratios , suggests that at  a gi�en soil P s tatus , the 

total volume of wa ter employed b ecomes an increas ingly important fac tor 

determining P desorp tion as solution : soil ratio decreas es . The Langmuir 

model showed that this relationship also applied as soil P s tatus decl ines . 

Consequently , in the field situation it  appears that the reported effects 

o f  low s o il mois ture l evel in limiting plant P up take (Finn and Mack , 1 9 6 4 )  

could b e  due largely t o  a low l evel o f  P desorp t ion into soil solution as 

well as a corresponding lo-v1 transfer · of  P to the plant root ( Thomas and 

P easlee , 1 9 7 5) . 

The amount of DIP was affected littl e  by an increase in extrac tion 

p eriod f ram � to 2 hours , although the grea tes t effect was at  higher 

extrac t ion ratios . Therefore , while P r eleas e f rom a single , compared 

with 2 successive extrac t ions occupying differing total times have b e en 

compared , such differences would no t al ter the conclusions reached , 

especially at low solution : soil ratios . 

5 . 3 . 1 . 2 Effect o f  successive extractions with 

water on desorption of P .  

The relationship b e tv1een DIP releas e per extraction and 

cumula t ive DIP release was s imilar with differing extraction ratios (with 
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the North aspec t  25°slope s o i l )  and durat ions (wi th the North aspect 4 5° 

slope soil) , as shmm in Fig . 5 .  2 .  The approxima tely l inear o r  sligh t ly 

curvil inear relationship \vas  similar to that displayed by the Langmuir 

mod el (Fig . 5 . 3) ,  indica ting tha t desorb ed P was o f  a slowly released 

and progressively diminishing form . The almo s t  s traight  l ine P 

exhaus tion curve was s imilar to the lower part of  a curve ob tained by 

Shapiro and Fried ( 1959)  in a continuous desorption experimen t  and also to 

tho s e  pres ented by Wilson ( 1 9 6 8) from s imilar experiments . From a series 

-3 of  350 s equential extrac t ions using 10 N CaC12 a t  a very low ratio with 

soil  ( i . e . , 3 . 5ml : 5g so il ) , Peaslee and Balleaux ( 19 7 7 )  graphically 

ident ified three phases of P release during desorp tion of  previously 

sorbed  P .  Inspec tion o f  the desorption curves i n  Figs . 5 . 2  and 5 . 3  does 

no t r eveal any obvious abrup t changes in desorption rate which would 

indicate the exhaus tion of  P in a particular region (Ryden and S yers , 1 9 7 7 ) . 

The h igh \vat er : soil ratio , and therefore the relatively insensi tive 

desorption pro cedure used , may have obscured such changes . 

Ryden et al . ( 19 7 2)  ob ta ined a s traigh t l ine desorption relationship 

from repea ted extractions o f  P from an A1 hor izon soil of a heavily 

fer tilized soil  of  high pH using 0 . 1M NaCl as th e desorbing solution . 

Thi s  rela t ionship was at tribu ted to the dissolution of d icalc ium phosphat e  

dihydrate . The possib i l i ty of the dis solution of a discrete-phase  

fertilizer reac t ion product s ignif icantly contributing to P release in the 

present laboratory experimen ts was checked . Solution Ca levels were not 

suf f icien tly high for s igni ficant dicalcium phosphate dissolu tion to have 

occur red . 

I t  is pos s ible tha t particle breakdown could have contribu ted towards 

s tab iliza t ion of  extrac t P concentra tion toward th e end of  the experimen ts . 

Ryden ( 19 7 5) , hmvever , no t ed with severa l soils that shaking for periods 
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f rom 1 to  7 days did not  affect  subsequent  P sorp tion . I t  is probab l e  

then tha t particle breakdown d i d  not s ignifLcantly contribute t o  P 

desorption in thes e experiments . 

The s imilarity b etween laboratory and Langmuir model results 

sugges ts that  P release conformed predominantly to that of a s ingle region 

sys tem in the soil studie d . In the Langmuir model P release per extra c tion 

decreased successively , b oth in P content and as a % of the total remaining 

on the solid phase prior to extraction ( i . e . , the decline was from 39 . 7% 

in the first extraction from the High P soil �o 29 . 2% in the final 

extrac tion f rom the Low P soil , :Fig . 5 . 3 ) .  This illus trates a declining 

efficiency of P release into solution and therefore infers a s imila rly 

decreasing availability for plant P uptake as soil P level declines . 

5 . 3 . 1 . 3  Effect of antecedent soil moisture 

content on desorption of P .  

- 1  The amount o f  DIP i n  6 air-dried soils ranged from 1 0 . 7� g  P g 

0 - 1  i n  the South aspec t 45  s lope soil t o  77 . 1�g  P g in the South aspec t 

campsite soil . Titis represents an approximat ely 7-fold range in P s ta tus 

( Table 5 . 2 ) . Despite this range , all soils showed a similar propor tional 

decrease in DIP (Fig . 5 . 4 )  when incubated at 90% field capaci ty ( Tab l e  5 . 2 ) .  

DIP values after 2 days o f  incubation ranged from 34 . 0  to 53 . 1% o f  that 

measured in the air-dried conditon . This relatively narrow range in the 

percentage reduction o f  DIP suggests that the effect was proportional to 

s oil P s ta tus . Continued incubation for 1 2  days caused a fur ther decline 

in DIP values for the two s oils s tudied . Following redrying , DIP 

increased , although after two days the values did not reach the original 

level . 

Sissingh ( 1969)  also demonstra ted an effect of antecedent soil 

mois ture on water-extractable P by wett ing samples to varying degrees to 

13 . 3% mois ture content and incubat ing for 2� days . Water-extractable P 



Table  5 . 2  Amounts o f  total wa ter-extractaole P (TDP) in air-dried 

soil from each s tratum of the f ield trial area and 

mois ture content of each soil during subsequent 

incubation 

TDP from air-dried soil 
- 1  

(�g p g ) 

North a spect 

South aspect 

Moisture content at 

90% field capac ity 

(%  by weight)  

North aspect 

South aspect 

Campsites 
0 25 slopes 

39 . 2  14 . 7  

7 7 . 1  1 2 . 9  

83 . 8  66 . 2  

70 . 0  6 1 . 2  

0 4 5  slopes 

1 1 . 7  

1 0 . 7  

60 . 0  

5 5 . 4  
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dec lined a s  previous soil mois ture con tent increased to 6 . 7% but little  

additional effec t was measured at  higher antecedent mois ture l evel s . 

The effect  was greates t in soils containing a high proportion of organic 

matter . Air-dried soils in the present s tudy contained approximately 

1 9 1  

5 %  mois ture . TI1e effec t of incubating at  a much higher mo is ture content 

( i . e . , 90%  of f ield capaci ty)  in this s tudy was therefore  much greater 

than tha t observed by Sis s ingh ( 1969) . 

All soils in the pres ent s tudy were of relatively high organic 

matter content (Table 3 . 22) . Drying may promo te mineraliza tion o f  

o rganic P to inorganic forms , as no ted b y  Barr and Ulrich ( 19 63)  during the 

d rying of plant materials . Such forms vmuld b e  readily water-extractabl e  

b u t  could rapidly b e  immobilized b y  microb ial activity during the warm 

( approximately 20°c·) and moist  incuba tion conditions used in this 

experiment .  Thus , it is pos s ible tha t changes in the labile organic P 

l evels during incubation were respons ible for the measured changes in DIP . 

However s oil DOP , which may have reflected these changes , was no t measured 

in thi s  ins tance .  The exponential decline in DIP , \vhich was rapid during 

the initial 2 days of incub at ion and then s lower for the following 10  day s , 

could have b een due to a gradual conversion o f  more-physically sorbed P ,  

p erhaps  initially originating from organic P ,  to chemisorb ed P in region 

II . This would sugges t therefore that the characteris tics o f  incubated 

soil may even more closely res emb le a s ingle-region sys tem than the air­

dried s o il used in the previous P desorpt ion experiments . 

5 . 3 . 2  Evaluation of P exchange reactions 

5 . 3 . 2 . 1 Fa te of applied �arrier-free 32P .  

After 1� hours of incub ation , the DIP fraction contained only 1 1 %  o f  

applied 32P and only 27% o f  that added was extractabl e  with the Olsen 
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b icarbonate reagent (Fig . 5 . 5) .  This demons tra tes an extremely rapid 

loss o f  iso topically-exchangeable P into .l ess-readily extrac table forms . 

Af ter 1� hours , only 64% of the 32P applied was extracted by 1N H
2

so
4 

after ignition ( "total P" ) and this proportion d id no t al ter significantly 

over 24 hours . Fus ion wi th Na2co3 of the res idue obtained af ter ignition 

and acid extrac tion showed that the igni tion method removed between 

-1  1 333  and 1 4 30�g P g i . e . , approximately 7 7% o f  that measured by Na2co3 

fus ion ( i . e . , 1 740 to 1850�g P g
- 1 ) .  Even the Na

2
co

3 
fusion method 

accounted for only 88 to 98%  of the total isotope applied suggesting e i ther 

32 that some los s of P occurred during extraction or , as is perhaps mor e  

likely , that errors in coun t ing caused these discrepancies . Dunbar and 
. 32  

Baker ( 1965)  also recovered only 90 . 0  to 9 1 . 6% o f  added P associated 

with the to tal "active solid phas e" P .  

The to tal organic P fraction , calculated as the difference betw een 

·total  "ignition" P and total inorganic P ,  apparently contained approximat ely 

10% o f  the added isotope a f t er only 1� hours of incuba tion . This incr ea s ed 

to about 20% after 6� hours and remained at  th is l evel until 24 hours . 

I t  appears highly unlikely that such incorporat ion into organic forms 

could have occurred so rap idly , especially in a previously air-dried soil  

when mic rob ial activity would have b een minimal . Later results (Sec t ion 

5 . 3 . 2 . 2) sugges t that a possible build-up of isotopically-exchangeab l e  P 

in the Olsen-extractable o rganic P fraction can occur over a longer 

period ( i . e . , 2 to 12 days)  in a soil that has previously b een incub a t ed . 

I t  is more probable that not all of the differ ence in isotope content 

b e tween total P and to tal inorganic P fractions is attributable to organic 

P and tha t  the maj ority o f  the difference is due to a change in 

extra ctab ility of ino rganic P following igni tion . (Williams e t  al . ,  1 9 7 0 ) . 
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The soil used in  this experiment (Waingaro s teepland) is c lassified 

as a moderately weathered yellow-brown earth (Bruc e ,  1976 ) . B ecause of 

regular superphosphate topdres sing , it  is o f  moderately high P s tatus . 

Given thes e conditions , it would appear unl ikely that incorporation o f  

iso topically-exchangeable  P into s econdary forms of P not extractable  by 

1N H2so4 , or into the organic P fraction , could account for all of the 

20% isotope attributed to be present in organic P .  

extrac tion following ignition markedly underestimated the "to tal " P l evel , 

it  would no t b e  unexpected if total inorganic P extracted by 1N H2so4 

was also appreciably l ess  than the full amount . Dormaar and Web s ter 

( 19 6 4 )  measured incomplete recovery o f  total P from mineral soil . In 

addi tion ,  they considered that in inorganic soil s , combus tion was 

incomplete at temperatures less than 650°C but at  higher than 400°C 

vola tilization could occur . Becaus e the soil us ed in this s tudy had a 

relatively high o rganic matter content ( approxima tely 20% by weight) , 

these effects c ould account for some of the unexpec ted resul ts described 

above . 

As previous ly no ted , there was an extremely rapid loss o f  

iso topically-exchangeabl e ,  water-extrac table P following 32P addition . 

I t  i s  possible tha t becaus e of the much wider water : soil ratio p resent  than 

in a mois t soil , the extraction procedure facilitated .b etter contact and 

may have b een a maj or fac tor promoting net P sorption . This possib il i ty 

was t es ted by comparing specific activities of 1 : 1  and 40 : 1  water : soil 

extrac ts . The respective specific ac t ivity l evels one hour a fter iso tope 

31 - 1  addition were 3595  and 3040cpm �g P . This demons trated tha t the wider 

solut ion : soil ra tio was not a fac tor promoting exceptional iso tope sorption . 

These results support the f indings of Barbier et  al . ( 1954)  and Mattingly 
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and Talibudeen ( 1960) who concluded that varying soil : solution ratio had 

l ittle effect on the rate of iso topic exchange . 

The differences in iso tope content b etween the various forms o f  

P occurred largely within 1 �  hours of 32
P add it ion . The subsequent s lower 

32 decline in P content o f  the DIP , Olsen , and to tal inorganic P fractions 

was at  a s imilar rate , indica ting that iso topi c  exchange bet\veen these 

f ractions had reached a relative equilib rium . Apart from the s l ight rise  

in  igni tion " total" P isotope content between 1� and 6 hours of incub ation , 

the same relative equilib rium could also be  said to subs equently include 

the TP frac tion . I t  was therefore apparent that an extremely dynamic 

equilib rium exis ted within the soil and that any changes in P content o f  

the more labile fractions would be  quickly reflected in a t  leas t a l l  i norganic 

forms of soil P .  

5 . 3 . 2 . 2  Effect of soil P s tatus on net sorption o f  

applied carrier-free 32P from soil solution 

The South aspect campsite so il , Nor th aspect campsite soil , 

and Nor th asp ect 4 5° s lope soil used in this experiment contained 7 0 . 9 ,  

- 1 36 . 0 ,  and 1 7 . 0pg P g , respectively , of DIP , and 1 83 . 7 ,  104 . 0 ,  and 40 . 2pg  

- 1  P g , respectively , o f  Olsen P when analyzed in an air-dry condi tion . 

The proportion of applied 32P which remained either water o r  O l s en 

extrac table  after any incubation p eriod was higher in soils of higher P 

status , i . e . , higher in extracts from the South campsite soil than from 

0 the Nor th 45 s lope soil  (Fig . 5 . 6 ) . Mos t  o f  the 32P added to each soil  

was no t water-extrac table o r  Olsen-extrac table  within 1 hour o f  app lication . 

The propor t ion of 32P in solution after tha t t ime , however ,  was mo re r elated 

to soil P s tatus . The Langmuir model s imilarly showed that a t  equilib rium 

the High P soil contained the highes t propor tion of lab el in solution 

(Tab le 5 .  3) . 
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Tabl e  5 . 3  :ifect of soil P sta tus on the fate of applied label 

and the time r equired to reach equilibrium 

(Langmuir mod el )  

Equilibrium l evel 

o f  label in solution 

(�g p g
- l  X 1 0-5) 

Equilibrium level 

o f  label on s olid 

( �g p g- 1 X 1 0-3 ) 

Time required for solution 

to reach equilibrium · 

( time units)  

High P soil 

5 .  34 

1 . 86 

6 . 00 

Low P soil 

3 . 35 

2 . 66 

4 . 40  

1 9 7  
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The Langmuir model also indicated that the iso tope should also take 

longer to reach an equilib rium level in a . soil of high P s tatus ( Tabl e  5 . 'iJ ,  

i . e . , 6 . 00 time units in the High P soil and 4 . 4 0  time units in the Low P 

" 1  Th " . d b . b h . d 3 1P 1 1 . so1 . 1s was exam1ne y express1ng ot 1sotope an eve s 1n 

each extract in terms of Rela tive Specific Ac tivi ty (RSA) . At an 

equilibrium values for RSA in both DIP and Olsen extrac ts should be equa l . 

Th e results in Fig . 5 . 7  suggest that al though equilib rium had occurred in 

0 the 4 5  s lope s oil after a 48-hour incubation , it  was not reached in either 

o f  the high P s tatus campsite  soils after 96 hours . Also it  had no t b een 

reached following a 1 2-day incubation of the North campsite soil . In  this 

respec t ,  the results suppor ted those from the Langmuir model . The greater 

time required for a High P soil to  reach equilibrium is a reflection o f  the 

higher proportion of occupied sorp tion s ites on the solid phas e .  The 

number of ions in solution s triking occupied surfac e  sites , and therefore 

reflected (as assumed by the Langmuir model) would be higher than in a 

Low P soil . This \olOUld reduce the net sorption rate . 

The equil ibrium b et·Heen DIP and Olsen P in the 45° s lope soil 

appeared to s tab ilise �vith the Olsen RSA at a slightly higher level than 

tha t of water-extractable . While the difference was small , i t  may have 

b . d d b . . f 32P . b .  b b l  een 1 n  uce y 1ncorpora t1on o some 1nto 1car onate-extracta e 

organic forms during this p eriod . If  the 3 1P content of thes e forms was 

unmeasured , i . e . , no hydrolysis occurred prior to , or during measurement 

o f  inorganic P ,  then the derived RSA values for the Olsen. extract would b e  

higher than the true level . Conversely , complete  hydrolysis of any 

organic P pres ent in the Olsen extract (MacLean ,  1 9 65 ;  Halm et al . ,  1 9 7 2) 

woul d  lead to an underestimation of RSA . In the 4 5° s lope soil at  l ea s t ,  

it appears that the net effect is one of Olsen P RSA overestimation relative 

to the water-extrac table RSA value , i . e . , some incorpora tion of 32
P into 
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bicarbonate-extractable organic forms has o ccurred . This b eing so , i t  is 

also likely tha t the same occurred in both campsite soils which may 

therefore b e  even further from equilibrium than indicated in Fig . 5 . 7 .  

The very wide range in P s tatus of the soils used in this experiment  

had relatively l i t tle effect on  the propor tion o f  isotope retained in 

solution by each soil af ter any incubation period . This indicates tha t 

the equilib rium ' b etween the s e  labile P forms and less-available forms was 

s imilarly little affected by P status , although the RSA values indicat e  

that complete equilibrium b etween DIP and Olsen-extractable P forms in 

very h igh P s tatus soils may have b een significantly delayed . 

5 . 3 . 3 Effects  of the addition to soil of · p 

from various sources . 

The s e  effects \vere evaluated by determining both 
3 1

P content 
. 32 

(as a measure of "apparent"  recovery of added P) and P content (as a 

measure of "true" recovery of added P)  o f  wat er and bicarbonate extrac ts . 

5 . 3 . 3 . 1 31  
Changes in  extract P content . All three forms 

of added P ,  i . e . , from lit ter , dung , and superphosphate sourc es , caus ed 

an increas e in the P content of water and Ols en extracts from b o th soils . 

This amount declined sharply in the water  extracts over the subs equent  

7 days , whereas changes in Ols en P over the same p eriod were more variab l e  

(Fig . 5 .  8 ) . I n  general , the increase in P l evel in the extracts reflected 

the amounts o f  added inorganic P ,  b eing highes t for the s up erphospha t e  

- 1  treatment , which received 88 . 5�g inorganic P g s oil , and lower and 

s imilar in the pas ture and dung treatments , which both received 7 9 �g 

- 1  inorganic P g soil . 

Af ter 4 2  days of incub ation only a very small proportion of the 

added P remained in a water-extractab l e  form . Even with the super-
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phospha te trea tment the P level in the 40 : 1  �..rater extract was only 7]J g 

and 4]J g ab ove control ( no added P)  in the campsite and 4 5° slope so il s , 

r espectively . The Ols en P levels remained mor e  s table and in the 

superpho spha te trea tment were 29J.l g and 24]J g P above the contro l ,  

r espectively ; this s till represented only 33  and 27% , respec tively , of 

the added P .  The net sorption los s  of both '"a ter-extrac tab le  and Ols en 

P appeared- to b e  only s ligh tly affec ted by initial soil P s tatus . The 

results suppor ted the Langmuir model , however , in that the greatest 

increa s es in solution P l evel were r ecorded in the so il o f  higher P 

s ta tus ( Tabl e  5 . 4 ) . Added P from bo th litter and dung sources appeared 

to show s imilar net effects , although the increase  in P conten t  o f  water 

and Olsen extrac ts was greater from dung in mos t  cases . This was 

especially so after 4 2  days of incub ation when the dung P l evels were 
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higher than for the lit ter treatment in all extrac ts , the d iff erence b eing 

no t s ignificant (P � 0 . 05)  in only the TDP extrac ted at a 4 0 : 1 wa ter : soil 

ratio from the 4 5° slope soil . 

Af ter 4 2  days the TDP lev el ( 4 0 : 1 ra t io )  in the camp s i te soil wh ich 

had received P from l iiter was s ignificantly {P � 0 . 05) less at 2 1 . 7]J g  3 1P 

g- 1 than in the control trea tment ( 25 . 3]J g  3 1P g- 1 ) ,  indicating a net 

immobiliza tion of previously-extrac tab le P .  The associa ted l evel of TDP 

extrac ted a t  n 10 : 1  ra tio was however higher ( i . e . ,  10 . 6  compared to 

3 1 1 9 . 2]J g  P g- ) than the control trea tment a t  this time . Tha t such a 

situa tion c ould arise appears high ly unlikely and the difference between 

the 3 1P l evels of the 40 : 1 \v-a ter extracts from the litter and control 

treatments in the Nor th campsite s o il was mor e  likely due to experimental 

error , l eading to ei ther an overes tima tion of the control or an under-

estimate - o f  the litter trea tmen t value . 



Table 5 . 4  Effect o f  soil P s tatus on the fate of applied P 

(Langmuir model) 

High P soil Low P soil 

Level o f  added' P 

(llg P)  0 + 80 + 120  0 + 80 + 1 20 

Total P in s olution 

at equil ib rium 7 4 . 8  14 1 . 9 1 78 . 2  10 . 4  53 . 7  83 . 4  

Total P on solid 

at  equil ibrium 65 . 1  7 8 . 0  8 1 . 7  20 . 6  5 7 . 3  67 . 6  
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The Olsen P values for the l itter and dung treatments varied 

erra tically in both so ils over the incuba tion period , indica ting variab le 

net immob ilization and mineraliza tion of inor ganic and organic P ,  

respec tively . The r eason fo� this is unexplained in view of the 

rela tively s table Ols en levels in the superphosphate and control trea tments .  

The fluc tua tions may have b een stimulated by the small amount of organic P 

or perhaps . associa ted C and N also added in the litter and dung trea tments . 

Af ter 53 days o f  incubation , more detailed analys is was undertaken 

to determine the fate of applied 3 1P .( Tabl e  5 .  5) . Addition of P in all 

forms induced a r is e  in 0 . 1N-NaOH extrac tab l e  inorganic P levels and in all 

0 but one treatment ( dung P on lf5 s lope soil) , also a smaller dec l ine in 

0 . 1N NaOH organic P .  This effect was grea ter on the camps ite than on 

the 45° s lope soil . The increase in 0 . 1N NaOH ino rganic P in the campsite 

-1  0 soil over all trea tments ranged from 80 to 1 0 3).l g  P g and on the 4 5  slope 

-1 Soil from 33 to 69).l g  P g Thes e increa s es were obviously derived from 

both added P and the mineralization of 0 . 1N-NaOH extractable organic P .  

The net r is e  above thnt attributab le to mineralized organic P Has frcm 

24 to 40f.l g on the camps"ite and from 19 to 33f.l g on the 4 5° slope soil  and 

must represent the minimum possible net contributions from added P .  Thes e 

levels o f  P increa s e  were s imilar to the rise  in Olsen P levels a f ter 

42 days of incubation and therefore could have occurred largely within this 

frac tion . 

The obs erved ' priming ' effect of added inorganic P in reducing 

0 . 1N NaOH organic P l evels has been reported previously (Acquaye ,  1 96 3 ; 

HcCall et  .al:, 1"9 6 3 ;  Enwezor , 1966 ; Smith , 1966) . The effec t was s imilar 

in all plus-P trea tments and therefore was apparently more rela ted to the 

inorganic P con tent of each treatment than to associa t ed organic  P ,  carbon , 

or nitrogen components associated with wa ter-extrac table  P from lit ter and 



Table 5 . 5  Amounts of soil P fractions after 53 days of . incubation both with and without addition 

Treatment 

. - 1  of  water-extrac table P from pasture litter , dung , and superphosphate sources (�g P g ) 

Soil 0 . 1N NaOH Total Total To tal 

(North aspect Inorganic Organic inorganic p organic 

only) p p 
( lN H2so4 (Ignition ( Ignition 

Total 

p 

(Na2co3 
extrac table) method) method)  fusion method) 

Control Campsite 766 629 1044 . 1806 762  2 160 
0 4 5  slope 4 15 347 526 922  396 1 240 

Litter P Campsite 869 566 l l 20 1897  7 7 7  2210  
0 4 5  slope 4 7 6  2 9 5  568 952 384 1 280 

Dung P Campsite 85 1 578 1090 1900 8 10 2270 
0 4 5  slope 448 347 545 9 32 387 1 250 

Superphosphate P Camps ite 84 6 573 1 1 1 2  1 8 74 762  2330 
0 

4 5  slope 484 307 575  956  38 1 1 3 1 0  

N 0 \.n 
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dung , which also may have promo ted P mineral isa tion . 

As discussed in Sec tion 5 .  3 .  2 . 1  ino-rganic P extracted by lN H2so 4 

appears to represent , in the soils f rom the field trial area , an incomplete 

es tima te of to tal inorganic P .  The measured increases in the inorganic P 

l evel in the c ampsite soil plus-P treatments ,  however , were equivalent to 

a large propor tion of the added P .  On the 45° s lope soil the corresponding 

P level increases above control wer e smaller . 

To tal P measured by Na2co3 fus io� was higher in all plus-P 

treatments than in the control , but the marginal differences were no t 

s ignificant a t  this l evel of measurement . The results illus trated 

further the incomplete measure of to tal P provided by t�e ignition method , 

i . e . , equiva l ent to about 85% and 75%  of tha t measured by Na2co3 fusion on 

0 the campsite and 45  slope soils , respectively . 

Only minor trea tment effects on the total organic P level were 

measured . These sugges ted a slight increase in the camps ite  soil but , 

0 convers ely , a decrease in the 4 5  s lope soil organic P level . Thes e 

changes , ho-.;.T ever , were no t significant . 

5 . 3 . 3 .  2 .  Changes i n  extract 32P content . 

Th 1 1 f 32p . d h 1 dd d e eve o 1n any extrac t  represente t e ac tua a e 

P remaining in_ solution , as dis tinc t from solution 
31

P l evel which included 

some previously sorb ed 3 1P .  

Th 3 2  
1 1 . 11 1 ( . . f 32P e P eve 1n a contro treatments 1 . e . , carr1 er- ree 

applied) declined throughout the 42-day incubation perio d ,  indicating that  

f h .  . 32p . 1 . h d f 11 ' lib d . h h even a ter t 1s t1me 1n so ut1on a not u y equ1 rate w1t t e 

exchangeab l e  31P pool (Fig . 5 . 9 ) . Where 32P was added to soil with 3 1P 

( i . e . , with either a litter , dung , or superphosphate P extract) , variab le 

effec ts were ob tained during sub sequent incubation. At the final sampling 
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32 

Change i n  P conten t  o f  A wa t er-ext rac tab l e  P ( 1 0 : 1 

ratio ) , B wa ter -extrac t�b l e  P (4 0 : 1 ra tio ) , and C 

Ol sen P a t  various times follow ing add i tion to soil  o f  

3 2P lab ell ed wa ter-extrac tab l e  P f rom super pho spha t e  

( · -- · ) , l it te r  ( x -- x) , dung ( o  o ) , a n d  contro l -

carrier f r e e  3 2p added ( ·  - -- · ) ; lef t s id e = nor th  

a sp ec t camp s i t e  s o i l  and  righ t  s i d e  = no r th aspec t 4 5° 
s lope s o i l . 
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on day 42 , however , the 32P content of all extracts f rom plus-P trea tments 

was higher than from the contro l ,  and higher from the campsite  soil  in all 

ins tances . The 
32

P content o f  the plus-P treatments ( i . e . , the l evel o f  

added P )  generally tended t o  s tabilize , a f ter about 14 days . The extent 

of early downward displacement ( i . e . , over days 1 to 14) of the p lus-P 

32 
trea tment P levels in either water or Olsen extrac ts , rela tive to 

control , appeared to be related to the quantity of added P .  At the high 

added P l evel ( e . g . ,  the superphospha te treatment) the 32P in solution 

tended to remain higher throughout incubation than in the contro l , 

espec ially in the 1 0 : 1  wa ter extrac t .  At lower levels of added P ,  the 

1 . 32
p . . . 11 d d b 1 h f h 1 b f so ut�on content �n� t�a y ecrease e ow t at  o t e contra e ore 

reaching a more s tab le l evel . ·In general , the amount of added P remaining 

in solution tended to reach an equilib rium after approxima tely 14 days . 

32  The P content o f  the solution at this equilibrium was propor tional to 

th e to tal ino rganic P added and also to the P s ta tus of the soil , both 

fac tors which influenced the 3 1
P cont ent of the soil solution . 

5 . 4  General Discuss ion 

Soil solu t ion P is known to be in dynamic  equilibrium with P on the 

solid phase ( Taylor and Gurney, 1962) . Both sorp tion and desorption 

experiments us ing so ils from the f ield trial area showed that any 

dis turbance of the solution P concentration resul ted in a move toward 

rapid es tab lishment of a ne\v equilibrium . Thes e  effects could be predic ted 

qualitatively by a s imple Langmuir model with fixed sorption and desorption 

rate cons tants . This suggests that in the soils studied , which were o f  

either modera te P sta tus ( from s lopes) or  high P s ta tus ( from campsi tes ) , 

P in solution was predominan tly rela ted to a solid phase of uniform 
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sorp tion and desorption charac teris tics . 

The exis tence wi thin soils of at least  two regions of differing P 

sorp tion charac teristics has widely been reported ( Shapiro and Fried , 1 9 5 9 ; 

Mulj adi , 1966 ; Syers et al . ,  19 7 3 ; Ryden and Syers , 1 9 7 5<\) . This was 

confirmed in the present experiments . The rap id loss of carrier-free 

32 
P from solution indicated the pres ence of a rapidly exchanging and 

probab ly loosely-bound form o f  P .  The similar rapid loss of P from even 

1N H2so4-extrac table forms , however ,  demons trated that cons iderab le sorp tion 

had occurred also on sites which were relatively inaccessible for sub s equent 

exchange . Thes e sites may b e  those  associated with the "absorp tion" 

pro cess  pos tulated by Ryden ( 1975) to expla in the s lm.J decline in solution 

isotope content with incubation . I t  is likely , however , tha t th e rapidly 

exchanging forms of P will dominate  the sorption charac teris tics of the 

soil during prolonged incubation . 

Soil P l evels recorded in Section 3 indica ted  tha t region I P 

sorption sites (Ryden and Syers , 1 9 75�) in these s oils were saturated . 

The continued extraction o f  P by water , despite s everal successiv2 desorpt io� 

cycles , sugges ted that cons iderable mobilization of chemisorb ed P in 

region II to more-physically sorb ed P had occurred . This continued over 

a r elatively large net P d esorp tion range and in this s itua tion demons tra ted 

the predominant influence o f  region II characteris tics . 

To tal P desorb ed by successive extractions could b e  regarded as 

equivalent to that induced by prolonged plant P up take , e . g . , the annual 

0 - 1  pas ture P up take from 2 5  s lopes was 39 . 4kg ha ( Table 3 . 6) . Within a 

soil depth of 7 cm this would b e  equivalent to P desorp tion of approxima tely 

- 1  70�g P g per year . Annual plant P up take would therefore induc e an 

apprec iab le decrease in s olution P concentra tion if direct contributions 

to the plant-available  pool over the same p eriod f rom f ertili zer , litter , 
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and dung , and from the minerali zation o f  organic P from various soil o r  

organic residue sources were excluded . 1he relative significance of 

f ertilizer P contributions , compared with inorganic P from o ther sources , 

could only b e  determined in the field situation from a series of P 

desorption measurements conduc ted dur ing a long period when topdress ing 

did no t occur . 

The signiricance of solu tion : s oil ratio in affecting desorption was 

d emons trated by Barrow ( 19 7 7) us ing O . �M NaHC03 . I t  was also inherent 

in the "capacity factor" derived by Cole et al . ( 19 7 7 ) , which decreased 

as solution P concentration increased . Th e  desorption experiments in the 

p res ent s tudy indicated that solut ion volume was an increasingly important 

factor at low soil  mois ture levels and that the effectivenes s of P 

desorption per uni t volume of solution tended to increase as the solution : 

soil ratio declined . Such resul ts sugges t that soil solution P 

concentrat ions in field soils may b e  relatively high compared with those 

o f  much wider rat ios as used in labora tory experiments . 

The primary effect of soil mois ture content on plant P uptake will 

operate through the l evel of P release into the soil solution . A 

secondary effect , however , will b e  the influence o f  soil moisture content 

on the rat e  of P d iffus ion to the p lant root . The fac tor limiting plant 

P uptake a t  a given soil mois ture content will depend on both the soil P 

status as it  affects the equilibrium P concen tration o f  the soil solu tion 

and the s o il texture as it affects the P diffus ion coefficient (Olsen and 

Watenab e ,  1963) . 

The addition to the so il solution o f  wa ter-extractable P from either 

litter , dung , or superphosphate sources resul ted in a . rapid net sorption 

of P .  Th e  almos t complete loss o f  added P from water-extractable forms 
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a f ter 4 2  days o f  incubation displayed a similar relationship to that 

described by Ryden et al . ( 19 7 7 )  as the "relative extrac tab ility o f  

added P" ( two 40 : 1  solution : soil ratio extractions o f  1 hour each) during 

subsequent incuba tion . In the p resent s tudy , the Olsen ' pool ' retained 

a greater proportion of added P al though the real effec t on this frac tion 

of added P from litter and dung sources was not clear . 

The res idual increase in solution P concentration af ter 4 2  days of 

incub at ion appeared to b e  relatively unaffec ted by the source of applied 

P ,  but more related to the amount of inorganic P added . · I t  would appear 

then tha t water-extra ctable inorganic P derived from ei ther litter or dung 

was equally as effec tive in increasing soil P levels , a t  leas t soil TDP 

levels , a s  was P from superphosphate . Cons equently , i t  is probable that 

P from these various sources can be regarded as having a similar plant 

availab ility in the soil . In the field situation . the r ela tive contributions 

of P from either li tter or dung to plant uptake would s eem to be limited 

p rimarily by the net rate of inorganic P release and organic P mineralization 

f rom these materials as largely a fferi ted by temp era ture (Floate , 1 9 70c) , 

mois ture content (Floate , 19 70d) and associated microb ial ac tivity (Birch , 

1 9 6 1 ; Ellis , 1 9 7 4 ) . 

In general , the Olsen P measurements were less satisfac tory than 

water-extractab le P measurements in reflecting the effects of added P on 

solution P concentration . This was especially so in the lit ter and dung 

trea tments , although the reason for this is unexplained . The us e o f  

water-extractab le P ,  however , should b e  comb ined with a s tandard sample 

incubation or prepara tion procedure . The sharp decline in water-extractabl e  

P following the incub ation at high mois ture content of previously air-dried 

soils sugges ts that care is required in defining wa ter-extrac table  P ,  and in 

relating it  to o ther forms of P ,  or to plant-ava ilable P .  This would b e  
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particularly so in contras ting seasons when topsoil  mois ture content may 

range from near wil ting point to grea ter .than f ield capacity for prolonged 

periods . Although the effect o f  intermediate moi s ture levels was no t 

evaluated , it  appears that some pre-incubation would b e  desirab le where 

r esults are to b e  related to field condi tions . 



S ECTION 6 



CHARACTERI ZATION OF SHORT-TERM, PLANT-AVAILABLE P 

USING A DOUBLE LABELLING TECHNIQUE 

6 . 1  Introduc t ion 

Plant P r equirements may be cons id ered ei ther over a short  term 

( i . e . , availab l e  over a p eriod of day s )  or as tha t  po tentially availab le  

over a year or more .  As sessments o f  available P are g enera lly related 

to plant uptake over a prolonged perio d , i . e . , they include a measure o f  
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the capacity o f  the soil t o  supply P .  Such estimates have b een ob tained 

b y  calculating the levels of iso topically�exchangeable P ,  as with the 

L value (Lars en ,  1 950) and A value ( Fr ied and D ean,  19 52a )  techniques or by 

empirical methods using ei ther water (van der Paauw, 19 7 1 ), acid ( Truog , 

1930) , or alkal ine (Olsen et al . ,  1 9 54)  extrac tants . Any such estima tes 

are involved primarily with P on the solid pha s e  and do no t a ttempt to 

measure P in s o lution ,  i . e . , that immedia tely available to plants . The 

determination o f  plant P up take over short periods of time is difficul t  

b ecause o f  the small quantities involved . The measurement o f  this poo l 

of highly available so il P would es tablish a non-empirical referenc e point 

to which mor e  exhaus tive and empirical so il test procedures could b e  r ela ted . 

This would p ermit examination of the r ela tionship between plant uptake of 

P and that  within any defined "pool" in the soil and thus how thi s  

relationship may vary with different soils and differing plant species . 

A technique was developed to charac terize soil P taken up by plants 

over a shor t p er iod of time . This was evalua ted using two so ils o f  

d iffering P s ta tus and using ryegras s  and white c lover . Plant P uptake 

was compared w i th the amounts of b o th wa ter- and bicarbona t e- extrac tabl e  P 

in the soils . 



6 . 2  Materials and Methods 

The technique us ed to evalua te "short-term" plant-available P 

involved the us e o f  both 32P and 33
P .  A growing plant \-las placed in 

contac t with soil  tha t had been incuba ted with carrier-free 3 3
p for a 
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- 32 relatively long p eriod and subsequently also with P for a short period . 

Cons equently , p lant P up take over a given period involved 3 2P and 
33

p in 

a c ertain ratio . This ratio was rela ted to that in differ ent soil 

extracts . 

6 . 2 . 1  Prepara tion o f  plants 

Both ryegras s  (Lolium perenne ; Grass lands "Nui") and ,.,hite  clover 

( Trifolium r,epens ; Grass lands "Huia " )  were used . 

The technique employed was tha t d eveloped by Stanford and de Hent 

( 1957) . A small ( 300ml) plas tic tub with the bot tom removed was placed 

\-lithin a s imilar c omplete tub and f illed three-quarters with c l ean sand . 

Approximately 7.0 s eeds were sown on th e s urface ,  which was covered and 

watered . Following germination the s eed lings wer e  watered daily and 

maintained at a t emperature of 20° ± 4°C .  Twice weekly , a complete 

nutrient solution , including P (Middleton and Toxopeus , 1 9 73)  was applied 

a t  a rate of 3 0ml per po t .  After 2-3 weeks , when approxima tely 1 g  o f  

pas ture dry ma tter was produced , the nutrient supply was reduced to one 

application per week for a further 2 weeks . Clover was no t innocula ted 

but adequately supplied with nitrogen from the nutrient solution . By 

this time plant roots were well  d eveloped , having explored the full depth 

o f  sand (Plate 6· f) and were ready for p lac ing in contact wi th iso tope-

lab el led soil . 



Plate 6 . 1  Ryegrass grown in sand wi thin nes ted 

pots (lef t s ide) and showing root  

development (centre) prior to  placement 

in contact with iso tope-labelled and 

incubated soil (right s ide) . 

2 1 5  



2 1 6  

6 . 2 . 2  Prepara tion of soil 

The soils used were from 0-7cm depth from the Nor th aspec t  camps ite  

0 and 4 5  slope strata ( S ec tion 3) . They were air-dried and passed through 

a 2-mm sieve . 

Air-dry soil ( 30g) was pl�ced in a 300-ml plas tic tub , as us ed to 

grow the plants ; and carrier-free 
33

P added ( 0 . 78�Ci g
- 1  

soil) in sufficient 

water to reach field capacity . This was mixed thoroughly and incuba ted 

for 27 days at approximat ely 60% f ield capac ity . On day 2 7 ,  carrier-free 

32P was added ( 0 . 3 �Ci g- 1  soil ) , mixed , and allowed to stand until day 30 

ready for "before-plant" sampling and placement o f  plants . 

The above incubation p eriods were selec ted from previous s tudies 

(Section 5)  for the following reasons . The 33P was allowed to incubate  for 

as long as conveniently poss ible , to enable equilibration with the mor e  

readily-extrac table  inorganic s o i l  P .  A three-day 
3 2

P incuba tion p eriod 

was chos en as the time r equired for the initial rapid decl ine in total 

isotope l evel to have ceased , s o  that the subs equent rate of change was 

rela tively slow . 

Becaus e the 32P had no t equilibrated with soil P to the same extent 

as 3 3P ,  the 32P : 33p ratio was h igher in the mos t  labile soil P pools . 

Ideally , this ratio should b e  s tab le over the p eriod o f  plant P uptake . 

6 . 2 . 3  Sampling and analysis procedures · 

6 . 2 . 3 . 1  Soil analys is 

Soil samples were taken bo th before (day 30) and after 

(day 3 5) plant P uptake to measure any changes in iso tope ra tio occurr ing 

in the soil extrac ts over this period . 

S o il ( 2g per sample) was analyzed for wa ter-extrac table P conten t  
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(bo th at 1 0 : 1 and 40 : 1  wa ter : soil ratios) and for Olsen P ,  a s  outlined in 

S e c tion 5 . 2 . 1 . 3 .  To tal 32
P and 

33P activities ( dpm) were measured 

s imultaneously using discriminator channel settings of 30-71 0 for 33P and 

150- 1 000 for 3 2P (at a Gain s etting of 490) . Automatic quench control 

was used to minimize overlap of counts into the adj acent channel setting 

range . The counting eff iciencies of  both isotopes in any extract and th e 

3 2  . 33  carry over of P 1nto the P channel were determined by adding knm11n 

32P and 33p s tandards to unlab elled samples of  the appropria te extrac ts . 

An example of  the effect o f  extract type on counting effic iency is shown 

in Appendix VII . 

6 . 2 . 3 . 2  Plant sampling and analysis 

On day 30 the bot toml ess tub containing grass or  clover was 

s eparated from the lower whole tub . Any compac ted roots pro truding from 

the bottom of the sand were loos ened and the tub placed within the tub 

containing iso tope-'labelled ' soil . These were pressed f irmly together to 

ensure maximum root : soil contact and left for 5 days . 

Prior to plant placement , the soil in the lower tub was wetted to 

f ield capacity . and the sand in the upper tub containing the growing plants 

was allowed to dry more than previously . This was found to encourage 

maximum rate of root pene tration into the soil following contac t .  Over 

the plant contact period , small amounts of additional water . were supplied 

b etween the rims of  the nes ted tubs . This rewetted the soil but not the 

s urface sand . 

Previous pilot exper ' ments showed that appreciable P iso tope uptake 

o ccurred in grasses after 2 days and that this l evel was highes t from soil  

of  h igh P sta tus . This was usually , but no t ah1ays , associated with 

ext ensive root penetration into the labelled so il . With c lover , however ,  
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· roo t exploration of the soil was much s lower and therefore a 5-day 

contac t period \•laS chosen for both species . 

On day 3 5  all top grmvth \-las harves ted from each pot , oven dried 

overnight at 6 0°C ,  and f inely ground in a forced draught chamb er . To tal 

3 1P content was measured as des crib ed in S ection 3 . 2 . 4 . 3  and both 32
P and 

33P activity measured as for soil extracts . 

6 . 3  Results and D iscussion 

6 . 3 . 1  Soil 3 1P levels 

There was no s ignificant difference in either wat �r-extractable or 

Ols en 3 1P l evels b etween each of the soils used for clover or ryegrass P 

up take ( Tab le 6 . 1 ) . 0 This was the case for bo th campsite and 45  slope 

soils . Whereas the soil P levels after plant P uptake in each cas e showed 

a small  decline f rom the "before plant" level , this wa s no t s tatistically 

s ignificant .  S ome of the difference could b e  attributed to P removal by 

the plant over 5 days but this would have b een a very small amount . I t  

is l ikely that the measured lower l evels were caused by some contamination 

o f  the s o il with sand . Soil was collected af ter inverting the tubs so 

that the soil res ted on the sand used to initially grow each plant . The 

network o f  roo ts pres ent , especially grass roo ts , made soil collec tion 

difficult and some so il samples did contain a small amount of sand . Thi s  

would have d ilu ted the so il sample with some cons equent reduc tion in 

measured P conc entra tion . Because of the long incubation period prior to 

plant placement it  is unlikely tha t any marked decline in water-extractab l e  

P values occurred during plant P up take a s  was shown to occur during a 

2-day incubation period (S ection 5 . 3 . 1 . 3 ) . 



Table 6 . 1  

Soil 

North 
Campsite 

North 
4 5°slope 

Soil P levels b efore plant P uptake and soil and plant P levels 
- 1  

after plant P uptake (� g  P g ) 

Soil P 

Before plant P up take After plant P up take 

Water-extractable Ols en Water-extractable Olsen 
p p p p 

Treatment 10 : 1 40 : 1  10 : 1  40 : 1  

White clover 10 . 0  27 . 2  165 . 6  9 . 2  22 . 6  156 . 3  

Ryegrass 10 . 7  29 . 0  1 73 . 5  8 . 7  22 . 0  1 7 3 . 0  

White clover 5 . 0  1 5 . 3  7 6 . 3  4 . 5  1 5 . 0  7 4 . 4  

Ryegrass 4 . 9  1 6 . 7  7 3 . 2  4 . 8  14 . 6  78 . 1  

Plant P 

960  

1230 

790 

1 1 50 

N ...... 
\0 
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6 . 3 . 2  P lant 
3 1

P levels 

The P concentration of both the white clover and ryegrass ranged 

- 1  from 790 to 1 230 � g  P g and were therefore considered to b e  a t  a 

d eficient level (McNaught ,  1970) . This \vas so even though both species 

appeared to b e  in a heal thy condition during the experiment . Both 

ryegrass and white clover were treated s imilarly in all respects and 

therefore it could b e  expec ted that the P concentration levels in each 

were s imilar b efore b eing placed in contact with soil . I t  is possib le ,  

hmvever , that b ecaus e o f  a less intensive root sys tem white clover 

s uf fered with respec t  to P uptake and may have contained less P at the 

s tart of the experiment . Neverth el es s ,  the P levels wi thin either the 

grasses or clovers would have initially b een s imilar . The measured 

different plant P l evels with the two soils , induced over a 5-day uptake 

p er iod , were therefore direc tly due to different levels of available soil 

P .  The P c oncentra tion in ryegrass  on the 45° slope soil was only 

s l i ghtly lower than that on the campsite soil , reflecting the relatively 

efficient explora tory ability of grass roots . This contras ts with the 

greater difference b etween clover P levels on the different soil s , a 

r ef lection o f  the dependence of clover on a higher soil P s tatus becaus e 

of its less extens ive root sys tem . 

The very low plant P levels obviously induced rapid P uptake from each 

so il ; a fac tor necessary for the a ttainment of measureable  iso tope l evels 

over a shor t  experimental p eriod . 

6 . 3 . 3  Soil and plant 
32

P and 
33P ratios 

The express ion of the P uptake by plants from soil and the P content 

of each so il extract in terms of a component isotope ratio provided a 
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distinc tive means of charac terization . The 32P :
33

P ratio o f  the water-

extractable P was always higher than that o f  Olsen P ( Table  6 . 2) .  This 

would be expec t ed b ecaus e it is a reflec tion of the Rela tive S p ecific 

Activi ty (RSA) values measured in S ec t ion 5 ,  excep t that in this experiment , 

33P has effec t ively replaced 3 1P as the denominator in the ra tio . 

A comparison of "b efore" �nd "after" isotope ratios in each soil 

extract shpws that there was a change during the 5-day period allowed for 

plant uptake . This change was mos t  marked in the campsite  soil . 

I t  is likely that the greatest . up take of P in this experiment \vould 

have occurred in the la tter part of the 5-day contact period as root : soil 

contact rapidly improved . Cons equently , it  follows tha t the plant isotope 

ra tio should be more s imilar to the "a f t er" than the "b efore" soil isotope 

ra tio . B ecau s e  the ra tio declined during the experiment ,  a mean value 

f rom "before" and "after" ratios would s lightly over-es timate  the mean 

. 32  33  rat1o o f  the P and P ,  taken up  by the plant . For campsite soil growing 

c lover , the calculated mean ratios for 1 0 : 1  and 40 : 1  water-extrac table  P 

after plant growth were 0 . 8 66 and 0 . 959 , respec tively . In the corresponding 

sys tem with gras s , the 'relative isotope ratios were 0 . 89 1  and 0 . 9 22 . The 

t 
mean ratio in b o th cases was slighly h igher in the 4 0 : 1 than in the 1 0 : 1  

water extract  sugges ting that this P pool was closer to tha t available to 

the plant . I n  no extract , however , did this ' over-es tima ted ' mean ratio 

exceed that in e i ther the clover or  ryegrass .  I t  therefore follows that 

each plant species mus t have ob tained P f rom a more lab ile fraction than 

represented by either 10 : 1  or 40 : 1  water extrac tab le P .  The differenc e ,  

0 however , was no t as grea t as occurred in the 45  s lope soil where the 

iso tope ra tio o f  plant P uptake was high er than in all s o il P extracts , 

both b efore and a f ter plant contact . � t  appears that a t  lower soil P 

s tatus , plant-available P was even l es s  well repres ented by  that extrac tabl e  



Tabl e  6 .  2 32P : 33p ratios in soil before plant P uptake and in 
32  33  soil  and plant material af ter p lant P uptake ( Pcpm : Pcpm) 

White clover Ryegrass 

Soil Extrac tion Before Af ter Before After 

Nor th 
camps i te \\la ter , 1 0 : 1 1 . 0 20 bB* 0 . 7 1 2  bB 1 . 054 ab AB 0 .  7 28 bB 

" 4 0 : 1 1 . 18 1  a A 0 .  7 3 7  bB 1 . 104 a A 0 . 7 39 bB 

Olsen 0 . 49 7  cC 0 . 48 1  cC 0 . 4 60 cC 0 . 444  cC 

Plant bB 0 . 97 0  a A bB 0 . 9 7 1  aA 

0 45  slope Water , 1 0 : 1  0 . 7 8 1  bA 0 . 64 1  bB 0 . 8 7 5  cC 0 . 524 cC 

" 4 0 : 1  0 . 744 bA 0 . 64 1  bB 0 . 954 bB 0 . 6 1 2  bB 

Olsen 0 . 5 10 cB 0 . 5 1 2  bB 0 . 5 37  dD 0 . 4 68  

Plant a A 1 . 0 1 6  aA a A 1 . 0 5 1  

* Duncan ' s  lettering (Duncan , 19 55) . Common small let ters are no t 

s ignificantly different a t  5% level o f  probab ility ;  capital 

letters at th e 1% l evel of probability . 

Differences examined within each soil either before or 

after plant uptake . 

dD 

a A 
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at  e i ther 10 : 1  or 40 : 1  wa ter : soil ratios . 

6 . 4  General Discussion 

The iso tope ra tio t echnique provided a very us eful means of 
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charac terizing immediately plant-available soil P .  The technique required 

only sufficient up take of P to al low measurement of the associated iso tope 

ac tivity . In both the campsite and 45° slope soils this \vas ob tained in 

two days with ryegrass . \·lith soils of lower P s tatus or  a plant species 

exhibiting l ess  rapid root expansion ( e . g . , white clover) , a longer p eriod 

is r equired . 

As indicated by the relatively high plant isotope - ra tio , the 

immediately plant-available P comprised a more labile f raction than that 

meas ured by any extract . For the campsite soil of very high P s tatus , 

this was mos t  s imilar to that extractable in water , either at  a 1 0 : 1  o r  a 

40 : 1  extraction ratio . 

0 
On the 4 5  s lope  soil , however , water-extractable P obviously 

represented a larger ' poo l ' than that explored by the plan t ,  i . e . ,  the 

lmver mean isotope ratio in the water extracts s ugges ts tha t an overall  

less  labile frac tion o f  P was extracted by water . This indicates tha t 

0 
water-extractable P from the 45  s lope soil (of  modera te P s tatus) 

comprised a more heterogenous frac tion than that extrac ted by water f rom 

the campsite soil (of high P s tatus ) . This was not reflected in any 

higher iso tope ratio in the 10 : 1  than in the 4 0 : 1  water extrac ts from the 

4 5° slope soil , however ,  as might b e  expec ted f rom the difference in 
3 1P 

levels o f  the extracts . The 10 : 1  water-extrac table P frac tion , therefore , 

would  appear to cons titute  merely a small  proportion ( about 1 /3) o f  wa ter-

extrac tab le P ob tained in the 40 : 1  extract . 
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The s ignificantly higher isotope ratio recorded in the 40 : 1  compared 

0 
with the 10 : 1  wa ter extrac t  from the 4 5  slope soil , both b efore and 

a f ter P uptake by grass , cannot be explained . No such difference was 

measured in the corresponding ' clover ' treatment . 

I t  mus t b e  concluded that while both the 10 : 1  and 40 : 1  water-

extractable P pools were overall isotopically uniform, the p lant P uptake 

occurred from only the mos t  lab ile component , extrac ting a form of P that 

had not partic ipated in exchange to the same extent as tha t comprising 

the greater part of the total water-extractable f rac tion . 

In a pilot experiment using a 1 : 1  wa ter : so il· ratio , the P extracted 

was equivalent to approximately 3 . 3% o f  that ob tained a t  a 40 : 1  ratio o r  

10%  o f  that a t  a 10 : 1  ra tio . During plant P up take the soil  was a t  a 

condition approximating field capacity ( i . e . , 9 3% by weight  for campsite 

soil and 67% for the 4 5° s lope soil) . The ac tual P in solution over the 

P uptake period ,  therefor e ,  would have represented less than 10% of that 

extracted by a 10 : 1  water extrac t .  I t  is pos s ib le ,  therefore , that a 

s i gnificant difference in isotope ratio could exi s t  between this frac tion , 

d i rec tly available to the plant , and that weakly sorbed by the solid 

phas e  but extrac table at a wider water : soil ratio . 

The same situation applied with the campsite  soil , al though the 

plant iso tope ratio was more similar to that in the water extrac ts f rom 

this soil , than from the 4 5° s lope soil . This could b e  expected both 

f rom cons ideration o f  the s lightly higher water : soil ratio o f  this soil 

at field capacity ,  therefore repr�senting a marginally greater proportion 

3 1  o f  the water-extractable P ,  and also f rom the greater P up take by plants 

f rom the campsite soil which would have promoted slightly greater desorp t ion 

o f  s olid phase  P than occurred in the 4 5° slope soil . 

There appeared to b e  no difference bet\-leen ryegrass  and wh ite c lover 
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in the form of P utilized , as  defined by their isotope ratios under the 

experimental conditions used . 3 1  Therefore , Lne higher P s ta tus o f  the 

ryegrass  could only be �ttributed to a more efficient root dis tribution 

in each s oil . This reflected a better ability of ryegrass than white 

clover to rapidly develop root growth and explore new zones o f  higher P 

availability . These conclus ions are in agreement with those  of Nye and 

Foster ( 19 58)  who cons idered tha t d ifferences in P uptake by various species 

was due to differences in roo t numb ers and roo t tips rather than to any 

o ther factor . The results also s upport those  of Mouat and Walker ( 19 59)  

and Jackman and Mouat ( 19 7 2) who also concluded that  the intensity o f  roo t  

network was the maj or  fac tor i n  the grea ter competitive ab ility of some 

species for P .  The apparently £as ter root development b y  ryegrass than 

white clover in this experiment sugges ts that roo t interception ab ility 

could b e  s ignificant in species es tablishment , particularly in soils o f  

relatively low P s tatus . 

In this context root intercep tion ability will  b e  o f  more importance 

in plant P uptake than when plants are well es tablished, where this factor 

may be regarded as of less s ignif icance (Lewis and Quirk , 1967a) . 

B ecause plant P up take occur s  from both the soil solution and P 

weakly h el d  on the solid phase it  would b e  expected that wa ter-extrac table 

P will be s imilar in isotope rat io to that  utilized by plants . Al though 

this was essentially correc t ,  the results suggested that water-extrac table 

P provided a l ess  accurate representation o f  directly-availabl e  P as soil P . 

s tatus d ec lined . I t  would b e  expec ted , however , that  plant P uptake over 

a per iod longer than 5 days , as used in this experiment ,  would relate more 

closely to water-extractable P .  The relationship o f  "more-physically" 

sorb ed P (as defined by Ryden and Syers , 19 7 7 ,  i . e . , P equivalent to that 

removed by  two success ive 1-hour extract ions at  a 40 : 1  water : soil ratio) 
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to that  directly availab l e  for  plant P uptake is  unknown . Unless the 

isoto pe ratio of the s econd 40 : 1  extract was markedly less than that of 

the f i rs t  extract ( Tabl e  6 .  2) , then it could be expected that "more-· 

physically sorbed P "  may closely res emble short-term plant-available P .  

Water-extrac tab le P was a cons iderably better index o f  direc tly 
-

plant-available P than was Olsen P .  This conclusion supplements the 

resul ts of. Luscombe ( 19 7 6 )  who derived a better relationship b et\veen the 

dry ma t ter yield response of ryegrass  and wa ter-extractabl e  P than with 

either Olsen or Truog P values . The isotope ratio results also support 

the resul ts ob tained by Rennes ( 1 9 7 8 )  who found that while  both wa ter-

extrac table P and plant P uptake values declined with time following P 

application , Olsen P values remained essentially cons tant over the same 

period . All of these resul ts demons trated the relative insensitivity of 

Olsen P to short-term up take o f  P by  plants . The relevance o f  Olsen P to 

that which i s  plant-availab le over a long term may bes t b e  de termined by 

es tabl ishing the relationship with water-extractable P .  A f ixed relation-

ship over a range o f  s oils would p rovide non-empirical s uppoL t  for i ts us e 

as an index of plant-available so il P .  The use o f  wa ter-extractab l e  P 

in conj unc t ion with a procedure which predic ts the longer-term supply o f  P 

may b e  the best approach toward providing a measure o f  b o th " intensi ty" and 

"capacity" factors o f  P supply , considered to be desirab l e  components of 

a soil P tes t ( Thomas and Peaslee , 1975)  which will relate to p lant 

available P .  
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SIMULATION OF "ABOVE-GROUND COMPONENTS 

OF THE P CYCLE IN STEEP ,. GRAZED PASTURE 

7 . 1  Introduc t ion 
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Although in an intensively-gra zed pastoral  sys tem, the grea test 

proportion o f  to tal P in the P cycle at any one time is contained in the 

soil , it is the "above-ground" components of the P cycle that appear to 

have the greatest effect on the effici�ncy of the cycle ( Karlovsky , 19 75) . 

Also it is with the above-ground components o f  the P cycle that the 

greates t scope for manipulation exis ts . Resul ts from S ec tion 3 demons trate, 

that in grazed hill pastures , topography has a maj or influence on the 

quantity of dung returned to different sites and therefore on the efficiency 

o f  the P cycle in this si tua tion . The disrup tion of the P cycle on very 

s teep s lopes was such that net trans fer losses could accoun t  for the greater 

I t  was part  of P annually applied as "maintenance" phosphate topdress ing . 

sugges ted in S ection 3 . 3 . 2 . 1 that the level o f  grazing and camping 

p ressure on each topographic s tratum within a paddock may also be affec ted 

by the proportion of the paddock occup ied by the s tratum . In paddocks 

which were relatively steep , therefore ,  the concentration of dung on all 

s trata could be relatively grea ter than in less steep paddocks . Other 

factors which may be considered likely to influence the net P balance on 

each s tratum are the l evel of pasture production and P content of the 

pas tur e ,  both of which directly affect P uptake from the soil , and also 

the level o f  pas ture utilization and therefore the proportion of P uptake 

that is returned to the soil as dung . 

In ord er to examine the ef fec t o f  variation in some o f  these factors , 

and to possibly extrapoia te the results of the field trial to other 



situat ions , a mathematical model of the "above-ground" components o f  the 

P cycl e  was . cons truc ted . This was based on  da ta from the north aspect 

paddock and developed to s imulate P uptake and return , and cons equently 

the net P balance on each s tratum over a p er iod of one year . 

7 . 2 }futerials and Methods 
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The "above'-ground" model as des crib ed in Appendix VI I I  \va s  cons truc ted 

us ing the following assumpt ions : 

1 .  

2 .  

Pas ture on all s trata was of the same mean P concentration . 

- 1  A single s tock unit was considered to require 550kg DM y r  

3 .  Stock preferentially grazed s trata in the order : campsi tes > 

0 0 
25 slopes > 4 5  slopes . The view that animals preferentially 

gra ze eas i er slopes is widely accep ted and confirmed by  Suckling 

( 1 9 75) who reported accumulation of rank pasture on s teeper 

and lower slop es even at relatively high s tocking rates . 

4 .  55% of total dung return was deposited on campsites and tracks 

during camping only , and the remainder \·laS dis tributed in 

propor tion to pas ture utiliza t ion on each s tratum ,  with the 

following excep tions : 
0 (a) Dung return to 45 slopes was , because 

of surfa c e  steepness , cons idered to be disproportiona tely low 

relative to pas ture utilization l evels . Mos t  of the grazing of 

0 pasture on  45  slopes vmuld be  done by s tock s tanding on adj acent  

tracks . Therefore only 50% o f  the dung returned to 4 5° slopes 

during grazing was considered to remain there . The o ther 50% 

was attrib uted to tracks (and therefore also to campsites ) . 

(b) \f:here a very high concentrat ion of dung accumula ted on 

campsites , it was considered that there vlas an associa ted greater 



return o f  dung to adj acent slopes . Cons equently , where dung 

- 1  
return exceeded 1 00kg P ha , 1 0 %  of the surplus was allocated 

to 25° s lopes . 

5 .  10% o f  P intake by animals was los t f rom the grazing area in 

animal produc ts . 

This model \vas opera ted incorporating parameters for paddock 

topography , pasture dry matter production , pas ture P content , and pas ture 

utilization s imilar to those measured on the north aspect paddock 
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(Section 3) . As a validation tes t the appropriate data for the more s teep 

south aspect  paddock were sub s tituted and the model re-run . 

These effects were evaluated in two model paddocks of contrasting 

topogr aphy ; a moderately-s teep paddock s imilar to the north aspect 

paddock of the field  trial ( 20% of the paddock in campsites , 5 5% in 25° 

slopes , and 25% in 4 5° slopes )  and a steep paddock ( 10% in camp sites , 

30% in 25° slopes and 60% in 4 5° slopes ) , in  order to assess i f  any 

mod i fying influence o f  paddock topographic composition occurs , as was 

sugges ted in S ection 3 . 3 . 2 . 1 .  Such a comparison could not b e  clearly 

made using the field trial results b ecause pas ture production on s imilar 

s trata differed bettveen aspects . In the "model" , however ,  pas ture 

p ro duct ion on a particular stra tum was the same in both paddocks . 

The following manipulat ions of the model were examined : 

7 . 2 . 1 Effec t o f  s tocking rate on the net P 

balance in each s tratum 

The maximum s to cking rate on the moderately s teep paddock was 1 2 . 2  

- 1  - 1  s to ck uni ts ha and on the s teep paddock 1 0 . 2  s to ck uni ts ha . Pasture 

utilization by gra zing animals on each s tratum at  thes e s tocking levels 

was c onsidered to be 7 5 ,  85 , and 70% of available pas ture on campsites , 
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0 0 2 5  s l o p es , and 4 5  s lopes , respectively ¥Jhich \vould r ep res ent  near 

maximum ob ta inab l e  on th es e s tra ta ( Sec t ion 3) . In each paddock pas ture 

pro duc t ion was 1 1 , 000 , 8 , 50 0 , and 5 , 500 on c ampsi tes , 2 5
° 

slopes , and 4 5
° 

- 1  
slopes , respec t ively , \vi th a c ommon P con ten t o f  4 , 5 00JJ g g The e f f e c t 

of lowering s tocking ra t e  to hal f  the maximum while s t i l l  maintaining h igh 

util i z a t ion levels on campsi t es and 2 5
° 

slopes was examined . This  

s imula t ed a s ituat ion where poor pas ture control  \vas achieved on s teep 

s lopes with p erhaps a s s o c iated ingress of unpal a table weed species , and 

sub s equent gra zing pressure on camps and 
_
eas i er s lopes \va s s ti l l  high , 

b ut a t  a reduced overa l l  s tocking for th e paddo ck as a whole . 

7 . 2 . 2  Effect o f  overall pas tu�e ut i l i za t ion l evel 

on th e  net  P balanc e on each s tra tum 

Pas ture utiliza t io n  in mo s t  large hill  pa ddocks would generally be  

l ower than th e high l evel  s et in S ec t ion 7 . 2 . 1 ,  par ticularly on  s t e ep 

slopes . The effe ct  o f  lower util i z a t ion leve l s , i . e . , 65 , 7 0 ,  and 5 5% 

on campsi tes , 2 5° s lopes , and 4 5° s lopes , respec t ively , on the net P 

balance on en c h  s t ra t um was th erefore examined . Thes e levels r epresented 

a n  overa l l  average pas ture  u t i l i za t ion level o f  65 and 63 % f o r  the 

moderat ely s teep and s teep paddocks , res p ec tivel y .  Th es e l evels coul d  

b e  s imilar t o  that ob ta ined by many hill farmers . 

7 . 2 . 3  Eff e c t  o f  pasture production l evel on the net  

P balance on each s t ratum 

In order to eva lua t e  the effec t o f  dry ma t t er produc tion alone on 

the ne t P ba lanc e th e  annual pa s t ure growth on each s tra tum was considered 

t o  dec reas e by 20% from tho se l evels describ ed in  Sec t ion 7 .  2 . 1 .  i . e . , 

- 1  - 1  0 
to  8 , 800 kg DM ha on camps i t es , 6 , 80 0  kg DM ha on 2 5  s lopes and 
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- 1  0 
4 , 400  kg DM ha on 45 s lopes . The pas ture P content was maintained at 

-1 4 , 500�g g Utilization of this pas ture was at  the high levels set in 

S ec t ion 7 .  2 . 1 .  This situa t ion s imulates conditions where annual pas ture 

growth is limited , perhaps b� clima tic conditions , but becaus e of a 

r elat ive shortage of pas ture , u tilization levels are high . 

7 . 2 . 4  Effect of pasture P content on the net P balance 

on each stratum 

In order to determine the effect of pas ture P content alone on the 

net P balance on each stratum the P concentra tion was reduced f rom 

4 , SOO�g g- 1  
to 3 , 500�g g- 1  while maintaining the produc tion and utilization 

levels s et in Section 7 . 2 . 1 .  This s imulates a condition where higher than 

adequat e  pas ture P concentrations are allowed to decline to a lower level 

which is not associated with reduced pas ture growth , p erhaps resulting 

from a reduced fertilizer input af ter earlier higher rates associated with 

a pasture improvement programme . 

7 . 3  Results and Discussion 

7 . 3 . 1  Model validation 

The net P balance for each s tratum on the north aspec t  ( Table 7 . 1 ) ,  

as derived by the model , demons trated that  the assumptions made for the 

model were realis t ic in relat ion to the f ield situa tion . By us ing the 

same model , and incorporating values for relevant parameters from the 

south aspec t ,  a net P balance was similarly derived for all s trata on the 

south aspect ( Tabl e  7 . 1 ) .  The model s lightly over�es timated the net P 

loss f ro� the south _aspec t 25° s tratum , relative to field results , but 

otherwise provided an es tima te of P transfer remarkab ly close  to that 



Table 7 . 1 S imulated P uptake and return in paddocks on north- and south-facing 

aspects (Section 3) incorporating parameter values measured in the field 

North South 

Campsites 
0 

25 slopes 
0 

45 slopes Campsites 
0 

25 slopes 

Dist ribution o f  strata 
% of to tal area) 20 55 25  10  45  

Pasture production 
(kg ha- 1 ) 1 1 140 8600 5400 1 2500 7000 

Maximum pas ture utilization 
(% of total available ) 80 85 75 75 85 

Pas ture P concentration 
(il g g- 1 ) 4500 4500 4500 4 500 4500 

S tocking rate 
( S . U. ha- 1 ) 1 2 . 2  1 2 . 2  1 2 . 2  9 . 5  9 . 5 

Pas ture P uptake 
(kg ha- 1 ) 50 . 1  38 . 7  24 . 3  56 . 2  3 1 . 5  

Litter P return 
(kg ha- 1 ) .  10 . 0  5 . 8  6 . 1  1 4 . 0  4 . 7  

Dung P return 
(kg ha- 1 ) 1 10 . 4  10 . 7  3 . 6  164 . 8  1 1 . 9  

Net P transfer 
(kg ha- 1 ) + 65 . 3  - 1 7 . 8  - 1 4 . 1  + 1 1 6 . 8  - 1 3 . 7  

Measured P trans fer 
(from Tab le 3 . 2 ) 
(kg ha- 1 ) + 60 . 7  - 1 9 . 5 - 15 . 4  + 1 1 9 . 8  - 1 0 . 0  

0 . . 
45 slopes 

45 

4500 

80 

4 500 

9 . 5  

20 . 2  

4 . 0  

1 . 5 

- 1 2 . 7  

- 1 3 . 8  

N 
w 
N 



measure� in the field . 
0 

The lower measured net P transfer loss from 25  

s lopes , than that estimated by  the model ,
" 

may have been due to  an  even 

0 
greater P return to south aspect 25 s lopes in dung than to north aspect 

0 2 5  slopes , i . e . , the model appeared to  have under estimated the " spill-

over" effect o f  dung from campsites to 25° slopes at the higher level of 

dung return to campsites , which occurred on the south aspect . 

The generally close simulation o f  net P transfer on the three 
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south-aspect s t rata was taken as evidence that the model was sufficiently 

r ealistic to be  useful in evaluating the effects  of other t reatments on 

P uptake and r eturn to each stratum .  

7 . 3 . 2  Model manipulations 

7 . 3 . 2 . 1 Effect of stocking rate on the ��� P b������ 

on each stratum .  

Reducing the stocking rate by half had the effect of 

0 
withdrawing grazing pressure completely from 4 5  slopes i n  bo th paddocks 

( Table 7 . 2 ) . Consequently , net P los ses from these areas were nil . 

Conversely , pas ture on camps ites was s till utilized to the maximum . 

The lower total stock numbers , however , contributed less dung to campsites 

and therefore the net P surplus was equivalent to 1 /3 or  less of that at 

the maximum s t ocking rate . 0 : 
The effects on 25 slopes reflected the 

relative propo rtion that this slope group occupied of each paddock . In 

the steep paddock the 25° slopes occup ied only 30% of paddock area and 

therefore grazing pressure and net P losses were higher than in the 

moderately steep paddock where 25° slopes covered 55% of the area and 

grazing pressure was lower . At hal f  maximum stocking rate the fertilizer 

required to correct transfer losses from slopes over the whole o f  each 

paddock from s lopes would be approximately 1 / 3  that required at full 

s tocking rate . This is a reflection largely on the greater amount o f  



Table  7 .  2 S imulated P uptake and return in paddocks of diff ering slope composition 

at b oth full and half maximum s tocking ra tes 

Moderately s t eep paddock S teep paddock 

Campsites 
0 

2 5  slope 
0 

4 5  s lope Campsites 
0 . 

25 slopes 

Pas ture P UEtake 
(kg ha- 1 ) 4 9 . 5  38 . 2  24 . 7  49 . 5  38 . 2  

Litter P return at : 

Maximum s tocking rate 1 2 . 4  5 . 7  5 . 1  1 2 . 4 5 .  7 ' 
Half maximum s tocking ra te 1 2 . 4  24 . 3  24 . 7  1 2 . 4  8 . 5 

Dung P return at : 

Maximum s tocking rate 94 . 7  1 3 . 2  4 . 0 1 5 7 . 5  1 5 . 3  
Half maximum s tocking ra te 5 2 . 4  5 . 6 0 77 . 5  1 2 . 0  

P transfer at : 

Maximum s tocking rate + 5 7 . 6  - 19 . 3  - 1 5 . 6  + 1 20 . 3  - 1 7 . 2  
Half maximum s tocking ra te + 1 5 . 3  - 8 . 3  0 + 40 . 4  - 1 7 . 7  

0 . 
4 5  slopes 

24 . 7  

5 . 1  
24 . 7  

4 . 0 
0 

- 1 5 . 7  
0 

N w +:-



dung that was t ransferred to campsites at the higher stocking rate . 

I t  is of interest to note. that in the s teep paddock the net P loss from 

0 25  s lopes at th� high stocking rate  was less than at the lower level o f  

stocking . This was due to the "spill-over" of dung from campsites to  

0 2 5  slopes at the higher level of s tocking, which compensated more for P 

losses during graz ing . This effect would probably occur in a minority 

of  situations . 

7 . 3 . 2 . 2  Effect of overal l  pasture utilization level 

on the net P balance on each stratum . 

The reduct ion in pasture utilization level from 7 5  to 65% 

on campsites , f rom 85 to 70% on 25° s lopes , and from 7 0 · to 55% on 45° 

s lopes had the effect of lowering stock-carrying capacity f rom 1 2 . 2  to  

- 1  9 . 9  stock units ha on the moderately-steep paddock and from 1 0 . 2  to 

235 

- 1  7 . 3  stock units ha on the steep paddock (Tabl e  7 . 3) .  This represented 

a greater proportional reduction in stock-carrying capacity in the steep 

paddock because of the relatively greater reduction in grazing efficiency 

0 
on the 45 slopes , in part icular , which constituted the maj ority o f  the 

s teep paddock . 

The net P balance on 25° s lopes and 45° slopes was s imilar in each 

paddock, a refl ec t ion of the same maximum graz ing pressure on s imilar 

s trata . 0 Some "spill-over" of dung to 25 slopes as a result o f  the high 

l evel accumulation on campsites , still  occurred in the s teep paddock , as 

noted in Section 7 . 3 . 2 . 2 .  This marginally reduced the net P loss  on 

that stratum compared with the transfer loss from areas of s imilar s lope 

in the moderately-steep paddock . The P surplus in campsites was lower 

at  half-stocking rate than at full-stocking rat e ,  the ' reduction being 

s imilar in proport ion to the decrease in _stock numbers in each paddock . 



Tabl e  7 . 3  S imulated P up take and return at  maximum pas ture gra zing utilization l evels 

of 65 , 70 , and 55% of pas ture growth on campsites , 25° slopes , and 

45° slopes , respec tively , in paddocks of differing average slope . 

Modera tely s teep paddock S teep paddock 

Camps ites 
0 . . 

25 slopes 
0 

4 5  slopes Campsi tes 
0 25 slopes 

Pas ture P uptake 
- 1  (kg ha · ) 49 . 5  38 . 2  24 . 7  49 . 5  38 . 2  

Litter P return 
- 1  (kg ha ) 1 7 . 3  1 1 . 5  1 1 . 4  1 7 . 3  1 1 . 5  

Dung P return 
- 1  (kg ha ) 77 . 1  10 . 8  2 . 3  1 14 . 6 1 1 . 3  

P transfer 
- 1  (kg ha ) + 44 . 9  - 15 . 9  - 1 1 . 0 + 8 2 . 4  - 1 5 . 4  

0 45 slopes 

24 . 7  

1 1 . 4  

2 . 3  

- 1 1 . 0 

N 
w 
0'1 



7 . 3 . 2 . 3  Effect  o f  pasture product ion and P concentrat ion 

level on the net P balance on each stratum . 
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A reduct ion of 20% in pasture production and associated stock 

numbers f rom that in Tab le 7 . 2  resulted in a 20% decrease in the P surplus 

on campsites and in the net P loss from slopes (Table 7 . 4 ) . S imilarly , 

- 1  a decline in pasture P concentrat ion from 4 , 500pg g (Tab le 7 . 2 )  t o  

- 1  
3 , 500pg g resulted in a direct reduction o f  approximately 22% in the 

net balance on each s t rata . Any factors therefore which result in 

increased pasture product ion and/or pasture P content will lead direc t ly 

to increased P losses from slopes by trans fer to campsites . Such 

increased losses will require higher fert ilizer inputs to maintain 

available soil P levels .  An increase in pasture growth will support 

increased animal produ ction , which may partly or completely offset the 

cost of additional fertilizer required to balance the associated additional 

transfer losses . Pasture P concentrat ion levels which are higher than 

required for optimum pas ture growth will result ,  hm-1ever ,  in unnecessarily 

high P transfer losses from s lopes and accumulation in camps ites . 

Although advantages have been claimed for enhanced animal health and growth 

rates resulting directly from high plant P levels (Ozanne et al . , 1 9 7 6 ) , 

it would appear that the maint enance of such h igh plant P levels in steep 

hill country could be relatively costly where increased transfer mus t  b e  

compensated for . 

7 . 4  General Discussion 

The data obtained indicate that the l evel of pas ture utilization 

and thus P intake are the maj or immediate fac tors determining the quant ity 

of P transferred from hill slopes . In d�veloped hill country , where 



Tab l e  7 . 4  S imul a t ed P up take and r e turn a t  

( i) pas ture produc t ion l evels equival ent t o  8 0 %  o f  tho s e  s e t  i n  S e c t ion 7 . 2 . 1  and 
( ii )  a t  a pas ture P conten t  of 3 500w g g- 1 , u s ing the same pa s ture produc t i o n  l ev e l s  

s e t  i n  S ec t ion 7 . 2 . 1  

Mo d era t ely s t eep paddock S t eep paddock 

Camp s i t es 0 2 5  s lopes 0 4 5  s l opes Camp s i tes 2 5° s lop es 0 4 5  s l o p e s  

Pas ture produc t ion 
- 1  ( kg ha ) 8 8 0 0  6 8 0 0  4 4 0 0  8 8 0 0  6800 4 4 0 0  

P trans f er 
- 1  ( kg ha ) + 4 6 . 1  - 1 5 . 4  -· 1 2 . 6  + 9 6 . 2  - 1 5 . 4  - 1 2 . 6  

P trans fer a t  pas ture - 1  P conten t  o f  3 5 0 0  � g  g + 4 4 . 8  - 1 5 . 0  - 1 2 . 1  + 9 3 . 5  - 1 5 . 0  - 1 2 . 1  

N 
Lv 
()) 
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"b elow-ground" losses o f  P are at a minimum, the maintenance P fertilizer 

requirements of pasture on hill  slopes will b e  closely related to  the 

number of animals grazing in those areas . This applies in particular to 

s t eep slopes . Because o f  a natural reluctance o f  stock to  graze steep 

areas the· level of net P transfer from these s ites is more sens it ive to 

changes in stocking rate than on easier slopes . The net P surplus in 

c ampsites , · however , is also very s ensitive to changes in s tock numbers . 

Any increase in animal stocking rate was ,  because of additional 

t ransfer losses shown to cause a relatively greater increase in the P 

f ertilizer required . This was a reflect ion o f  the increased transfer of 

total P to campsites which tend to be always at  a higher than adequa t e  

l evel . I t  is poss ible where suitably large camp s ite and ridge crest 

a reas can be omitted from a topdressing programme that some reduction in 

t o tal fert ilizer application may be achieved . 

Although total P intake by grazing stock is directly related to 

stocking rate it is also affected by  the P content of the pasture . At 

any given level of stocking , pasture P concentration will probab ly be the 

mos t  important factor determining the level of P trans fer loss . Thi s  

therefore points t o  the need t o  avoid luxury rates o f  fertilizer application . 

Any factor which tends to  minimize luxury P uptake , especially in spring 

when the greatest proporti on of total net P losses occur (Sect ion 3 ) , 

will predispose toward lower quantities of P t ransfer . I t  is possib l e  

that the application o f  rock phosphate with slower release characterist ics , 

o r  the avoidance of spring topdressing may help in this respect . 

The close involvement of the graz ing animal with P losses from a 

p astoral system has been recognised by During ( 19 72) and Karlovsky ( 1 9 75 ) . 

During ( 19 72)  estimated that on sheep and cat t le farms the "above-ground" 
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net P los ses from well-topdressed flat-land pasture would generally not 

exceed 0 . 9kg P per s tock unit per yr , the losses being approximately 20% 

higher on dairy farms because of greater removal of P in animal p roduc t s . 

Calculat ions from the field study reported in Section 3 suggest that the 

average annual P loss from s lopes in both paddocks , stocked for high 

utilization levels and containing pas ture of high P content , would b e  

equivalent t o  approximately 1 . 3kg P per s to ck unit . 

If it could be assumed that the pas ture utilization levels in 

Table 7 . 3 , the pas ture production levels in Table 7 . 4 ,  and a pas ture P 

- 1  concentrat ion of 3 , 500�g g are representative of a large proportion o f  

North Island hill country then the comb inat ion of these . fac tors should 

provide an indicat ion of probable P transfer levels in such farmland . 

Calculations show that net P trans fer on the moderately steep paddock 

would be +2 7 . 9 ,  -9 . 9 ,  and -6 . 6kg P ha- 1  for camps ites , 25° slopes , and 

45° slopes , respectively , and s imilarly +5 1 . 2 ,  -9 . 9 ,  and -6 . 6kg P ha- 1  

o n  the relevant strata o f  the steep paddock . These results suggest that 

approximately lOkg P must be applied annually to such s teep hill pasture 

merely to compensate for P trans fer losses induced by graz ing stock . 

The lower levels o f  P trans fer , both from s lopes and to camps ites in the 

above ' more representative ' s ituat ion than measured in the field trial 

illustrate the combined effects of lower pasture production , pasture P 

concentration , and level of pasture utilization . 

At the above l evel of pasture P uptake and s tocking rate the total 

P loss ( includ ing an estimated 10% loss in animal products of approximately 

0 . 2kg P per stock unit) would be equivalent to approximately 1 . 2kg P per 

stock unit . These  estimates suggest that additional · P trans fer from 

steep s lopes , compared with tha t occurring on flat-land pasture , i s  



responsible for at least an addit ional 0 . 3kg P per stock unit and that 

this applies over a range of pasture product ion and utilization , and P 

concentra t ion . 

The development and use o f  the "above-ground" model highlighted 

the need f or more informat ion to improve the reliability of some 

assumptions . It  was assumed that animals preferentially grazed s t rata 
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in the order campsites , 25° slopes , and 45° s lopes , achieving maximum 

utilization of available pasture on one stratum before grazing another . 

Al though this obviously does no t strictly apply in practice it is a real 

tendency and makes the achievement of high levels of overall pasture 

ut ilization on steep paddocks more difficul t than on those of predominantly 

easier s lopes . A more complete understanding of grazing behaviour in 

steep pasture would provide a better appreciat ion o f  desireable paddock 

subdivis ion or management , which would tend to minimise or overcome natural 

grazing preferences . There is a s imilar need to evaluate the effects o f  

differing management systems and stocking levels o n  the camping b eht.viour 

of different stock.  A greater induced spread of camps ites could 

markedly reduce P losses from moderate slopes . It  would be unlikely , 

however , to  affect any greater dung P return to s teep s lopes although the 

overall success of any management in modifying camping behaviour may again 

depend on paddock topographic composition . Many grazing systems have 

been compared with respect to pasture util ization and animal production 

benefits . In the hill country s ituation the evaluation. of  dung 

distribut ion and net p. transfer effects related to both camping b ehaviour 

and grazing patterns appear to also warrant inves t igat ion . 

The "above-ground" components of the P cycle appear to o ffer 

considerable scope for manipulat ion to minimize P trans fer . I t  was shown 



in Section 3 that , al though P losses from slopes by transfer were 

apparently signif icant in relat ion to annual plant p requirements , they 
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were unab le to be detected by conventional so il P measurements . Although 

such losses of P from soil over one year were not measured it is likely 

that  they woul d ,  in the absence of additional fert ilizer applicat ion , 

have a significant effect over time in reducing the supply of P available 

for continued plant growth . The extent to which the soil could buffer 

such P withdrawal , perhaps by P mineral ization from organic forms , is not 

known , nor is the extent to which ' available ' soil P mus t  decline be fore 

the change could be measureable . In general , rout ine measurements o f  P 

in hill soils would appear to  be a relat ively insensiti�e means of 

evaluating net P transfer . Such measurements made in isolation from o ther 

aspec t s  of the P cycle would therefore appear to have only limited value . 

A more detailed assessment o f  the role o f  soil analysis in such 

inves tigations seems warranted . 
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SUMMARY AND CONCLUSIONS 

The work presented in thi s  thesis may be summarized as follows : 

1 .  A review o f  l iterature relating to the P cycle in grazed pas ture 

revealed that th e individual components �f the cycle have b een 

s tud ied intensively . Few a ttempts have been made , however , to 

ass ess  the relative impor tance of thes e components to the P cycle 

as a whole in any particular s ituat ion . Even less attention has 

b een directed towards evaluating the P cycle in gra zed pas toral 
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· conditions . No studies appear to have been made o f  the P cycle in 

grazed hill pas tures . 

2 .  The P uptake and return components o f  the above-ground part o f  the 

P cycle in two intensively grazed nor th- and south-facing , s t eep 

hill pastures were shown to  be affec ted largely by  ground surface 

slope . Annual uptake o f  P by pas tur e ,  and more particularly the 

return to the soil surface of P in dung from graz ing sheep , was high 

on campsites and decreased sharply as s lope increased . At a high 

l evel of pas ture utilization by animals , the P return via litter 

comprised only approximately 1 5  to 20% o f  pas ture P uptake . The 

derived net P balances showed a large net annua l gain of P on 

- 1  
campsites ( 50 . 1  and 1 19 . 8kg ha ) o n  north and south aspects , 

respec tively) but an appreciable annual net P loss f rom both 25° slopes 

- 1  ( 19 . 5  and lO . Okg ha - on nor th and south aspects , respec tively) and 

0 - 1 
45  slopes ( 1 5 . 3  and 1 3 . 8kg ha on north and south aspects , 

respectively ) . 

The difference between aspec ts in net P transfer on each s tra tum could 

b e  expla ined in terms of the effec t of differing topographic compo s i t ion 



on animal graz ing and camping pat terns . 

3 .  I t  was conc luded that under intensive gra zing , the net P losses 

from slopes will be such that maintenance o f  soil P levels and 

pas ture growth rates will continue to b e  highly dependent on 

fert ilizer inputs . 

244 

4 .  Marked and largely unexpla ined fluc tuations in the amounts o f  several  

soil  P parameters , espec ially in  0-3cm depth soil , together with high 

es timated , associated errors , were s uch tha t nei ther the 

effects of fertilizer P addition nor es tima ted net P loss  by 

trans fer could be detec ted by  soil .chemical analys es . The possib il ity 

of even grea ter variab ility in the results ob tained for more routine 

sampling of large hill paddocks for advisory purposes sugges ts tha t 

such analyses may provide only an approximate measure o f  soil P 

s ta tus in such areas . 

5 .  Using 
32

P i t  was found that approximately 85 , 9 2 ,  and 90% of P up take 

in spring by mixed pas ture on campsites , 25° slopes , and 4 5° slopes , 

respec tively , was shown to o ccur from within the surface 7 cm o f  soil . 

Approxima tely 90%  of P uptake by pas ture on all s trata was from 

within 1 3cm of the P source . I t  is unlikely that s ignificant  P 

uptake occurred from depths greater than 30cm . The high p roportion 

of P and probably other nutrients , ob tained by pas ture from near the 

soil surface on all s trata reflects the vulnerabl e  dependence o f  

pas ture o n  ad-eq�a-te levels o f  mois ture i n  the topsoil . This points 

to the need for special management ,  pasture species , or macrofauna 

which can reduce this vulnerab ility . 

6 .  Whereas the extent of P up take by pas ture from the upper 3cm o f  soil 

was s imilar both upslope and downs lope from a P source , uptake f rom 

grea ter depths was affec ted by slope . The angle of predominant roo t 

activity was found to lie b e tween the vertical and a line normal to 



24 5 

the so il surface , an angle which departeq more from the vertical a s  

surface slope increased . 

7 .  Evalua tion o f  the P sorption and desorption charac teris tics o f  

moderate and high P s ta tus soils from the f ield trial area showeq 
that these could b e  d es cribed by a simple ,  s ingle ' r egion ' Langmuir 

model . Although iso topic exchange s tudies indica ted the exis tence 

in_ these soils of at  l eas t two regions with differing P sorp tion 

characteristics , the sorption and desorption of P could be rela ted 

largely to region II  charac teris tics as defined by Ryden and Syers 

( 19 7 5a) . I t  would appear that both net sorp tion and desorption o f  

P occurred predominantly i n  r egion II through a dynamic equilib rium 

with P in region Ill and that  in soil solution . 

8 .  Inves tigat ion of the fate in soil of P extracted by water from l i t ter , 

dung and superphosphate indicated tha t all sources of P had similar 

effects on the amounts of wa ter-extractable total P and on Olsen P 

levels in the soil . · A  similar availability to plants of the 

inorganic P from all the three P sources could b e  expec ted and cl1is 

would probab ly be l imit ed only by the ra tes of release o r  mineral i za tion 

from the original materials . The short-term fate o f  P added to soil 

particularly P from dung and l itter sources , was more satisfactorily 

described by measurements of water-extractable P than by Olsen P .  

9 .  The quantity of water-extractable P was found to b e  h igher from air-

10 . 

dried soil than that  previously incubated a t  a high mois ture content . 

( i . e . , 90% Field Capacity) . A s tandard p reincubation treatment would 

appear necessary if water-extra c table P is to be rela ted to plant-

available P .  

32 33 
A technique of "double-labelling" soil with both P and P was 
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developed as a means of characterizing P taken up by plants over a 

short p eriod o f  time . Results shmved tha t plant P uptake occurred 

from a more labile frac tion than that extracted by wa ter (a t either 

a 1 0 : 1  or 40 : 1  wa ter : so il ra tio)  or by the Olsen reagent . The 

grea ter s imilari ty of the iso tope ra tio in plant-P to that in water­

extrac table P ra ther than to Olsen-P demonstrated tha t wa ter­

extrac table P was the better index of short-term plant ava ilabl e  P .  

1 1 .  The "d ouble-labelling1 1 or "iso tope-ratio 1 1 technique showed that 

ryegrass and white clover d id no t d iffer in the form o f  short-term 

available P utilized . Grea t er P up take by ryegrass  than by clover 

was therefore attributable to more efficient roo t d evelopment and 

dis tribution during the P up take per iod . 

1 2 . In ord er to extrapolate the r esults o f  the field trial to more  general 

situations a ma thematical model  o f  the "above-ground 11 components of 

the P cycle  in grazed , steep hill pas tures was developed using data 

ob tained from the north-aspec t paddock o f  the field tr ial . When 

val ida ted using field resul ts from the south aspec t ,  the model gave very 

s imilar es timates m net P transfer to those measured for all s trata . 

1 3 .  Simulation studies indicated tha t the quantity o f  P transf er , both 

to campsi tes and away from s lo pes , was predominantly af fec ted by the 

to tal P intake by gra zing animals . This was itself affec t ed by the 

quantity of pas ture production and the effic iency of gra zing o f  

available pasture o n  each s tra tum .  The quantity o f  P transfer from 

slopes was estimated to increase at a ra te greater than that 

indicat ed by a s imple proportionate increase in s tocking ra te and to 

also increase  in d irec t propor tion to pas ture P content . Both o f  

these factors offer scope f o r  manipulation to influenc e P losses from 

the above-ground par t of the P cycle . 
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Appendix I 

Pas toral land in New Zealand occupies about  13 million hec tares (ha) 

which represent 95% of the farmed area . Abou t  1 / 3  o f  this is in tussock 

grassland or high country , mainly in the South I sland ; a further 1 / 3  

( 4 . 5  million ha) i s  made  u p  o f  hill country , p redominantly in the Nor th 

Island . 

H ill country topography varies from rolling to s teep al though mos t  

farms have a t  leas t some small area of relatively flat land . Rainfall 

ranges from a rela tively low annual level ( 750 mm) with summer drough t 

c onditions in some parts o f  Hawkes Bay , Wairarapa , and Wanganui , to a 

rainfall o f  more than 2000 mm in the wes tern Nor th Island , Northland , and 

higher altitude areas . Regional t empera tu re and vlind levels tend to b e  

modif ied by land forms t o  produce contresting microclimates . Asp ec t  

d ifferences may b e  marked and reflec ted in differing pas ture growth 

pa t terns and species compo sition . 

in mos t  areas . 

Pas ture growth continues y ear round 

The original ' 'bush burn" seed mixtures (Da ly ,  19 72 )  sown follm.;ring 

early development have generally rever ted to predominantly browntop 

(Agros tis tenuis) pas tures of very low legume content and nitrogen s ta tus . 

As recently as 1967-68 Brougham e t  al . ( 1 9 7 3)  recorded mor e  than an 80% 

frequency of occurrence o f  browntop in Manawa tu hill pas tures . 

Nor th Island hill soils range from Yellow-grey ear ths (Gibbs et  al . ,  

1 968)  in parts  of Hawkes Bay and Wairarapa to Northern yellow-brown ear ths 

in Nor thland . The central North Island was o r iginally covered by various 

ash showers . Rhyolitic ash blanketed the central and eas t ern Nor th I sland 

producing "bush sick" or cobal t-def icient pumice s oils while ma inly 

and esitic ash formed Yellow-brown learns in the remainder of the a sh covered 



area . Ash was lost from s teep slopes and so � teepland soils therefore 

are derived almo s t  entirely from the underlying muds tone , s il ts tone , 

and sands tone parent materials (S teepland yellow-grey earths and Central 

yellow-brown earths ) .  Some of these soils have s evere eros ion problems . 

The eros ion of a sh from s teep slopes , but no t from many associa ted ridge 

cres ts or rolling and flat sites , has produced a very complica ted soil 

pattern . Cons'equently , soils in many areas are more correc tly mapped 

as compl exes than as uniform soil types . 

Hill country provides mos t  of the ewes and weaner cattle us ed in 
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the production o f  expor t lamb , mutton,  and beef from predominantly lowland 

farms . To tal hill country stock numbers are about 3 1  mill ion . Thes e 

are s tocked at  ra t es ranging from 4 s tock uni ts /ha on drier hill country 

to about 10  s to ck units/ha on lvetter areas (Brougham , 1 9 7 3) . Sheep b reeds 

vary widely (Perendale ,  Chevio t ,  Corrieda l e ,  Coopworth , and Border 

Leice s t er) although Romney and Romney c rosses predomina te . Aberdeen Angus 

is the predominant beef breed al though Herefords and Fries ians and various 

cross es of these breeds are used . 

Present fertilizer topdressing recommendations for hill and steepland 

soils are based largely on trials conduc ted on adj acent flat or terrace 

sites with s imilar parent materials and on some obs erva tional f er tilizer 

responses . Very f ew trials , which also p rovide measures o f  pas ture dry 

matter responses to topdressing , have b een located on hill or s teep slopes . 

This i s  particularly the cas e  in rela tion to maintenance topdressing needs . 

During ( 1 9 7 2) , in particular , but also Karlovsky ( 19 7 3) , and During and 

O ' Connor ( 19 75)  have made recommenda tions on phospha te requirements . 

The l imited trials relating to other nutrients suggest that K respons es 

may be ob tained on ash soils and that Mo , S ,  and lime deficiencies . can l i1ni t  

growth on s teepland soils from s edimentary parent ma terials . 
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Variable topography and a ssociated pas ture spec ies composi tion , 

large paddock sizes , and predominantly set-stocking gra zing policies 

are all seen as important fac tors limi ting better utilization o f  

availabl e  pas ture . Cons equent ly , such fac tors retard further increas es 

in animal production from this c lass o f  country . Es tima tes o f  possible  

increases seen to  be ob tainable by utilising existing technology have 

b een q uo t ed as 70% (Yoeman , 1 9 7 3) , 300% (Brougham, 1 9 7 3) , and 200% (Right , 

1976) . While grea ter total p roduc tion could b e  achieved by b et ter 

utili zat ion of exis ting pas ture this may also l ead to increased l evels o f  

nutrient transfer . A better unders tanding of the - rela tionship between 

grazing management and fer tilizer requirements would therefore appear even 

more necessary than on fla t land · as s tock numbers on hill country increase . 
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Append ix Il  

TOPOGRAPHIC S URVEY 

A to pographic s urvey provided a measure o f  the r el a tionship b e tween 

surface s lo p e  and area wi thin each paddock and wa s conduc ted a s  f o l lows : 

Sur f a c e  slope ( i . e . , as the d eparture f rom hori zonta l )  wa s meas u r e d  

al ong maj o r  r idges w i th in ea ch paddock . A t  a p p ro xima tely equi d i s tant 

in tervals a long each r id g e ,  and at the h ea d  o f  ea ch gul l y , trans e c t s  w e r e  

located ver t ically down s l o p e  f r om ridge cres t t o  g u l l y  f l oo r . On a l l  

t rans ec t s s l o p e  wa s r e c o rd ed a t  2-m int erva l s  t o  t h e  neares t 5° . A 

to tal o f  643  records were taken in the no r th a s pec t paddock and 582 in the 

south paddock . 

Deta iled res ul t s  a r e  shown in Fig . A and summa r i zed in Tab l e  3 . 1 . 

These show the overa l l  grea t er s t eepnes s o f  the south a s p ec t paddock wh i ch 

conta ined a smaller p ro p o r t ion o f  camps i t es and a grea ter p r o po r t ion o f  

t racks , ind i c a t ive o f  the grea ter a rea o f  s t eep s lo p e s  ( i . e . , 35°+) than 

the north fac ing paddo ck . The p ro p o r t ion o f  the to tal area in camps 

p l us tracks was 31 . 3% and 3 1 . 8% in the nor th and s o u th a s p e c t  pa d d o cks , 

respec t ively . No t a l l  t racks could be r egarded as equiva l en t  to 

camps i tes , p a r ticularly o n  the s o u th a s p e c t  where they were overa l l  

t ransvers ely more s t eep . Thi s  may be ind ica t ive o f  a r ela t ively in�a ture 

s tage o f  track develo pmen t compared with tho s e  o n  the no r th a s p ec t .  
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FIGURE A .  S l ope : area d i s trib u t io n curve s f o r  the to tal area , 

f o r  campsi tes and for t racks in paddo cks o f  bo th 

no r th- and south-fac ing a s p ec t .  S o l i d  l ines 

no r th aspec t and b roken l ines = south aspec t . 

· = to tal a r ea , x = camp s i tes , and o = tracks . 

285 

8 0  9 0  



Appendix I l l  Es t imated total grazing days per s eason , mean annual 

s t ocking rate and s tock weight changes and mean weight 

changes per s tock unit on north and south aspec t paddocks 

286  

Total Total s tock numbers Mean weight change 
grazing x grazing days* 

days 

(G . D . )  ( S  . U .  X G . D . )  (kg su- 1  GD- 1) 

Season Nor th South Nor th South 

Spring 6 8  3332 3298 - 0 . 0 1 9  + 0 . 0 1 7  

S ummer 3 5  2803 1 9 70 - 0 . 0 16 0 . 02 3  

Autumn 4 2  1 754 2 3 1 7  + 0 . 020 - 0 . 059  

Winter 4 2  1 9 2 1  1653  + 0 . 1 1 5 + 0 . 006 

9 8 10 9238 

Mean annual s tocking rate 
(per 365 days) 26 . 9  2 5 . 3  

Mean - 1  s to cking rate ha ** 1 2 . 4  8 . 9 

* Mean liveweight  of grazing weth ers approximately 35kg . Therefore 

equivalent to 0 . 6  s tock units (S . U . )  Actual s tock numb ers correc ted 

by this factor . 

** North aspec t paddock area 2 . 1 7 ha ; 
- 1  

South aspect 2 . 83 ha . 
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�endix IV 

Notes on pasture litter collected 

1 . 10 . 7 5 to 1 . 10 . 76 

The p redominant form of litter at  all times was grass-derived 

material . Only very small amounts of  fla t-weed litter and only a trace 

of legume ma terial was collected despite the sometimes appreciable  

contribu t ions they both made to  total  dry matter produc tion ( Table 3 . 4 ) . 

Campsi tes - In spring campsites were Poa annua and ryegrass dominant .  

Litter was comprised mainly of l eaf and lea f  sheath material shaded by the 

sward with mos t  s till at tached to parent plants . In late spring , 

Poa annua was a maj o r  component o f  l i tter . More litter vms trampled and 

more whol e  p lants pulled out as grazing pressure increa s ed . 

Relatively high summer rainfall produced exceptional pas ture growth 

which tended to b ecome rank . Litter was derived mainly from shaded 

ryegras s .  Very moi s t  sward base conditions also produced a prolifera tion 

of aerial roots . 

In early autumn collapsed s talk ma terial formed the bulk of litter 

on both aspects . By late autumn vigorously growing pas ture on the north 

aspect contained l ittle lit ter . At  this time the south aspect s till 

contained many trampl ed s talks . S ome uprooted Poa annua plants formed 

part of l it ter on both aspects . 

Grass s talks continued to form litter on the south aspec t  until mid 

winter and from that time l itter on both aspects was similar to tha t in 

s pring . 

25° and 4 5° · Th d h 1 f d t · 1 s1tes - e more open swar on t e s opes o rme a more yp1ca ������--�� 

l itter compris ed o f  d ead grass leaves with a higher proportion detached 
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from plants . Yorkshire Fog (Holcus lanatus ) produced cons iderable leaf 

sheath litter whe:re present and on the south aspec t  some moss  was also 

included . As on campsi tes , more whole plants were uproo ted as grazing 

pressure increased . 

In summer paspalum sheath mat erial made  a signif icant contribution 

on some north aspect  plo ts . In -late summer the north aspect pas ture was 

more  mature than on the south and consequently more  s eed s tems were 

present in lit ter . The top-soil was very dry and some pasture was killed 

by urine burn . Considerable pulling .of whole plants occurred a t  higher 

grazing pressure during this time . 

S talk material predominated in litter during autumn but there was 

also more l ea f  and leaf shea th ma terial than in summer . 

so with respect to paspalurri on the north asp ec t . 

This was especially 

Only following mid winter did s talk ma terial ceas e to provide the main 

form of litter on both aspec ts and in later wint er leaf material at the base 

o f  the sward again b ecame the typical form o f  l i t ter as in spring . 



Appendix V - 1  Measurements at  1 5-30cm and 30-45cm dep ths o f  soil total P (�g g ) , and water soluble 

inorganic P (DIP) and o rganic P (DOP) expressed as a percentage of TP .  At the initial 

and final sampling dates only 

North aspect South aspec t  

1 . 10 . 75 1 .  9 .  76  1 . 10 .  75  1 . 10 . 76 
-

1 5-30 30-45 1 5-30 30-45 1 5-30 30-45 1 5-30 30-45 
Form o f  P S tratum ( cm) (cm) ( cm) ( cm) ( cm) ( cm) ( cm) (cm) 

- 1  To tal P ( �g g ) Campsites 182 1 19 2 1 1  1 30 4 35 196 385 1 79 
0 25 slopes 1 28 101  1 36 109 162  14 1 168  137  
0 

45  slopes 130 109 130 130 139 123 1 7 7  �42  

DIP (as % o f  TP) Campsi tes 1 . 0 0 . 5  0 . 8 1 . 3  1 . 6 0 . 5  1 . 0 1 . 1  
0 

25 slopes 0 . 6  0 . 7  0 . 8  0 . 8 0 . 2  0 . 4 1 . 0 0 . 7  
0 45  slopes 0 . 8  0 . 3  0 . 7  0 . 6  0 . 6 0 . 4  0 . 7  1 . 0 

DOP (as % of TP) Camps ites 2 . 6  2 . 7  0 . 7  0 . 6  1 . 0 1 . 4 0 . 4  0 . 4  
0 25 slopes 2 . 3  3 . 5  1 . 0 0 . 8  2 . 3  2 . 0  0 . 8  0 . 6  
0 45  slopes 2 . 5  2 . 3  1 . 0 0 . 5  2 . 2  2 . 4  0 . 5  0 . 4  

N 
o:> 
1.0 



Appendix VI CSMP 73 MODEL OF LANGMUIR EQUATION­

WITH PARAMETER EXAMPLES 

TIMER FINTIM = 10 . 0 ,  PRDEL = 0 . 100 , DELT = 0 . 000 1 

PARAM Kl = 100 . 0 ,  K2 1000 . 0 ,  MAX = 1000 . 0 ,  FILL 206 . 1 ,  VOL 40 . 0 ,  

CONC = 32 . 6 ,  LFILL - 0 . 00 ,  LCONC = 0 . 000 1 

CONCD = CONC 

FILLD = FILL 

LFILLD = LFILL 

LCONCD = LCONC 

THETA = FILL/MAX 

SORB = K1 *CONC* ( 1-THETA) *DELT 

DSORB K2*THETA*DELT 

LSORB = SORB*LCONC/CONC 

LDSORB = DSORB*LFILL/FILL 

CONC = CONCD + DSORB/VOL - SORB /VOL 

FILL = FILLD + SORB - DSORB 

LCONC = LCONC + LDSORB /VOL - LSORB/VOL 

LFILL = LFILLD + LSOP� - LDSORB 

PRINT CONC , FILL , LCONC , LFILL 

ENDJOB 
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Appendix VII 

. Notes relating to determina tion of isotope 

levels in plant and soil extracts 

Discriminator channel settings for simul taneous reading o f  both 

33p and 32P were 30- 7 1 0  and 750- 1000 , respec tively . Counting efficiency 

33  
of each iso tope at these settings was 64 . 3  and 80 . 9% for  P .  At full 

width channel s e t tings ( 0 - 1 000) the counting effic iency was 9 5 . 2% for 32
p 

and 88 . 7% for 33P .  3 2  The P carry over into the 30-7 10 range was 

32 
. 

equivalent to 1 7 . 3% o f  the total P l evel . 

33p into the 32P channel . 

There vms no carry over o f  

e . g . ' 

The degree o f  quenching varied with the type of extract  and isotope , 

efficiencies of 32P and 33P in a wa ter extract  from a north aspec t 

campsite soil were measured at 92 . 5  and 7 3 . 8% respec tively . 

The corresponding values in an Ols en extra c t  were 55 . 0  and 66 . 5% ,  

resp ec tively . These levels varied with aliquot s ize and s o il samp l e ,  

29 1 

and were therefore necessarily redetermined for each series o f  experiments . 
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* 
FORTRAN PROGRAN FOR S H1ULATI NG THE ABOVE-GROU�TJJ P CYCLE 
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$ 4 5 A  = F R A C T I O N A R [ A  A S  4 5  S L O P E S  
C A M P P = C � M P S I T E P A S T U R E  P R O D . K G / H A  
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APPENDIX VII I CONTD . 

1 :t O U N G. 4 .5 _ _ _ . 
P C U P :: C A M P P * P C D N C 
P C L I T = C X I T C * P C O N C J / C A M P A 
P C D U :: D U N G C / C A �>'l P A  
l f t p c o u � l o D . o l z o , zo , z l  
X S C = P C D U • l O O . O 
P C D U = l O O , Q + . 9 * X S C  
P 2 5 D U = D U N G 2 5 / S 2 5 A + . 1 * X S C * S 2 5 A I C A M P A  

.G 0 T 0 2 2 . . . . . . _ 
P 2 5 D U = D U N G 2 5 / 5 2 5 A  
P T C = P C D U + P C L i f - P C U P 
P 2 5 U P = S 2 5 P * P C D N C  
P 2 5 L I -J = ( X l T 2 5 * P C O N C l / S 2 5 A  
P T 2 5 = P 2 5 D U + P 2 5 L I T - P 2 5 U P  
p q 5 u P :: 5 4 5 P * P C D N C  
P 4 5 L I T = C X I T 4 S * P C O N C ) / S 4 5 A  
P ll  5 D U F. 0.ll N C 4  5. / S 4- � A- - ·  - · ·  

P T 4 5 = P 4 5 D U + P 4 5 L l T - P 4 � U P  · . 
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* Pro gram Developed for Burroughs B6700 Computer . 
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