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ABSTRACT 

Low and stab le concent rations of phosphorus (P)  forms and sediment 

were ob tained in stream flow from two small , adj acen t , s crub -covered ,  

and minimally-disturbed cat chments near Palmerston North , New Zealand . 

In contras t ,  higher and i r regular concentrations and loadings were 

ob t a ined follmving land clearing , P fertilizer application , and the 

es t ab lishment of grazed pas t ure . The need for intensive s tream 

s amp l ing , as well  as complete hydrograph data i� order to ob tain reliab le 

information on s tream loadings , is emphasised . 

High and fluctuating concentrations of P forms and sediment were 

ob tained follm.;ring the change in land us e .  A high proport ion o f  the P 

and s ediment loss · occurred in the s torm runoff  component of s t ream flow . 

The e s t imated losses o f  fert ilizer P in s tream flow ( approximately 1% 

of  that  added) were very small from an agronomic s tandpoint but they 

repres ent large propo r t ional increases in the loadings of P forms in 

s t ream flow . 

The high amounts of water-extractable P present in the soils of the 

catchment (field soils) , immediately follov1ing the aerial app lication of  

fert i lizer P ,  declined rapidly to lower , more s tab le values . This pat tern 

o f  de cl ine for field soils was replicated using s mall pots es tablished 

in the field (po t soils) and containing fer tilized soil representative of  

the catchments . Close correlations were ob tained b e tween water-extrac tab le 

P in the upper lcm of field and pot soils , and mean dissolved ino rganic 

P (DIP) conc�ttrations in the s urface runoff componen t  of s tream flow in 

closely·-follm.;ring storms . The possibil i ty of predicting DIP losses in 



surface r unoff from soils using a water-extraction technique is thus 

indicated . 

The decrease with t ime in the amounts of water-extractab le P 

ob served a f ter superphosphate addition to field and pot soils was 

reproduced in the l ab oratory . This relationship validated the use of  

laboratory studies to examine the rate and extent of  interaction o f  

fer t ilizer P occurring in field soils and t o  predict the potential 

movement of fertilizer P from s oils  to watzrs . 

The decline in water-extrac tab le P closely paralleled the decreas e 

in p lant uptake of P with time following fertilizer ? addition to two 

constrast ing soils . This sugges ted that water extraction may be a 

useful soil-tes t ing procedure for predicting P availab i l ity to plants , 

as  wel l  as the movement of P in surface runo ff from soils . 

The rate of decline in water-extractable P in a given soil was 

proportional to bo th the amount of P added and the amount initially 

extractab le immediately fol lowing P addition .  This suggests  tha t the 

rate and extent of P sorpt ic� in a soil is directly re lated to soil 

solution P concent ration. Di ffprences were obtained , howeve r ,  between 

three contras ting soils in the relative rate and extent of P sorption . 

A kinetic model based on the Langmuir equation was developed to 

s imulate the decline in water-extractab ili ty of P added to three soils . 

Three populations of sites were assumed and the appropriate sorption 

maxima and b inding energy cons tants were derived from sorp tion isotherm 

studies . The model provided a satis factory prediction of  the fate of 

different amounts of fer tilizer P. I t  i s  probable that the further 

development of this model would provide a useful bas i s  for predicting 

the fate of P added to soils and the potential movement of added P in 

surface-runo ff wa ters . 
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CHAPTER 1 



1 
REVIEW OF LITERATURE 

This review of l iterature discusses the importance of  phosphorus (P) 

forms and concentrations in natural waters and the influence of  factors 

affec t ing P enrichment of surface waters and water quality . Particular 

attent ion is given to the relative contribution of different sys tems of 

land use in increasing concentrations of  P above background levels to 

potentially eutrophic levels .  The movement of  P from soils to water is 

discussed with specific reference to sur face and subsurface runoff , and 

to the potential effect of changing land use on the quantities of P 

movemen t .  Reac t ions which influence P movement within and from soils are 

reviewed with reference to the potential applications of modelling to 

predict the fate of added P in soils . The value of  estimat ing the 

potential movement of fert ilizer P from agricultural soils to water is 

also dis cussed . 

1 . 1 Importance of  Phosphorus Forms and Concentrations 

in Surface Waters 

The bio l ogical productivity of natural waters is often determined 

by the amounts o f  specific nutrients pres ent . Phosphorus (P) has been 

widely implicated as a primary nutrient limiting this produc t ivity 

(Vollenweider. , 19 6 8 ;  Lee , 19 70 ; Kilmer , 1972) . Al though it  has been 

recognised that o ther nutrients may limit productivity , e . g . , nitrogen 

(Vollenwieder , 196 8 ;  Keeney , 19 73) , many studies have demons trated that 

P is the most: wide-spread l imiting element in natural �V'aters (Vollenweider· ,  

1968 ; S chindler , 1 9  7 1 ) .. The role of  P limitations in New Zealand waters , 

however, has not b een so well estab l i shed . 

This limitation of b iological productivity may be undesirab le in some 
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cases, e.g., c ommercia l  or recrea t ional f ishing. Moyle ( 19 56) e s t imat e d  

fish pro duct ion i n  Minnesota lakes t o  be 100 , 1 6 7 , and 4 13 kg ha- 1 y r- 1 

respec t ive ly, from waters c ontaining 0 . 0 3 ,  0 . 06 , and 0 . 12 mg 1- 1 of total 

phosphorus ( TP) . Inc reases in the nutrient inputs int o  lakes,however ,  

may have a dverse effects on f ish y ields .  Fish ( 19 6 3) e xa mined three 

lakes near Ro t orua, New Zealand. One of the s e  lakes had s treams dra ining 

minimally-dis turbed catchments o f  sc rub and nat ive bush, while the ot her 

two lakes had s treams draining ca tchments dominantly c onverted to  graze d  

pas ture and urban devel opment . Although all three la kes had s imilar t r out 

populations the lake with s treams draining minimally-dis turbed catchments 

y ielded t rout with greater growth rates and maturity s izes . He sugge s t e d  

that high t otal P (TP)  concentrat ions in s t r ea ms draining the agricul tural 

and urban catchments ( up to 0 . 20 mg 1- 1
) led t o  higher primary produc t ion, 

an increas e d  population o f  b ot tom fauna, and a reduction in oxygen s upply 

for t he fish. An other e ffec t of increase d  nutrient inputs int o  surface 

water c an b e  the accelerated growth of large a qua tic weed plants, e.g., 

will ows , rushes , and floating plants which may reduc e the volumes o f  

l a kes and capaci ties of channels , leading t o  f l ooding and sediment 

deposition. Attention has gene ral l y  been focused, however, on the 

exces sive productions of algae and phy top lankton in ass ociation with 

increased inputs of P t o  waters ( Owens and Woo d, 1968 ; Vo llenweider,  1968) . 

Frequently, when such b l oo ms of algae die the deple tion of oxygen 

acc ompanying decomposition can caus e foul odours and the death of fish . 

Because of the widely-accepted impor tanc e  of P t o  primary produc tion 

in natural wa ters, attempts have been made t o  e s tab lish critical c oncent rat i on 

limits of P below which algal b looms are unlike ly t o  occur and ab ove which 

such risks are s evere. Several workers ( Sa wye r ,  194 7 ,  19 5 2 ; Sy lve s t er, 

1 9 6 1 ;  Vol lenweider, 1968)  agree that the risk of accelerated productivity 
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is s light at concentrat ions of b iologically available P b elow 0 . 0 1  mg 1- 1 

I - 1 a nd tha t  a t  concent rations b etwe en 0 . 0 3  and 0 . 05 mg 1 , risks may b e  

s evere. Hal t et a l .  ( 19 70) have reviewed a number of s tudies repor t ing 

on the P concentrat ions of some lakes and s t r eams . Despite incons i s t encies 

i n  the fo r ms of P measured i t  was shown that concentrations of dissolved 
- 1  i norgani c  P ( DIP) ranged fro m  0 . 0 18 to 0 . 180 mg 1 ( i .e ., a t  o r  above 

critical l evels) and total dis s olved P ( TDP) concentrations ranged fro m  
- 1  - 1  0 . 0 15 t o  1 . 40 mg 1 but were fre quently b e tween 0 . 020 and 0 . 10 mg 1 . 

In s eve ral recent s tu dies ,  whe r e  the concentrations of P in s t reams 

draining minimally-di s turb ed cat chments have b een measured, similar values 

have been pres ented ( Singer and Rus t ,  1 9 75 ; Timmons et al ., 19 77) . 

1hese s t udies have shown that b ackgroun d concentrations o f  P forms can 
-1 approach o r  exceed the values in th e range o f  0 . 0 1  to 0 . 05 mg 1 regarded 

as cri t i ca l  to advanced eutrophica tion. Where P is the limit ing nutrient, 

t he s en s i t ivity of r eceiving wate r to s mall increases in concentrations o f  

bioloMcal ly-availab le P for ms i s  li kely t o  b e  high . 

Lit t le information is available on th e concentrat ions of P for ms in 

New Zealand wa ters . The few s tudies in New Zealand repor ting actual 

data indica te that concentrati ons of P in surface wa ters may 

also b e  lower than o r  close to th e crit i cal concentrations of P dis cus sed 

by oth er workers . Fish ( 1969) has sugges t ed that although it  is possib l e  

that few New Zealand lakes and r ivers are affected b y  eut rophica t ion, a 

s mall numb er (in particular so me coastal la kes and th e Wai kato River) are 

in an a dvanced s ta t e  of eut roph i cation. Although Mi t ch ell ( 19 75a) has 

suggested that concentrations o f  inorganic nitrogen could b e  low in New 

Zealand lakes re. la t i  ve to t hose found in lakes on t he Nor th American 

continen t  and in Europe, th e s mal l amount o f  available evidence suggests 

that if P is th e limi ting nutrien t ,  only s mall increas es in P inputs 



4 

c ou l d  increase p roductivit y quite mar ke dl y. Data on the backg r ound 

c oncentrat ions of P forms in natural wate rs and the influence of land 

dis turbances on these c oncentrations in New Zealand are scarce. It 

seems l ikely, h owever, that water qual it y  in New Zealand may b e  s ens it ive 

t o  quite s mall changes in c oncentrat ions and a mounts of P moving int o  

s ur face wa ters . 

1 . 2  Factors Influencing Phosphorus Enr ichment 

of Surface Waters 

Phosphorus enrichment of surface .water can p otentially occur 

na t urally from e ither non-surface s ources , e.g .  precipitat ion and wind 

drift of dus t ,  or from surface and sub s ur face s ources, e.g., vegetation, 

animals , and s oil parent ma terials . This enr ichment give s r is e  t o  

backgr ound c oncent rat ions of P in surface water. It is the accelera t ion 

of these proces s e s , or the involvement of addit ional processes,  

par t icularly as  a result of man's activ it ies , that is of p rincipal c oncern 

in accelerated eutrophicat ion. Man par t icularly increa ses P inp ut s  t o  

wat �rs b y  s uch a c t ivit ies as urban land devel opment with the pr oduc t ion 

of a s s ociated domes t ic and industrial effl uents , changes in lan d  us e 

leading t o  increas ed e ros ion , the int ens ificat ion of lives t oc k  farming 

leading t o  highe r c oncentrat ions of animal wastes in runoff, and th e use 

of fert ilizers and che mical s on land and water .  

1 . 2 . 1 Natural or background phos ph orus concentrat ions 

Although evap orated and c ondensed water (theoretically pure 

p re c ip itation) c ontains no P (Keup , 1968) , surface waters invariab ly do 

cont ain low c oncent rations of P. Two main general sources a c c ount for 

this. The first of thes e is a non-surfac e  input . Prec ipita tion may 
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become c ontaminat e d  with atmospheric mat e r ials, e.g., smoke , indus t rial 

fume s ,  or dus t  part ic les ( Keup, 1968 ) .  White ( 19 72 )  f ound that a l though 

the mean DIP c oncent ra t ion in rainwater ove r  a l ong t ime period c ould be 

as high as 0 .0 2  mg 1-1, c oncent rat ions of 0 .003 mg 1-1 in showe rs were 

probab ly more like ly. Wal ker and Syers ( 19 76)  have agreed that the 

annual atmospheric re turn of P in New Zealand c ommonly amounts t o  0 .1 kg 

- 1 ha • It is als o p os s ib le f or wind drift t o  deposit part iculate material 

directly into surface water, e.g., loess ia l  drift ( Walker, 19 72 ) or plant 

.material. There may als o b e  miscellaneous c ontamination by animals 

directly int o  wat er, e .g., b ir d  e xcremen t or ins ect b odies. 

The second input of P f orms int o  wate r is from surface and sub surface 

s ources .  Nat ive vege tation can y ield P in leaf drip ,  s t ent wash, and 

perc olat ion t hrough dead litter on s oil s ur fa ces (White et al., 19 73 ; Singe r  and 

Rus t , 19 7 5 ) . Nat ive animals may a ls o  c on t r ib ute t o  natural input s  of P. 

Dung has a s ignif ican t ly highe r P c ontent than urine ( During, 19 72) . Bot h 

O'Conuor ( 196 8) and Ell iot ( 19 71) have imp l icated dung as a p ot ential s ource 

of P t o  wat ers from pas ture alt hough few data ha ve been presented t o  

subs tantiate this . The ab ility of eart hvmrms t o  substant ially modify 

t he movement of P f r om pas ture in surface runoff has recently b een 

illus t rated by Sharple y  et al. ( 19 78c) . Although surface -cas t ing eart htvorms 

increas ed the move men t  of part ic ulate P in s urface runof f ,  t he l oss of 

DIP was reduced due t o  lit ter inc orp orat ion . Similar modif ica t ions , t o  

a lesser e xtent, may als o occur on na t ive s it e s . 

In a recent s tudy Singer and Rus t ( 19 75 )  observed TDP concent ra t ions 

- 1 of 0 . 05 t o  1.20 mg 1 in surface runoff f r om an area of 0 . 0 1  ha unde r 

dec iduous fores t in Minnes ota ove r  a 12-mont h  period. Meas uring nutrient 

l os ses from an undis t urb ed aspen-b irch f ores t e d  cat chment in Minnes ot a ,  
-1 Ti��ons et al. ( 1977) ob taine d TP concentrat ions of 0 .33 mg 1 and DIP 



-1 conce nt rations of 0 . 19 mg 1 . These l os ses o f  TP, however,  were 

several t i mes greater than those repor t e d  by other wor kers f r o m  cli ma x  

hardwoo ds i n  eas t e r n  Ontario, Canada ( Schi ndler and Nighswande r, 1970)  

a nd from deciduous hardwoo d  and pine i n  Ohio, U.S.A. (Taylor e t  al., 

19 71) . 

All o f  thes e  s tudies have shown tha t  concent rati ons o f  P forms i n  

6 

waters origina t i ng from mini mal ly-dis turb e d  cat ch me nt s ources can app r oa ch 

-1 o r  e xcee d  values i n  the range of 0 .0 1 to  0 .05 mg 1 regarde d  as cri t i cal 

to advanced eutr ophication. Where P is the limi t i ng nut rient ,  the 

sensi t ivity of r e ce iving water to s n1all i ncreases in conce ntrations of 

biologically-avai lab le P forms is l i ke l y  to be high . 

Li tt le i nf or mation is avai lab le o n  the conce ntrations o f  P f or ms i n  

New Zealand \oJa ters . Several rece nt s tudies have i ndicated that background 

co ncent rations of P f or ms are cl os e  to the proposed cri t i cal range . 

rnli te ( 1 9 7 2 )  meas ure d concentrations o f  diss olved "reactive" p ( fi ltered 

at 0 .�5 )Um and measured by the method o f  Murphy and Riley ( 19 6 2 )  without 

dige sti on) in a s t ream drai ning a s mall,  native -f oreste d cat ch me nt at Taita, 

New Zeala nd; values of betwee n 0 .00 7 a nd 0 . 020 mg 1
- 1  were ob tained. In 

a s i milar s t ream drai ning an e xotic f orested cat ch ment ,  conce nt rations 
- 1  r anged from 0 . 00 4  t o  0.027 mg 1 In a study of the che mis t r y  and 

trophic s tatus of seve n New Zealand la kes near Rot orua, McCol l ( 19 72)  

found that for f ou r  of these lakes , des crib e d  ns mes otrophic o r  oligotr oph i c  

and surrounde d b y  cat ch ments largely under nat ive b ush, s crub , a nd grass ,  

- 1 "reactive " P conce nt rations were commonly 0 . 00 3  to 0 .008 mg 1 a nd TP 

-1 conce ntrati ons were commonl y 0 . 0 10 to 0 .0 20 rng 1 • 

The soils i n  mini mally-dis turb e d  cat chments are e xpecte d  t o  contain 

relatively large a mount s of orga ni c  P ( OP )  resulting f rom s ig ni f i cant 

li tte r  r eturn and de compos ition. The mob ili t y  of OP t hrough a s oil has 
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also recently b een demons t rated ( Rols ton e t  al. , 19 75) . The contribution 

of OP to  natural waters may be cons i derab le but has not b een e xt ens ively 

s t udie d. 

1 . 2 .  2 Urban land use 

Runo f f  from urban l and and the outputs o f  domestic and indus trial 

e ff luents have been recognised as major sources of P to surface \vaters 

( Owens and \-lo ad, 196 8 ; Ryden et  a l ., 19 7 3 ;  Syers,  19 74 ; Johnston et al. , 

1 9 76) . In summarising the resul ts o f  specific urban runo f f  s tudi es ,  

Ryden e t  al. ( 1973)  showed that th ere was reasonab le agreement between 

the different s tudies .  Concentra tions o f  T P  b e tween 0 . 2 1  and 0 . 55 mg 1
- 1  

- 1  were ob taine d and concent r ations o f  DIP between 0 . 08 and 1 . 12 mg 1 were 

reported. Where large numbers o f  t rees were present in the s tudy area 

the leaching of see ds ,  l eaves, and deb ris was thought to cont ribute 

s i gnificantly to these high values .  

Al tho ugh the conc entrations o f  P recorde d  i n  urban runo f f  are 

higher than tho s e  co mmonly found in natural waters draining minimally-

dis turb e d  cat chments ( dis cuss ed in Sect ion 1 . 2 . 1 ) ,  it is  p robab le that P 

t ransported in surface runoff from urban a reas amounts to only a s mall 

percentage o f  that contrib uted by municipal and indus trial was tes . 
- 1  Taylor ( 19 6 7 )  has sugge s t e d  tha t domes tic sewage may contain up to 5 . 0 mg 1 

o f  P. The TP concentrat ion in e f f luent from the sewage trea t ment plant a t  

Pal mers to n No rth ,  New Zealand, has b een measured ( Syers , 19 74)  a s  4 . 5 rng 1
- 1 . 

Owens and Woo d  (1968) have presented data \-7hich sho\-7 tha t TDP concentrations 

in s ewage eff luent dis charging into the Gre at Ous e  Basin in Bri tain vary 

b et wee n  3 . 0  and 14 . 0 mg 1
- 1

. Si milar concent rat ions have b een reported 

by Mc Ca rty ( 196 7 )  and Fergus s on ( 1968)  ( discus s e d  in Ryden et  al., 19 7 3) 

who estimate d  that P concentrat ions in do mestic s ewage in the United States 
- 1  were between 3 . 5  and 9 . 0  mg 1 . Such concentrations o f  P are co n�only 
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b etween 10 and 1 , 000 t imes grea t er than thos e f ound in natural wat ers . 

The volumes of th es e discharges may b e  small, h owever, and as p oint 

s ourc es of P discharges they are more amenable to identification and 

c ontrol than diffus e s ources .  

1 .  2 .  3 Rural land us e 

S everal workers (Webb er et al., 1968 ; Barn et t ,  19 72 ; S eim et al., 

1 9 72)  have argued th at th e c ont ribution of agriculture to th e P enrichment 

of ¥rat ers is ins ignificant relative t o  that of effluents and s ewage, and 

r elative t o  th e b enefits  of incr eas ed agricult ural produc tion. Ztib ris ki et al. 

( 19 7 1 )  has sugges t ed that non-agricultural s ourc es of P in North Dakota, 

U . S .A .  may b e  suf ficien t  t o  maintain a eut r ophic s tate of  wat er, d es p i t e  

a reduc tion in P inputs from agricultural s ources .  It is widely agreed , 

h owever ,  (Taylor, 196 7 ;  Vollem1e ider, 1968 ; Kilmer , 1 9 7 2 ; Ryden et al., 

1 9 7 3 ; Sy ers, 1 974) , tha t. eros ion ,  direct addi t i on of f ertilizers t o  

wat ers , and intens ifi ed anima l  rearing can all c ont ribut e t o  increas ed P 

enrichment of wat ers. Although da ta t o  supp or t  th es e  claims are s carce , 

a brief review of avai lab le data r elat ing to s p ec i fic rural land us es 

is  i'res ented. 

1 . 2 . 3 . 1 Fores try 

Few st udies have examined th e concentrations of P in s t ream 

dis charge originating f r om catchments under na t ive or product ion fores t s .  

In a comparis on of s t reams draining catchments under native fores t ,  exot ic 

f ores t ,  s crub cover, and grazed pas ture at  Taita, N ew Zealand , l.Jhi t e  ( 19 72 )  

ob tain ed mean concent rat i ons of dis s olved r eac tive P in 3 4  samples from 
- 1  t¥10 st orms of 0 . 0 1 1 ,  0 . 0 1 1 ,  0 . 0 1 7 ,  and 0 . 0 18 mg 1 , respec t ively. The 

c oncen t rat ions of P in s t reams from b oth for es t s  were ess entially 

s i milar but only t wo thi rds of thos e found in s t reams from the other two 

catchmen t s .  High er c on c ent rati ons of TDP i n  s u rface runoff were 
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ob tained f r om an area under de ciduous f ores t in Minnesota ( Singer and 
- 1 Rus t ,  19 7 5 ) , with values ranging from 0 . 040 t o  1 . 20 mg 1 over a y ear. 

High values were a t t r ib uted t o  autumn leaf fall and spring de comp os it ion 

of lit t e r. Study ing surface runoff from a cat chment under aspen-b ir ch 

forest in Minnesota,  Timmons et  al . ( 19 77 )  ob tained average concentrations 
- 1  of TP and DIP of 0 . 33 and 0 . 18 mg 1 , respectively. These high value s ,  

relative t o  other s tudies , could a l s o  be due t o  autumn leaf fall and 

cy cles of f reezing and thawing. Free zing causes cell rup ture and 

increases leaching of P ( Cowan and Lee, 19 7 1 ) . The s treams draining two 

watersheds ,  one undis turb e d  and the other clear -cut , \vh ich were each 

init ially under b irch ,  b e e ch, and map le f ores t ,  \vere s tudied in New 

Hampshire, U.S.A. b y  Hobb ie and Likens ( 19 7 3) . Mean TP concent rat ions 
- 1  of 0 . 00 1 2  and 0 . 00 16  mg 1 , respe ct ively, we re ob tained f or the two 

cat chmen ts in a one-year s tudy. These l ow values suggested that the 

cat chmen ts were cons erva t ive of P rela tive t o  inputs from precipita tion 

and th e annual turnover of P in f orest litter. 

For ms and concent r at ions of P f ound in s t ream runof f from f ores ted 

wate rsheds in the U.S.A. , Europe, and New Zealand have b een summaris e d  b y  

Sye rs and Ry den ( 19 7 3) . Mean con ce ntrat ions of DIP were frequent ly 
- 1  within the range of 0 . 00 7  t o  0 . 0 1 1  mg 1 and TP con centrat ions were in 

- 1  the range of 0 . 04 1 t o  0 . 06 9  mg 1 . 

The small amoun t of data availab le indicates that the concentrat ions 

of P for ms ,  parti cularl y DIP, are f requently low in s treams originat in g 

from land under native or managed f ores t .  This is probab ly due t o  minimal 

e ros ion or movement of particulate P ( PP) f rom such areas . De cidu.ous 

f ores t s ,  \vith heavy l ea f  fa l l  in autumn, probab ly yield higher P 

c oncentrat ions in s t ream run off in autumn and spring than coniferous and 

eve rgreen f ores t s .  It appears that forests on uns table or eroding s oil 
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and those that are felled without adequate  conservation measures 

( e . g . , minimal logging track construct ion and buffer s trip maintainance  

along s tream banks (Aubertin and Patric , 19 74) ) will  yield far  higher 

concentrations of  TP in streams draining the catchments than the figures 

presented . I t  seems unlikely that carefully managed , unfertilized 

forest s  contribute s ignificantly to inc reased P enrichment of  surface 

waters . ·  

1 . 2 . 3 . 2  Lives tock farming 

Livestock farming usually involves either grazed pas ture or 

feedlot systems . Grazed pas ture farming · is extensively practiced in 

New Zealand in sheep , cat tle , and dairy farming . Despite extens ive use 

of land for these purposes the influence of  grazing animals on the 

movement of P in runo ff waters has not b een established . O ' Connor ( 1 968)  

and During ( 19 7 1 )  have emphas ised the importance of dung as  a po tential 

source of P to waters but r rovide no data . Sharpley ( 1 9 7 7 ) has reviewed 

work by Lee et  al . ( 1969)  which showed that 60% of the TP los t to streams 

in surface runo ff from rural land in the Lake Hendota (His consin) w atershed 

resulted from manure applied to frozen ground in agricul tural areas . 

Losses from frozen ground , however ,  are of  little relevance to the New 

Zealand s ituation . In a recent study , Sharpley and Syers ( 19 7 6 )  have 

shown that the presence of 100 dairy cows grazing a 4-ha area for 24  hours , 

as part of  the regular farm grazing rotation at Nassey University , New 

Zealand , increased mean concentrations o f  DIP and PP in surface runoff 

originating from plots within the 4-ha area . Control concent rations of  

- 1  
DIP and PP before grazing were both consi s t ently c lose to 0 . 20 mg 1 but 

after grazing , the mean concentrations in surface runoff from s torm events 

- 1  
increased t o  1 . 80 and 3 . 0  mg 1 , respec tively . After approximately 

20 days the concentrations of  both P forms had returned to pre-grazing 
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values . I t  seems l ikely that the influence o f  grazing animals on s o i l  

composi t ion and increased  surface runoff will  also increase P losses 

f rom pas ture . Although grazing animals are a potentially important 

source of  P t o  natural waters their influence is s t ill not 

fully unders tood . 

Feedlot rais ing o f  animals in New Zealand is not yet practiced to 

any meaningful extent b ut the concentration o f  animals for several 

hours (milking and drenching) , days (holding pads) , or even months 

(overwint ering barns ) is widespread . Syers ( 1 974) has pointed out that 

up to 64 , 000  kg of P may require disposal annually from 20 , 000 dairy 

sheds . Because such was tes are either discharged into s t reams or 

returned , a t  unusually high concentrations , to small areas of pas ture 

from which losses may be high , the intensification of s tock can s ignificantly 

increase P inputs to wat e r .  Extremely high concentrations of  D I P  in the 

d rainage dis charge from a cat t le wintering yard near Massey University have 

also recent ly been reported (Tillman et al . ,  19 78) . In a similar s tudy , 

Edwards e t  a l .  ( 19 7 2)  isolated a 0 . 1 7-ha area of  barnlo t (used as a b ee f -

cat tle barnlot for 2 5  years ) i n  east-central Ohio , U . S . A . and sampled the 

s t o rm runoff  from the area  for three years . Mean monthly concent ra t ions 

- 1  o f  TP in runoff water ranged from 1 . 40 to 1 3 . 90 mg 1 in 1968 ; mean 

annual concentra tions o f  TP in runoff  wa ter in the three years 196 8 , 1 9 6 9 , 

- 1  
and 19 70 were 3 . 20 ,  4 . 60 , and 7 . 20 mg 1 · , respec t ively . These 

concentrat ions of P are s imilar to those found in domest ic s ewage . 

Despite the small volumes involved , discharges from confined animal 

operations may be an important source of P to waters in some situations . 

1 . 2 . 3 . 3  Cropping 

Soil losses and th e movement of particulate and dissolved P 

forms have b een s tudied extensively because row-cropping and soil 
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cult ivat ion are widely prac ticed, particularly in the U . S . A .  Attempts 

to isolate the' influence of soil cultivat ion and cropping from that of 

fert i l izer on P movement in runoff forms from arab l e  land have involved 

study areas ranging from small runoff  plots to whole catchments . 

Comparis ons b e tween these studies are difficul t ,  however ,  b ecause of  

widely differing cropping practices , soil  types , s lopes , rainfall 

characteristics , sampling of  runoff , and P forms measured .  The movement 

of eroded soil material , which may be enriched in P (Rogers , 194 1 ;  Ryden 

et al . ,  1 9 73) , will potentially have a greater effect on the P concent rations 

of streams than the P which moves in percolating ground wa ter ( Taylor , 1 9 6 7 ) . 

In s tudying concen trat ions of P forms in drainage water from a wide 

variety o f  crops in the Coachella Val l ey , C�lifornia , Oertli and Bradford 

( 19 7 3 )  found that dissolved P in drainage water from the cropped land 

- 1  was com.cnonly less than 0 .10 mg 1 . In a study in California , Johnston 

e t  al . ( 1 96 5 )  reported that drainage waters from fer t ilized crops 

- 1  
frequently had a mean P concent ra tion of 0 . 08 mg 1 . Although 

concentrations reported from both these s tudies represent  l0w p ropo rt ional 

losses of P added as fertilizer P (Ryden et al . , 1 9 7 3 ) , they significan t ly 

exceed the sugges ted critical concentrations discussed in Sect ion 1 . 1 . 

TI1e loss e s  of P and sediment in surface runo f f  from four field-s ized 

experimental watersheds in Imva , U . S . A .  were s tudied by Schuman e t  al . 

( 19 73) . Two of these watersheds were row-cropped wi th corn , one being 

contour-p l anted and the other level-terraced . For : a perioQ. o f  three 

years of surface runoff  sampling , solution P concentrations averaged 

- 1  
0 . 2 20 and 0 . 5 1 3  mg 1 from the contoured and terraced watersheds , 

respectively . 
- 1  

Concent rations o f  PP were between 1 . 0 and 3 . 0 mg 1 over 

the same p eriod from the two \>7atersheds . These concentrations of  

dissolved P are high relative to the  background leve l s of  P in  natural waters ; 
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the concentra t ions of  P P  are extremely high .  The influence o f  clean 

fallow , corn , oats , and hay crops on the movement of P in surface runoff 

in Minnesota was studied by Burwel l  et al . ( 19 75) . Using natural rainfall 

erosion plots es tab lished on 6% slopes , they found tha t  up to 95% of all 

P lost in surface runof f  from cultivated cropping sys tems was los t as PP . 

Nelson and Romkens ( 19 7 1) examined concentrations of DIP in surface 

runoff from unfertil ized and fertili zed fallow and cultivated  plots . 

The concentrat ions of  

0 . 50 and 0 . 30 
- 1  

mg 1 , 

rates of 56 and 28 kg 

DIP increased from approximately 0 . 0 5  

respectively , after P fertilizer was 

- 1  
P ha . Although concentrations of  

mg  1 
- 1  

to 

applied at 

PP were no t 

reported the concentrations of sediment in surface runo ff were found to 

- 1  
b e  as high as 7 , 000 mg 1 . The finding of S chuman et al . ( 19 73) that 

PP concentrations may exceed DIP concentrations by a factor o f  

approximately 6 when large concentrations o f  sediment are present in 

surface runo f f ,  may indicate that PP concen trations could have been as 

- 1  
high d S  3 . 0  mg 1 . Such losses of  P from f ertile , cul tivated soils , 

_ ,  
and sediment concentrat ions of up to  7 , 000 mg 1 • in surface runoff  may 

no t be uncommon . Because the concen t rations discussed , notab ly those 

for PP , are high relative to those for natural waters , cropping may b e  a 

maj or source o f  P enrichment in waters , particularly where conserva tion 

practices are inadequate . 

1 . 2 . 3 . 4  Fertilizer 

It has b een emphasised widely tha t  the use of fertili zer and 

appropriate land management sys tems may contribute positively to water 

quality by promo ting and maintaining an eros ion-resis tant vegetation cover 

on rearginal or unstab le land (Kilmer , 1 9 72 ; Viets , 197 1 ;  Syers , 19 74 ; 

Walker , 19 75) . The reduction in erosion and in the movement of  PP that 

can result from fertilizer application is the main rational e  for such claims . 
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Fertilizer P ,  howeve r ,  has been implicated as an important source of  P 

moving into natural waters from rural land (Fish , 1969 ; Mit chell , 19 7 1) . 

Despite this claim ,  there have b een few studies which have specifically 

examined the influence of P fertilizers added to agricultural land on the 

amounts and concentrat ions of P movin g  into water . Hol t  e t  a l .  ( 19 7  0) 

have presented  some data from the unpub lished work of Timmon s  ( 1969)  who 

investigated the influence of superphosphate , incorporated into cul t ivated 

surface soils , on the concentrations of DIP in surface runoff . 

- 1  
Concentrations o f  0 . 08 mg 1 for DIP i n  surface runoff from a cont rol 

- 1  
plot and 0 . 0 9 , 0 . 1 6 ,  and 0 . 30 mg 1 for DIP in surface runoff from plots 

on wh ich fertilizer was b roadcas t and deep-ploughed , disked into the surface , 

and surface-applied without incorporat ion , respect ively , were obtained in 

this s t udy . To investigate the effect  of  mixing P fertilizer with soil , 

- 1  
RonU(ens and Nelson ( 1 974)  added 0 ,  56 , and 1 1 3 kg P ha t o  replicate 

runoff plots of  cul tivated Russell s i l t  loam. Concentrat ions of DIP in 

- 1 
surface runoff  \vater were found to be  0 . 0 7  mg 1 from the control and 

- 1  
0 . 24 and 0 . 44 mg 1 from the p l o t s  fertilized at the two rates of P ,  

respect ive ly . Nelson and Romkens ( 1 97 1 ) found a loss of  fert ilizer P 

(56  kg P ha
- 1  

added) of 1 . 2% in 250 mm of surface runoff from fallow and 

til led plots during a 3-month period whereas Schuman et al . ( 1 973)  reported 

- 1  
a 0 . 6% loss ( 39 kg P ha added) from pasture in a 6 -mon th period . 

Although thes e  amounts a
_
re regarded as being agronomically insigni ficant , 

the concentrations of dissolved P appearing in surface runoff are high 

relative to the background levels dis cussed in Section 1 . 2 . 1 .  

The movement  of  P in drainage and seepage \o.•ater ,  from fertili zers 

applied to the soil surface , is often b e lieved to be small due to the low 

mobility o f  P in soils (Taylor , 196 7 ; Ryden e t  a l . , 19 7 3 ) . Bolton e t  al . 

( 1970)  reported that P concen trations i n  tile drainage water f rom soils under 
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various crops were only slightly affected by fertilizer P addition and 

concentrations of 0 . 20 mg 1
- 1  

were commonly obtaine d .  Although the 

movement of fertilizer P within soils may be l itti t e d , such values are also 

high relative to background concentrations . 

In spite of  pas toral farming on s teep land , the occurrence of  

winter  surface runoff , and extensive superphosphate fertilizer application 

in New Zealand , data on the influence of fertilizer P addition on the P 

concentrations in runof f  wat ers are very limited ( Syers , 19 74) . Gilchrist 

and Gillingham ( 19 70)  have shown that up to 28% of  a dded P may be  transported 

over 30 cm ( the length of  the small plots used) through improved pas ture 

under very heavy artificial rainfall applications ( 6 . 6  and 1 3 . 3  cm hour
- 1

) .  

How much of this 28% of  fert il izer P actually moves over longer dis tances 

into a stream is unknown . I t  has been pointed out (Syers , 19 74) that 

fertilizer falling directly into a s tream or channel  can increase P 

concentrations significantly . In examining the influence of fertilizer 

appli�ation on P concentrat iona in s torm runoff  from a newly-cleared 

ca tchment at Puketurua ,  Whangarei ,  McColl et a l , ( l9 ,75) 'noted that P losses in 

s torms occuring shortly after  fertilizer appl ica tion corresponded closely 

to the amoun ts of  P calcula ted to have fallen into the s tream channel . 

The aerial application of superphosphate to pas ture was cons idered ( Fish , 

1969)  to have increased TDP concentrations in a s tream draining a fertilized 

area , from 0 . 09 mg 1
- 1  

b efore applicat ion to 8 . 9  mg 1-1  in samples taken 

immediately af ter application . In a study at Tomahawk Lagoon , near 

Dunedin , in May - June , 1965 , Mitchell ( 19 7 1 ) sugges ted that the large 

amounts of  soluble "react ive" P entering the Lagoon resul ted f rom aerial 

topdressing . A recent s tudy by Sharpley and Syers ( 19 76 )  has shown that 

DIP and PP concen trations in surface runoff from grazed pasture at Massey 

- 1  
Univers ity inc reased , follO\.;ring the applica t ion o f  5 0  kg P ha , from 
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- 1  - 1  
control values of 0 . 20 mg 1 to 3 . 3  and 2 . 8  mg 1 , respe c tively . 

Although the mean concentrations in s urface runoff from successive s torm 

events declined progressively throughout the year , they remained between 

2 and 5 t imes greater than those obtained with the control plo t .  Despite 

the fact that the losses of DIP and TP represent only 2 . 9 % and 6 . 7% of  

total P added , respectively , the concentrations of P ob tained in  surface 

runoff are high relative to the data discussed in Section 1 . 2 . 1 .  

1 . 2 . 4  Relative importance of  factors influencing the 

phosphorus enrichment of  waters 

A review of the background concentrations of P forms found in surface 

waters originat ing from natural or minimally-dis turbed catchments overseas 

has shown that dissolved P concentrat ions of approximately 0 . 0 1  to 

- 1  
0 . 05 mg 1 co�nonly occur . These values are supported by  limited data 

from Ne�1 Zealand s tudies .and are close to or within the range of  dissolved 

P concentraions which is internat ionally recognised as the threshold for 

the development of algal b looms . 

- 1  Urban runo f f ,  with TP concentrat ions o f  between 0 . 20 and 0 . 50 mg 1 , 

and sewage and e f fluent discharges with TP concentrations of  b e tween 5 

- 1 and 15  mg 1 , may contribute substant ially to the P concent rations in 

receiving waters . Their  influence , however , is localised and probab ly 

amenab le to cont rol , relative to the widespread , diffuse con t ribut ions 

from rural land uses . 

Al though P movement from unferti l i zed fores ts is ins ignificant 

relative to background concen trations , concentrations of DIP and PP in 

surface runo ff f rom int ensively-grazed pas ture may be as high as 0 . 20 mg 1
- 1

, 

i . e . , ten t imes higher than background concentrations . Even higher DIP 

concen t rations ( up to 0 . 50 mg 1
- 1

) and PP concent ra tions ( up t o  3 . 0  mg 1
- l

) 

in surface runoff  may occur from cropped soils . Al though cropping is 
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less extensive in New Zealand than pastoral farming , its increasing role makes 

i t  a poten tially important source o f  P movement into surface water . 

The application of P fertilizer to soil is an integral part o f  

arable or  pas toral farming . Al though several s tudies have indicated 

that only a small proportion of fertilizer P added to soil is los t in 

surface runoff (of ten as little as 1%) , and even less lost in drainage 

water , s uch movement of P may be widespread and have a maj o r  influence 

on the P concentrations found in receiving waters . 

The s ignificance o f  rural lan d , relative to urban land , in increasing 

P concentrations in surface waters may be large , particularly in New 

Zealand . Such a diffuse P source is  dif ficult to identify and even more 

difficul t to control . I t  is apparent , however ,  tha t  although very much 

higher P concentrations in receiving water may resul t from point  discharge 

sources , the "critical" P concentrations discussed previously may be 

widely and frequently exceeded in waters receiving runoff  water from rural 

land . 

1 . 3  Movement of Phosphorus from Soils to Surface Waters 

Although the relat ive importance of factors influencing the extent 

of P enrichment of surface waters has been discussed in Sec tion 1 . 2 ,  

s peci fic s ources of water and P requi re clarification . 

1 .  3 .  1 Sources of water and phosphorus 

The movement of P into receiving wa ters may originate from point 

sources and diffuse sources (Ryden et al . ,  1 9 7 3) . Al though indus t rial 

and sewage effluents are obvious point sources , P movement into surface 

water from rural land usually takes the form of diffuse sources . 

S tud ies o f  the movement o f  P forms from soil to water have ranged 



from the sampling of surface runoff from small ,  precisely-defined runoff  

plots ( Gilchris t and Gil l ingham , 1 9 70 ; Nelson and Romkens , 19 7 1 ) to the 

sampling of rivers draining areas of land , part ly or wholly under a 

part icular land use ( Oertli and Bradford , 1 9 73 ; Burwell et  al . , 19 74) . 

This has meant tha t  the fractions of  runoff  responsible for P movement 
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from land have either been incompletly s tudied or else not well identified , 

making i t  difficult to est ab lish sources of  P for comparative or prediction 

purposes . Further to this , as pointed out by Ryden e t  al . ( 19 73) , many 

s tudies have measured different P forms in runoff water , e . g . , only TP 

or specific P forms . In studies where there have been inadequate o r  

incomplete flow data ( discussed b y  Taylor et  al . ,  19 7 1) or inadequate 

sampling ( discussed by Sharpley e t  al . ,  19 76) , actual loadings of nutrient 

forms from specific sources may have been difficult to quantify even if 

the sources of flow had been es tab lished . Kilmer ( 19 72 )  has p roposed the 

following parameters as being i deal for field experiments des i gned to 

s tudy the sources and amounts of  nutrient movement to water from soils and 

fertilizers : 

1) A drainage system permitting the quantitative measurement o f  

water dis charge volumes ( surfa.ce , subs urface , and base flow) f rom a n  area 

whose dimens ions are accurately es tablished . 

2 )  A continuous water-sampling sys tem that takes samples 

p roport ional to flow volume . 

3)  Moni toring instruments to measure nutrient inputs in 

p recipitation and dry fallout . 

4 )  Provisions for  ob taining nutrient transport data under . 

unfertilized or control condit ions . 

5 )  Facilities for preserving water samples during the period 

bet\-7een collection and chemical analysis . 



In a ttempts to es tablish the influence o f  land use and related 

factors on P movement from soils to water it is essential to es tablish 

sources of water whi ch carry P ,  forms of P transported , and reliable 

loading calculations for P forms . In particular , in measuring P 

additions to water f rom rural land and diffuse sources , the isolation of 

contributions from s urface and subsurface runoff is useful . 

1 . 3 . 1 . 1 S urface runoff 

19  

Surface runoff is that part o f  p recipi tation which flows over 

the land s urface to s t ream channels . Discussion of concentrations of 

dissolved and particulate P forms in Sections 1 . 2 . 3  and 1 . 2 . 4  has indicated 

that high concentrations of DIP , TDP , PP , and sediment can be transported 

over at leas t short dis tances in surface runoff . Although lower 

concentrations of P forms and sediment are o f ten found in surface runoff 

from whole catchments than from small runoff  plots , because small plots 

o ften measure only localised relocation o f  P and fail to account for net 

movement , i t  has been shown that surface runo ff from rural land can contain 

h i gh P concentra tions , especially of PP . Romkens et al . ( 1�73) obtained high 

correlat ion coefficients between the PP and clay contents o f  runoff  

sediment , p robably because of the h i gh affini ty o f  clay particles and 

related amorphous cons t ituents for P ,  resulting in the "enrichment ratio" 

effect (Rogers , 1 9 4 1 ) . Thus if soil eros ion is reduced , movement of P 

f rom the surface soil may be great ly reduced . 

The lower saturation of the P sorb ing complex in unfertilized soils 

would tend to result in a greater proportion o f  the P transported in surface 

runoff remaining at tached to soil particles (Munn et al . , 19 7 3 ;  Burwell 

e t  al . ,  1 9 75 ) . Sorp tion or desorpt ion o f  P may occur when the soil 

particles enter waters o f  h i gher or lower DIP concentrations , respectively , 

than those in surface runoff  water . Increased P concentrations in surface 
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runoff following the application of P fertilizer ( Schuman et  al . ,  19 73) 

may result f rom both the dissolution o f  fertilizer particles and reaction 

products , and an increase in the saturat ion o f  the P sorb ing complex , 

with the P on sorption s ites of  lower binding energy maintaining higher 

dissolved P concentrations in solution . Because the movement of  soil P 

in surface runoff  is o ften closely related to that o f  sediment movement ,  

an unders tanding of  the reactions o f  P with soils and soil components should 

be useful in explaining and predic t ing the concentrations of DIP maintained 

in solution by PP and sediment transported in surface runo f f . 

1 . 3 . 1 . 2  S ubsurface runo ff . 

Subsurface runoff is tha t  part of  precipitation which 

inf iltrates the soil and moves towards s treams as ephemeral , shallow-

perched groundwater above the main groundwater level . Drainage discharge 

may be regarded as a form of  accelerated subsurface runo ff  ( Sharpley et al . , 

1976) . In many situations subsurface runoff may contribute a maj or  

portion of  s trea� flow (Minshall et  al . , 1969 ; White , 1 9 72) . Several 

studies have shown that a very low proportion of fertilizer P applied to 

the soil surface appears in accelerated subsurface runoff  (Bolton et al . ,  

19 70 ; Cooke and Williams , 1970) , and that lower concentrations of  DIP 

are found in drainage water than in surface runo ff from the same 

experimental areas (Benoi t , 19 7 4 ) . Two main reasons account for this . 

Firs tly , P is of ten s trongly sorbed by soil components ( Syers et  al . ,  1 9 7 1 ;  

Ryden et  al . ,  19 7 7a) . This is in contras t to anions such as N0
3 

and Cl 

\vhich usually move freely through the soil profile in drainage water and 

often appear in relatively high concen trations in subsurface runoff . 

The P-sorbing complex o f  subsoil material usually shows a lower saturation 

than that of surface soil , due to the accumulation of P in surface soil . 

Consequently , P will be sorbed with a higher binding energy (Ryden and 
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Syers , 19 7 7� in the s ubsoil . Secondly , b ecaus e o f  the physical s ieving 

action of the soil p rofile , subsurface runoff contains only small amounts 

of particulate material and , consequently , o f  PP (Ryden et al . , 1 9 7 3 ) . 

Recent experiments by Rolston e t  al . ( 19 75 )  have shown that organic P 

compounds may move more readily through the s oil profile than inorganic 

P to depths of up to 1 2  cm before hydrolys is . The movement o f  organic P ,  

which may b ecome biologically availab le (Berman , 19 70) , in subsurface and 

drainage water has not been s tudied extens ively . An increased understanding 

of the reac tion rates o f  P with soils and the potential release of P to 

water moving through the soil is required . 

1 .  3 .  2 Potential influence o f  changes in land use on 

phosphorus movement to water 

The literature reviewed in Section 1 . 2  has sugges ted that the 

pctential P enrichment o f. water can part ly be related to land use p ractices . 

Several authors have s ugges ted that a change in land use may increase 

(Benoit , 19 7 4 ;  McCo l l , 1 9 7 2 )  or decrease (Viet s , 1 9 7 1 ;  Kilmer , 19 7 2 )  the 

amounts and concen trations o f  P forms moving into surface \\'ater . Although 

s everal s t udies have compared the influence o f  different land use on P 

losses in runo ff (vlhite , 1 9 7 2 ; Schuman et a1 . 1973) almost  no data are availab l e  

from s tudies designed to measure P losses from land undergoing a specific 

use change . Such data are particularly scarce in New Zealand , despite 

extens ive land clearing . 

Several studies have suggested that a change in land use may not 

affect  P los ses greatly and may have a conservative ef fect on the movement 

of water and sediment from cleared land . Toebes e t  al . ( 1968)  has shown that 

following oversm·Ting and topdressing of unimproved pasture in a small 

catchment a t  Makara , Ne�1 Zealand , there was a decreas e in annual runo f f ,  

a probab le increase in infiltration , and an increase in surface de tention . 
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This could indicate a decrease i n  sediment movement and p p  i n  surface 

runoff . Aubertin and Patric ( 19 74) reported no increases in nutrient  or 

· s ediment losses from a clear-cut watershed in West Virginia in which a 

b uf fer s trip was left  along the main stream channel . In  a New Zealand 

s t udy of yellow-brown pumice soils under grazed and ungrazed pas ture , and 

s crub ,  S elby ( 19 72 )  showed that with careful management and complete soil 

cover , eros ion losses from grazed pas ture could be less than those from 

scrub .  I t  is possib le that nutrient losses , especially particulate forms , 

may be reduced where adequate p recautions accompany changing land us e .  

I t  has also been suggested (Fish , · 19 7 1 ;  Mitchell , 19 75b) that the 

development of grazed pas ture has led to increased P concentrations in 

s treams draining such catchments : Fish ( 19 7 1 ) suggested that pasture 

catchments were the maj or sources o f  P entering Lake Rotorua , relat ive to 

inputs from catchments under scrub and bush . S imilar claims have been 

made by Mitchell ( 1 975b)  for a small catchment contributing stream flow 

to Lake Ymhinerangi after the catchment was developed to grazed pas ture . 

I t  is now recognised ( S carseth and Chandler , 1 9 38 ; Burwell et  al . ,  

1 9 7 5 )  that maj or losses o f  P can occur from land during and following a 

change in land use . A cri t ical period threatening P enrichment probably 

occurs during the clearing operation when bare , disturbed soils and 

fert ilizer are suscept ib le to movement in surface runoff . Where the 

burning of debris in s tream beds or cat chments is practiced , higher 

concentrations of P forms in early winter flow events seem probab le 

( �1ite et al . ,  19 73) . I t  has also been pointed out (Fish , 1969 ; 

Sye�s , 19 74 ; Mitchell , 19 75a) that during and following the land 

development operat ion direct contamination of watenvays by aerially-

applied superphosphate can increase P concentrations in water . Despite 

the fzct tha t  such operations are widespread in New Zealand , quantitative 



data for their effects are unavailable . 

land use management recommendations . 

These are required to s upport 
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The fact that the composi t ion o f  runo f f  from cleared and fertilized 

soil is influenced by soil P reactions , b o th in the soil p rofile and in 

suspensions of sedimen t  and runoff water , has been well es tab l ished (Taylor 

and Kunishi , 1 9 7 1 ;  Ryden et  al . ,  1972a ,b ) . A consideration of  the forms 

of P present in soils and their reactions s eems essential to an unde r­

s tanding of  the poten t ial movement of P within and from soil . In 

particular , the react ion rates and mechanisms of P added to soils may 

control the persistence of lab ile P and the potential mob i lity of  P from 

soil into water . 

1 . 4  Forms and Reactions o f  Phosphorus in Soils 

The potential o f  a soil to contribute to P enrichment of sur face and 

subsurface water is partly dependent on its P s tatus . The forms and 

rO?.act ions of P in soil , determining its P s tatus , are subsequent ly 

reviewed . It is convenient to distinguish b e tween organic P ( OP) and 

inorganic P (IP) and further to divide IP into primary and secondary forms . 

Because fertilizer P added to soils essentially influences secondary IP 

forms and react ions , these will receive maj or at tention . 

1 . 4 . 1 Organic phosphorus in soils 

The quant itites of OP found in soils can vary widely . I t  has been 

reported ( Syers and Wil liams , 19 78) that between 20 and 90% of TP in soils 

may b e  p resent as OP and this range may even be exceeded in some cases . 

The diversity and complexi ty of  OP forms has meant that the subj ect is 

rather poorly understoo d , despite considerab le inves tigation . · Several 

autho rs (Anderson , 19 6 7 ;  Cosgrove , 196 7)  have reviewed the nature , sources , 

properties , and metabolism o f  soil OP . Th ree main groups o f  phosphate 



es ters that have b een identified in soils are inositol phosphates , 

nuclei c  acids , and phospholipids . 
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Ino s i tol phosphates are esters of orthophosphoric acid and the cyclic 

polyo l ,  inositol . Their amount s  in soils may vary , forming b e tween 5 and 

58%  of OP, but they occur \videly . I t  has been suggested that the mob ility 

o f  ino s i tol  P in s o ils may be  controlled by both sorp tion and p recipitation 

react ions . 

Nucleic acids are high molecular weight polymers of two types : 

deoxyribonucleic acid ( DNA) and ribonucleic acid (RNA) . Their widespread 

occurrence is due to the presence of DNA and RNA in the nuclear material 

of all l iving cells . This extensive occurrence , however ,  is o f  little 

significance to the P s ta tus of soils in view of the small amounts found . 

Phospholipids form a group of  phosphate es ters which is poorly 

def ined and only very small amounts are present in mineral soils . Apart 

from their presence lit tle is known about their interactions wi th soils . 

Despite their poor characterisation i t  has b een suggested that OP 

compounds play a significant role in the P chemis try of soils ( S inha , 

1 9 7 1) . The total amounts of OP and IP present in a soil reflect the 

balance b etween the processes of formation ( addit ion) and mineralization 

(decompos i t ion) ( Syers and �illiams , 19 78) . The mineralizat ion o f  soil 

OP has b een s tudied extens ively under field and laboratory conditions 

( reviewed by Cosgrove , 1 9 6 7 ) . In a field study , Dormaar ( 19 72 )  reported 

a rapid decline of soil OP in spring following a winter accumulation . 

The winter accumulation and rapid spring decline o f  OP has widely b een 

ob served and attrib uted to increased microb ial activity with increased 

spring tempe ratures and soil aeration . In an experiment to monitor the 

decline in "labile" IP in soil , \vhich was expec ted to accompany the l arge 

increase in plant uptake in spring pas ture growth , S aunders and Met tson 
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( 19 7 1 )  found no significant difference in the lab ile pool of IP over this 

period . They concluded that the pool o f  p lant-availab le  IP was maintained, 

despite removal from i t ,  a t  a s table level by increased mineralization o f  

soil OP . In a leaching experiment Rols ton e t  al . ( 19 75 )  found that IP 

added to the soil surface remained in the top 2 cm but OP moved up to 

1 2  cm down through the soil befo re mineralization . This mobility could 

be  an important fac to r  in P cycling within soils and the movement from 

soils . 

Because the amounts and forms of OP in soils vary greatly and the 

rates of mineralization and formation appear to depend on many factors 

(Thompson and Black , 1948 ; Eid e t  a l . , 1 9 5 1 ;  Cosgrove , 1 9 6 7 )  it is  

possibly not surpris ing that the role of  OP in the P dynamics of  soils 

remains unclear . While it  is difficult to e s t imate the net cont ribution 

of OP mineralizat ion to the pool of IP in s oil , it  is clear tha t  under 

certa i n  environmental condi tions the contribution can be significan t . 

This may b e  an important considerat ion in ass essing the potential of the 

soil to supply P for plant uptake and to contribute to the P enrichment o f  

surface and subsurface water .  

1 . 4 . 2 Inorganic phosphorus in soils 

1 . 4 . 2 . 1 Primary inorganic phosphorus 

Primary IP occurs in soils as the mineral apatite . Ninerals 

of this group have the formula Ca
10 (P04)

6
x2 ,,.here X =  F, OH , Cl , or � co 3 . 

Fluorapatite is the most s table of these forms and occurs widely in igneous 

and metamorphic rocks (up to 95% of P in igneous rocks) . Generally , 

apatite is stable ,  excep t under acid condi tions , although weathering can 

be more rapid in topsa ils where temperature and microbial activity are 

greater: and further advanced in older soils . Although apatite is initially 

the maj or source o f  P in virgin soils , the rate of  weathering is generally 
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too s low to p rovide adequat e  P for plant growth , unless the p lant species 

have a low P requirement . 

1 . 4 . 2 . 2  Secondary inorganic phosphorus 

Secondary IP has widely been considered to consist of three 

·groups : soil solut ion P ,  precipitated P forms , and sorbed P forms . 

Soil solut ion IP generally comprises only a small fraction (commonly 

approximat ley 0 . 1%)  of TP in s o il . Despite this , DIP along with DOP is 

poten t ially the mos t  mobile form of P in soil . I t  is probable that a 

balance b etween DOP and DIP in the soil s olution is maintained (discussed 

in Section 1 . 4 . 1) by  quite rapid  mineralization of  DOP (phosphatase 

enzymes) and assimilat ion of  DIP (biological uptake) within soils . The 

pool o f  DIP pres en t in the soil solution forms the only known source of 

directly plan t-available P .  I t  is also believed to b e  in equilib rium 

with other forms of  IP in the soil . 

Much work has been pub lished on s tudies of precipitated P forms in 

soils . During this century there have been alternat ions between the 

arguments for sorbed P and sligh tly-soluble , precipitated P as the forms 

controlling soil solut ion P concentrat ions . Prior to 1 9 16 , soil IP was 

thought to be in the form of s lightly-so luble P compounds maintaining lmv 

solution P concentrations . S tudies by Russell and Prescott  ( 19 16)  and 

Mattson ( 19 30 ,  1 9 3 1 )  led them to propose a sorption mechanism which was 

widely accepted until 1 950 . Cole and Jackson ( 1 950 )  and Haseman e t  al . 

( 1950)  were some of the firs t workers to show that a number  of  crys talline 

P compounds could be identified when soils were reacted wi th concent rated 

P solutions , often at elevated temperatures . It was thought that 

compounds o f  the variscite (AlP0
4

. 2H20) , barrandite ( (Fe , Al) P04 . 2n2o) , 

and strengite (FeP0
4

. 2H
2

o) isomorphous s eries contro lled the retention 

and releas e  of P in neutral and acid  soils via solubility equilib ria . 

l I I 
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The reaction o f  fertilizer P with soils or  soil components , following high 

P add i t ion rates , has allowed the iden t i f ication o f  a large range o f  such 

compounds (Huffman , 196 2 ; 1 968) . Despite the identification , by x-ray 

diffraction , o f  s uch compounds from high P concentration sys tems 

(Haseman e t  al . ,  1950)  they were no t detectable in soils fertilized at 

normal rates . The extremely small size  of the crystals was s uggested as 

the reason for this (Haseman et  al . ,  1950) . Kit trick and Jackson ( 1 95 5 )  

showed that the concentrations of  P maintained i n  soluticn b y  discrete­

phase compounds were higher than those found in  soils , except near to 

fertilizer particles . Although this did not exclude the possib i li ty tha t 

such compounds may form following fertilizer addit ion to s oil , i t  seemed 

less l ikely that the solub i lity of discrete P compounds alone controlled 

the pool of  IP in  the soil solution . The sugges t ion that high soil 

solut ion concen trations o f  Fe and Al wculd suppress the dis solution of P 

compounds was shown (Hsu , 1 964)  to be unfounded . Bache ( 196 3 ;  1 964 )  also 

questi oned the s tabil ity of crys talline varis cite and s t rengit e  in 
soils . Although many crys talline P compounds and several sho rt-range 

order precipitates may be identified as immediate fertilizer react ion 

products (Lindsay et al . ,  1 962)  it  is now generally believed that the 

solubility equi lib ria of such minerals do not adequately explain the 

chemis try of  P in soi ls (Syers and Williams , 1 9 78 ) . The p roposal that 

sorpt ion react ions , rather than precipitation reactions , a re likely to 

control soil solution P concentrat ions is now cons idered more likely . 

S orpt ion reactions refer loosely to both the processes o f  adsorption 

and absorp t ion which are d i fficult to distinquish and probab ly occur 

simultaneously . Adsorption refers to the development of  a higher species 

concen trat ion a t  the surface of  the solid phase than occurs in the 

solution phase . Absorption refers to the mo re o r  l ess un iform penetration 
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o f  a species into the solid . Because i t  is  possib le that b o th adsorption 

and abs orption involve s imilar mechanisms , Syers and Williams ( 19 78 )  have 

suggested that abs o rption can be considered as adsorp tion on internal 

surface s , making a distinct ion important in terms of rates only . 

The ability o f  a soil to sorb P is essentially influenced by both 

the amounts and types of P-sorb ing components present . Of partic ular 

importance are poorly s tructured , short-range order compounds, in contrast 

to highly structure d , crys talline compounds . One short-range component 

usually found in s oils contaminated by volcanic ash is allophane-like 

material which has been shown (Cloos et  a l . , 1968)  to be extremely 

effec t ive in P sorp tion . Short-range order Fe and Al hydrous oxides and 

hydroxy-oxides have large surface areas and are also capable o f  sorb ing 

large amounts of P (Bache , 1964 ; McLaughlin et al . ,  1977) . Bache ( 19 6 3 )  

showed that poorly-ordered Fe and Al hydroxides can sorb u p  to 20 t imes 

more P than crystalline Al hydroxide . Where such short-range o rder 

materials occur as coatings on other soil components , e . g . , clay minerals , 

i t  has b een sugges ted (Ryden et  al . ,  19 73)  that they , together with the 

gre�ter surface area of the clay fraction , explain the higher TP content 

of  clay fractions in soils . The higher sorption maxima o f  short-range 

order components , extensively found in soils , is attributed to greater 

surface areas and numbers o f  -OH and -oH2 groups in surface posi t ions which 

can undergo ligand exchange reactions with P .  

I t  is apparen t that i f  sorpt ion and desorption processes in soils 

control solut ion P concentrations , an understanding of the mechanisms 

involved should con tribute to the prediction o f  the P status o f  a s oil and 

the fate o f  fertilizer P in soil . Although such mechanisms have b een 

proposed their use f ulness in describ ing P forms and react ions in soils has 

still not been extended to a practical f ield interpretation . 



1 . 5  Modelling the Reactions and Reac tion Rates of  Phosphorus 

Added to Soils and the Movement of  Phosphorus f rom Soils 

1 . 5  . 1  Reac tions 
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The sorption of IP by soils and soil components has b een shown to 

follow a dis t inct pat tern (Hsu , 1964 ; Raj an and Fox , 19 72 ; Ryden et  al . , 

19 76 ) . This has b een des cribed as an ini tial rapid react ion followed by 

a very much slower reaction which can proceed for many days and even months . 

S everal interpretations of the mechanisms involved in P sorp tion have 

subsequently b een made . Hsu ( 1964) cons idered that the " fas t "  reaction 

was due to rapid surface sorp tion and the "s low" reaction involved 

p rogressive build-up of P on newly-formed surfaces . Cloos et al . ( 1968)  

concluded that two diffus ion processes were involved .  

A number of  workers have analysed experimental data by the use o f  

sorption iso therms . Although the results ob tained from isotherm resolution 

do not prove that sorp tion mechanisms , as distinct from precipitation 

mechanisms , are operating they can provide us
.
eful information which , in 

association with o ther experimental results , may provide evidence for 

reaction mechanisms . 

1 . 5 . 1. 1  Isotherm resolution o f  data 

The relationship between adso rbed and unadsorbed species at a 

given temperature may be described by a sorption iso therm. Because 

absorption may b e  regarded as a form of adsorpt ion , it  is poss ib le that 

both adsorp tion and absorption reac t ions can be described by a sorption 

isotherm. 

The simples t form of  isotherm commonly used to describe P sorp tion 

data involves plo t t ing the amount of P sorbed agains t the amount remaining 

in solut ion . Att empts have been made to obtain more quantitative data 

from s uch s imple isotherms by the use of  isotherm equations , e . g . , 
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Freundlich or Langmuir ,  o r  by divis ion of  the s imple isotherm into 

dis tinct regions by inspection (Bache , 1964 ; Mulj adi et al . ,  1966) . 

More recent work by Syers et al . ( 19 7 3 )  showed that the b reaks obtained 

by  resolution of experimental data did not correspond to the breaks 

ob tained by "inspection" and the validity of  the inspection procedure has 

b een ques t ioned . 

The Freundlich equa tion takes the form:  

1 
x/ 

m = kC n 

or log 
x/

m log k + 1 
n log C 

where x = weight  of P removed by a weight m of  solid , C = the equilib rium 

c oncentra tion of P in solut ion, and k and n are constants . Al though the 

equat ion was developed to describ e  the sorption o f  gaseous species by a 

s o l id , i t  has been used to d�scribe the sorpt ion of P from solution by 

s o ils (Low and Black , 1950)  and soil components (Kuo and Lotze , 19 7 3) . 

I t  has b een found (Bache and Vlill iams , 19 7 1 ) , however ,  that good fit 

b etween sorp t ion data and the Freundlich equation is not always achieved . 

I t  has been sugges ted ( Sawhney , 19 74) that progress ive sc�ption of anions 

( e . g . , P) leads to increas ing negative charge on sorp tion surfaces wi th a 

corresponding net decrease in the heat of sorpt ion for latterly-sorbed 

species . I t  has been largely for this reason tha t the Freundlich equat ion , 

whi ch assumes a logarithmic decrease in the heat of adsorpt ion with 

increasing surface cover , has b een favoured . 

The Langmuir equat ion may take the form : 

where x ,  m ,  and C are the same as in the Freundlich equation and K
1 

and K
2 

are cons tants  related to the b inding energy and sorption maximum, 

respectively . This equat ion assumes tha t the heat of  sorption remains 
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constant with changing sur face cover , implying uni form sorption s ites and 

no interaction b etween sorb ed species , and that monolayer sorp t ion is the 

maximum poss ib l e . Despite these strict conditions , the Langmuir equat ion 

has yielded goo d  fit to experimental data and been useful in describing 

P s o rp tion by s oils . 

The firs t  detailed s t udy of  the application o f  the Langmuir equation 

to describe sorption of P by soils was reported by Olsen and Watanabe 

( 19 5 7 )  using the l inear form : 

C/x/m = 

Although close f i t  o f  the data with the equation was achieved , their data 

indicated that two linear relationships were present . Since then many 

s imilar s tudies have been undertaken ( Mulj adi e t  al . ,  1966 ; Syers et al . ,  

19 7 3 ; Holford e t  al . ,  19 74 ; Raj an and Fox , 19 75) . 

Another rearranged f o rm of  the Langmuir equation which has been 

used recently (Ryden et al . ,  19 77a) is in the form o f : 

1/ X 
= 1/

K K C 
1 2 

+ 1 /
K 

2 '  

I t  can be shown tha t  K 1 as derived from this equat ion , is equivalent to 

the equilibrium cons tant o f  the sorpt ion react ion . A linear relat ionship 

is ob tained for data conforming to this reciprocal form of the equation 

such tha t values for K
1 

and K
2 

can be calculated . Use of  the reciprocal 

form of the equat ion has been criticised (Veith and Sposito , 1 9 7 7) because 

small e rrors in the measurement of solut ion P concentration can res ult in 

large numerical errors in the value of 
1 1

c . Careful analytical procedures 

and reliab le data , however ,  permit the use of this equat ion form to 

evaluat e  P sorp t io n  at low solution P concentrations . 

1 . 5 . 1 . 2  Reac t ion mechanisms 

S o rption isotherm equations have been used in conj unction vd th 
o ther experimental evidence to s tudy P sorpt ion reactions in soils and to 
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propose rea c tion mechanisms . Sorp t ion o f  P has recently b een investigated 

(Ryden e t  al . �  1 9 7 7 a) over a wide range of solut ion P concentrations , 

- - 1  
including less than 3 � mole 1 , for which there have been little  data 

available . I t  was found necessary to determine equilibrium isotherms 

for P sorp t ion (Ryden and Syers , 19 75) in order to obtain t rue estimates 

of the sorpt ion maxima , and also to correct  the :i;S.otherms for "native1 1  P 

already on s ur faces prior to P addi t ion . When the reciprocal form o f  

the Langmuir equat ion was applied t o  the correc ted equilib rium isotherm 

i t  was found that at least 5 linear  portions were apparent on the overall 

- 1  
isotherm over a final P concentration range o f  0 - 650 � mole 1 A 

s ingle linear relationship could only be ob tained over a very restricted 

c oncent rat i on range . Mul tiple linear relationships implied that P was 

sorbed concurrent ly at more than one dis tinct K 1 value . Therefore a 

procedure o f  success ive approximat ion was developed (Ryden e t  al . ,  19 7 7a )  

to resolve t h e  experimental data ob tained . I t  was subs equen t ly shown 

that three dis tinct relationships or  regions ( I , II , and Ill) , Cdch 

conforming t o  a particular Langmuir equation , described the overall P 

sorption isotherm.  For each region it was possible to determine a value 

for K
1 and K

2
, where K

1 
was equated to the free energy o f  sorption (�G) by 

the equation : 

AG - RT ln K 1 (Graham , 1953) . 

I t  was found that the values o f  �G were extremely similar for a particular 

region , not only for contras ting soils but also for Fe gel . Differences 

in sorbants used were reflected only in the magnitude of the sorp t ion 

maxima CJS values) . TI1e magnitudes o f  the bG values were such that a more 

chemical type bond (chemisorption) was sugges ted for the first two regions 

whereas the third region had a relat ively low AG value suggesting a more-

phys ical sorp t ion type . Further evidence for the sorption types was 
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p r ovided b y  the obs ervat ion tha t  although s or p t ion in regions I and II 

was independent of ionic s t rength, s orption in region III was dependent 

on ionic s t rength. 

The charge relat ionships of P s orp t ion ob tained f or Fe gel were 

c ons is tent with those f or s oils ,  permitt ing a more detaile d evaluat ion of 

the mechanis ms of s orpt ion involved. In regions I and III the nega t ive 

charge on the s orb ant inc reas e d  whereas no change in charge occured f or 

reg ion I I  s orpt ion. Solut ion pH sh owed no change with s orpt ion in 

regions I and Ill .  From this inf ormation, three dif fe ren t react ion 

mechan.is ms f or these three regions were prop os e d :  

Region I Fe 

Region II Fe 

Region Il l 

1+ 
/

OH 

"-oH 2 

/
OH

J
0 

"'-oH 

0 

+ - -� + 

+ + OH 

+ --7 

These p r oposed mechanis ms were f ound to b e  in agreement with all the 

other e xperimental eviden ce and data ob tained. �hey are s imilar t o  thos e  

p rop osed by Hingst on e t  a l .  ( 19 72 )  b u t  contras t in that Hings t on e t  al. 

( 19 72 )  prop os e d  reac t ions which exc lus ively involved ligand exchange and 

a l s o  s ugge s t e d  that all s orp tion mechanis ms always rendered the s orb ing 

s ur face more negative ly charge d. An imp ortant aspect of the three regions 

or mechanis ms , as prop os e d  by Ry den et  al. ( 19 77a) , is tha t  the AG val ues ,  

the K2 va lue s ,  and the b re aks in the three regions are calculated by 

is otherm res olution of a c t ual experimental data. 
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Several criticisms of the applicability o f  the Langmuir equation 

to describe s o rption isotherms have recently b een made . These include 

the sugges t ion by Harter and Baker ( 19 7 7)  that with increasing sorp tion 

of anions , e . g . , H
2Po

4
-

, at surfaces the react ions involved displace 

competing anions , e . g . , OH into solution . They suggested tha t  a t  high 

saturations o f  the sorbing complex i t  is necessary to adj ust  solution 

concentrat ions of the sorbed species to take account of increasing 

concentra tions of competing anions . Recent s t udies in this labora tory 

have shown , howeve r ,  (Tillman , R . W . , pe rs. eo�). that at high saturat ions 

o f  sorb ing complexes in soils no corresponding pH change is observed in 

solution , indicating that in whole soils , rather than pure systems , 

buffering o f  the solution occurs t o  balance the increasing OH concentration , 

as sugges ted by  Ryden et  al . ( 19 7 7a) . More fundamental criticism o f  the 

Langmuir equat ion approach to sorpt ion isotherm analysis has been made by 

Bowden et al . ( 1 9 7 7 ) . They s uggested that increasing saturation of  the 

sorb ing complex by anions renders the net charge on the surface 111cre 

negative , thus reducing b.G for the reac tion , wh ich is not taken into 

account by the equa t ion . I t  has been argued , however ,  by B runaue.r et al . 

( 1 96 7 )  that la teral interac tion energies between phys ically-adsorbed 

molecules increase the heat of  adsorp tion . This implies that the greater 

the number of adsorbate mo lecules on the surface , the greater the 

contribution t o  the heat o f  adsorption . This may result in an effect ive 

balancing o f  the decreasing heat of adsorption due to increas ing net 

negative charge and thus result in the �G of sorption remaining essentially 

cons t an t  with increasing satura tion of the sorp t ion complex . Further to 

thi s , i t  has b een shown that the free energy o f  sorp t ion (LG) can be 

arb i t rarily split (Huang , 19 75)  into contributions from chemical inter-

ac tions (llG h . 1) and coulombi.c a t t ractions (l:IG 1· l: . ) 
c em1ca cou om l l C  

surface charge) a s  follows : 

(ne t 



AG 
h . 1 c em�ca 

+ AG 
1 b . eau om �c  

Because [).G couiomb ic is  related to the net  charge on the surface , 
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and b ecause this may change with increas ing sorption of anions , the value 

o f  ilG 1 b . varies as sorp tion increases . - I f ,  hmvever ,  L\G h . 1 eau om �c  c em�ca 

is far greater than � G  1 b . i t  may b e  expected that overall values 
eau om �c 

of A G  for sorp t ion will remain essentially constant and the Langmuir 

equat ion would b e  obeyed . I t  has been suggested that this is the cas e 

(Aveyard and Haydon , 19 7 3) for chemisorp tion reactions where there is a 

maj o r  contribut ion to AG for sorp tion from AG 
h . 

1 •  c e�ca Huang ( 19 75 )  has 

calculated the magnitude of ll. G  
h . 1 and AG 1 b . for sorption of P 

c em�ca eau om �c 

by Al gel a t  f inal P concentra tions corresponding to region III  showing 

the contribution of b. G 1 b .  
to the overall � G  to be Sw.all . This 

eau om �c 

effect would b e  even less s i gnifican t  for sorption in regions I and II . 

Although the success ful use of the Langmuir equa tion in the s tudy 

of Ryden et al . ( 1 977a) does not ,  by itself , imply that sorption 

mechanisms are operating exclusive ly , the consis tent fit o f  dat� and 

agreement with o ther experimental results make the proposed mechanism a 

useful model . 

1 .  5 .  2 React ion rates 

S o rption of P by soils h as b een extens ively s t udied . The decline 

in wat er-extractab le P in soil . following P addition has commonly beea 

observed (Larsen e t  al . ,  196 5 ; Barrow , 19 7 3) . This has b een attributed 

(Barrow and Shaw , 1 9 7 5 a; Overman and Chu , 1 9 7 7� to the trans format ions 

o f  added IP from water-extractable to "less-soluble" forms . I t  has been 

sugge s t e d  that the number of " less-soluble" forms o f  P in soils may be  

large and  the interrela�ionships o f  their reactions complex ( Larsen , 1 9 6 7 ) . 

Ryden e t  al . ( 19 7 3) have proposed four maj or phases o f  secondary IP in 



soils , viz . , ( i )  soil solution P ,  ( i i )  physically-sorb�d P ,  

( i i i )  chemiso rb ed or occluded P closely bound to surfaces (and possibly 

derived from phys ical ly-boun d  P in a subsequent reaction s tep) , and 

( iv) p recipitated fo rms of  P compounds of varying solubility . The 

conc en tration of DIP probably controls the forward reactions to adsorb e d , 

absorb ed ,  and precipitated forms where these occur . Although i t  is 

generally believed that these changes in P for�s , following P addition 

to s o il , occur as a complex series of multis tep kinetic reactions 

( S chuffelin , 1 9 74) , there appears to be a lack of experimental data to 

describe  the rate coefficients of such reactions . The importance of  

P reaction rates in  soils to  such p rocesses as  leaching losses and p lant 

uptake of added P has no t b een s tudied extensively . 

A number of kine tic s t udies have des cribed the rate of  interaction 

of P with soil components (Kuo and Lotze , 19 73 ; McLaughlin e t  al . ,  1 9 7 7) 

and whole soils (Larsen e t  al . ,  1965 ; Barrow , 1 9 7 3) following P addition 

to s o il . In fact many of these s tudies have not ac tually monitJr.ed  the 
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rates of P rea c t ions but  the rat e  of decline in a parameter , e . g . , plant 

recovery of  P from soils sampled as a function of  time following fertilizer 

P addition (Larsen et al . ,  1965)  or soil solut ion P concen t ra t ion ( Barrow 

and Shaw ,  19 75a) . Mansell e t  al . ( 19 7 7)  proposed a mechanis t ic , mul tistep 

model , us ing chemical kinetics and mass  transport . theory , to  des cribe 

o rthophosphate transformat ion and movement in soil . No experimental data 

were used in the construction of  this model . Soil P was assumed to b e  

p resent in four phases , viz . , (i)  soiution P ,  ( ii) physically- sorbed P ,  

( ii i )  chemisorb ed P ,  and (iv) precipitated P .  A range of  arbitrarily­

chosen rate factors describ ing the reaction kinetics between any two 

phases were fitted and the equations were solved to describ e  the amounts 
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and movements o f  P in a hypothetical soil profile . Barrow ( 19 7 3) and 

Barrow and Sha�v ( 1 9 7 5 a)  have also described  the decline in soil solution 

P concentrations following fertilizer P addition to soil . Decreasing 

plant-availab ility of P ,  particularly_ as influenced by the tempera ture 

of soil incuba t ion , was plotted on a log s cale of " relat ive e f fe c t iveness" 

of  P agains t time of incubation and the experimental data points were 

described approximately by mathematically-derived curves . The equation 

variab les however ,  were without meaning in real terms , i . e . , experimentally-

determined data on s oil parameters . This approach was extended (Barrow 

and Shaw , 19 75a) to the concep t that soil P reactions could be described by 

the model :  

A � B � C 
where "compar.tment IX' contains soil solution P ,  "compartment B "  contains 

P adsorb ed at soil surfaces and controlling solution P in A according to 

a sorp tion isotherm , and "compartment C" contains P converted into a 

form no t directly in equilibrium with "compar tment A" . Wi th the 

assumpt ions that P t rans fer from A to B follows the Freundlich sorption 

isotherm and that the trans fer rate from B to C was similar to that  found 

in the plant-availab ility experiment , good fit to the equation was 

obtained for soil solution P concentration data experimentally ob t a ined . 

The mechanis tic basis of this model , however ,  is emp irical and no t derived 

from experimentally-determined data wh ich elucidate reac tion mechanisms . 

A series of  publicat ions by Overman and Chu ( 1 977a ,  1 9 7 7b ,  19 7 7 c.) discuss 

the developement of a model involving Langmuir-type adsorp tion followed 

by a second reaction (a  " fast" and a "slow" reaction) to describe "steady 

state fixat ion" of P with soils in a batch reactor . The non-specific term 

"fixat ion" was de fined in this s tudy to mean a fas t , complex solut ion/ 

surface sorption followed by a slower firs t-o rder chemical reaction . The 

propos ed reaction s cheme was : 



where 

p + + s 

P = concentration o f  P in solution 

S concent ration o f  adsorp tion sites in the soil 

A = concentration o f  adsorbed P 

F = con centration o f  " fixed" P 

ka = rate coefficient for adsorption 

kd = rate coef ficient for desorption 

kr = rate coefficient for react ion . 

According to  the above model the adsorpt ion s ites in the soil  act in a 
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catalytic manner , either by recycling of  exis t ing sites o r  generation of  

new sites in association wi th the reaction s tep . Differentia tion o f  

the above equation produces the equa tion for changes in P concentration 

with time : 

dP 
d t  

= - ka SP + kd A 

which indicates that the rate o f  P adsorption from solut ion depends on 

the quantity o f  adsorbent ( s i ce population) and solution P concentration . 

Subsequent development o f  this mathematical model to describ e  an open-batch 

reactor (cons tant P addi tion rate) a chieved good fit of  predicted solution 

P concentrat ions to actual data ob tained from a 6-hour experiment . The 

model was b ased in principle on the observation that solu t ion P declines 

rapidly init ially and then more s lowly following P addition to soil , 

sugges t ing a fas t s tep followed by a slower step . No quantitative data 

\vere presente d  \<Tith res pect to the relative ra tes of these two s teps and 

evidence for two mechanisms was not presented . Further to this the 

results sugges ted that �n unident ified process in soi l ,  o ther than 

adsorp tion s ites , cont ributed to the removal o f  P from solution . This 



same suggestion has been examined in more detail by McLaughl in e t  al . 

( 19 7 7}  in the development and evaluat ion o f  a kinetic model to  describ e  

P sorp t ion b y  F e  gel . Isotherms for P so rption were described  by a 
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three-equat ion Langmuir sorption model . Each equation des cribed  sorp tion 

within a dis tinct concentration range or region (I , II , and I l l )  of the 

overall isotherm ( s tudied by Ryden et al . ( 19 7 7a) and discussed in Section 

5 . 1 . 1 . 2) .  With increasing sorption t ime , up to 28 . 7  days , the extent o f  

sorption in region I (chemisorption) increased b y  more than 30% despite  

no  detectab le increases in  0 . 1M NaOH-extrac tab le (surface-sorbed) P .  

The data indicated that the increas ing chemisorption of P with increasing 

sorp t ion time invo lved the diffusion o f  sorbed P into the bulk o f  the 

Fe gel particles . This p rocess could b e  the "unidentified p ro cess " 

involved in soil removing P from solution , as concluded by Overman and 

Chu ( 1 9 7 7a) . 

Although it  i s  implicit in the proposal that sorption equilibria 

control s olution P concentrat ions that a desorption proces s oper�tes 

concurrently with so rp tion (Bache , 19 6 3) , the desorption process has been 

less frequently s tudied . Shapiro and Fried ( 1 959) proposed a kinetic 

equation for the desorpt ion of P from soils by hydroxyl anions which 

assumed a pseudo f i rs t-order react ion . The rates of  release s uggested 

that sorbed P was p�esent in two forms , i . e . , a rapidly-released form 

which quickly diminshed with time and a more-slowly released form which 

was relatively cons tant wi th t ime . More recent ly i t  has been shown that  

the rate  and extent o f  P desorption is  part ly dependent on  the extent of  

saturat ion of  the sorbing comp lex (Woodruff and Kamprath , 1 96 5 ; Ryden 

et al . ,  19 77a) and the time a llowed for sorp t ion prior to desorption 

(Evans and Syers , 19 7 1 ;  Barrow , and Shaw , 1 9 7Sb) . The differing ease o f  

� desorp tion has been interpreted (Mulj adi et al . , 1966) to refl ect P 
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sorbed on sites of differing energies with P adsorbed  at s ites of greatest 

energy b eing non-reversible and P at s ites of low energy being readily 

reversible . Ryden and Syers ( 1 9 7 7� have recently shown that more-

physi ca lly sorbed  P ,  which is the dominant sorbed form initially , is 

readily revers ib l e  with respect to concentration while chemisorbed P is 

far less so at  iso-pH . 

The pract i ce of dividing sorption of P in soils into a "fast" 

reaction and a "s lm.,'' reaction , b ased on the inspection of  curves which 

plo t  declining solution P concentration with t ime following P addition , 

is similar to isotherm division into regions by inspection (Mulj adi e t  al . , 

1966) . I t  is important to emphas ise that the mechanisms of  P sorption 

and desorption ascribed to such regions have b een without the analys is of  

actual experimental data and the break b etween "fas t "  and "slow" reactions 

has been imposed arbitrarily . 

1�e approach to modelling the rates of  P sorpt ion from the soil 

solution , as previously reviewed ,  has depended upon theore tical and 

simple models of  soil  P reactions to describe mathema tica� ly the decline 

in solut ion P or plan t-availab le P .  Further to this, no expe,..imental data 

are incorporated into the rate factors which are arb i tary and are adj usted 

unt i l  approximate  fit to data is ob tained . Work by Ryden et a l . ( 19 7 7a) 

has shown that it is possib le to  ob tain for three dis t inct reaction 

mechanisms , data such as sorp tion maxima (K2 values) , equilib rium 

cons tants  (K
1 

values ) , and relative bonding energies ( 6G values) for each 

region . This information , and the fact that the equilib rium cons tant 

for each region , K eqm 
is comprised of  a balance b etween a fon�ard rate 

cons tant (K
f) and a reverse rat e  constan t  (K

r
) tnay permit the cons t ruc tion 

of a model , based on experimental data , which describes the reactions of  

P cont rolling solution P concentrations in soils more realistically . 



S uch an approach to modelling would seem useful in the predic t ion o f  

rates o f  decline in potentially-mobile or p lant-available P i n  soils 

following fertilizer P addition . 

1 . 5 .  3 Predic t ion of phosphorus movement from soils 

and catchments to water 

The need for s ui t ab le water quality mode ls , particularly for 

agricultural watersheds , has recently been reviewed by Nicholson ( 19 75 ) . 

Emphasis is placed on the need to control pollution from agricultural 

act ivities , including forestry , much of which enters surface and ground 
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water from diffuse sources . The preservat ion of favourable wa ter quality 

often requires forecasting the impac t of  specific agricultural practices 

on river-basin scales so that preventative management steps may be planned 

and imp lemented . I t  is sugges ted that the p roduc tion of prediction 

models , based on event s  that occur in and on the soil both during and within 

rainfall  events , should be useful in such planning . Some of these models ,  

e . g . , Bailey et a l .  ( 19 74)  take into account factors influencing the fate 

o f  numerous agricul tural chemicals in the soil . 

An intergra ted approach to '"hole-catchment modelling with respect 

to the movement o f  \va te r ,  suspended load , and dissolved chemicals 

originat ing from point and diffuse sources and land under different 

sys tems of management is  s till in its infancy . A currently used computer 

model , l imited to the predict ion o f  v1ater movement in runoff  from a 

catchment (USDAHL - 74 Model o f  Watershed Hydrology) is based on parameters 

of soils and vegetative cover as wel l  as rainfall . A recent supplementary 

modification to this model has been proposed in an attempt to predict the 

movement o f  pest icides as well as water in runoff from catchments . 

Although several studies with such models are as ye t incomplete a 
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recent mathematical model l ing approach (Novotny et al . ,  19 78) has 

achieved good agreement b e tween p redicted and obs erved flows and loadings 

of sedimen t , dissolved P ,  and TP movement from several watersheds in 

south-eas t Wisconsin . Representative data for 102 soils gathered from 

the literature were selected for s tatistical analysis . Sorption o f  P 

b y  these soils had b een described by  a linear fo� of the Langmuir sorp tion 

isotherm . In a summary o f  the findings i t  was shown that maximum multiple 

regress ion correlations were ob tained between sorp t ion maxima values and 

soil  conten ts of Al , Fe , c lay , organic matter , and soil pH . A soil-

adsorption model including P inputs , P adsorption in the soil A horizon , 

potential P movement with s ediment , P adsorption in the lower soil 

horizons , and potential P movem�nt in groundwater was proposed and 

described mathematically . The sorption maximum of the soil , calculated 

f rom the re gression equa t ion developed from the 10 2 soils dis cussed above , 

was one o f  the factors of the general kinetic model developed to describe 

P movement .  The soil adsorption model was incorporated into a dynamic 

hydrological sediment trans poct model termed L��DRUN . T.:e LANDRUN model 

est imated the runoff quan t i ty ,  suspended load , and organic lo2 d ,  whereas 

the s oil adsorption segment furnished information on the concentrations o f  

dissolved and adsorb ed P t ransported . 

The movements · o f P from soils into water and the concentrations of P 

ob tained in both surface and sub s urface water have been s tudied by several 

workers . Soil  material can influence the P concentration in the aqueous 

phase by sorption ,  desorp tion or dissolution reac tions . Sorp t ion isotherms 

have b een used ( Taylor and Kunishi , 19 7 1 ;  Ryden e t  al . ,  19 72a ; 19 72b )  to 

evaluate the effects of eroded soil n1a te rials on DIP concentrations in 

s treams . By the careful s election of  soil : solution ratios and P addition 

rates relevant to stream runoff environments , it has been pos sible to show 
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tha t  surface s o i l  material can release I P  into solution ( Ryden e t  al . ,  

1 9 7 2 a ; 19 72b) while subsurface soil material can remove IP from solution 

during s tream flow (Taylor and Kunish i , 1 9 7 1 ) . Reasonable e s t imates o f  DIP 

concentrations in s treams have been achieved by this technique . 

Several a t t empts have also been made to estab lish relationships 

between nutrien t  forms and amounts in soils under different land us e and 

forms and amounts subsequently appearing in specific runoff  types . 

Sharpley et al . ( 19 7 7 )  have used a O . lM NaCl-extraction procedure with 

soils to p redi c t  losses of  DIP in sur face runof f  and tile drainage . 

They obtained close linear  relationships between amounts of  IP ext racted 

from surface soils (0-Scm) and mean DIP concent rat ions observed in surface 

runoff  from grazed pas ture plots . The relationships dif fered in slopes 

and intercepts b etween drained and undrained , and fertilized and 

unfertilized plo ts but linear relationships were always ob taine d .  In 

contrast to surface runoff , soil extract ion data from discrete depths in 

the profile were not well correlated with mean DIP concentrat ions in tile 

drainage during s torm events . Total loadings of DIP , however ,  were better 

correlated w i th the amounts of extractable P in the subsoil , particularly 

at the depth o f  the mole channels ( 40 - 50 cm) . This correlation has 

suggested that extraction with O . lM NaCl removes a pool o f  readily­

extractab le IP whicl?- is normally exhaus ted during a flow event but 

replenished b e  t�.;reen events . The potential of such an extraction procedure 

to p redict the movement of DIP in drainage water seems cons iderab le .  

The results o f  this s tudy were found . to  b e  in agreement with the findings 

of Nelson and Romkens ( 1 9 7 1) who ob tained a l inear relat ionship between 

DIP concentrations in surface runo ff and extractable IP amounts in a 

cultivated soil . In a · more recent s t udy , Sharpley et  al . ( 19 78b) have 

shown that superior correlations b etv1een 0 . lM NaCl-extractab le P in soil 
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and mean DIP concentrations in s urface runof f  can b e  ob tained f rom soil 

samples res t ricted to the top 1 cm of pasture . Furthermore , the s lopes 

and intercep ts were essentially the same for the different t reatments . 

Becaus e fertilizer P is commonly app lied to soils , particularly in 

New Zealan d ,  an appreciation o f  P react ion mechanisms in soils , as 

they influence the movement o f  P within and from soils , is  essential in 

understanding and predicting the movement of P from soils to surface and 

ground waters . In particular , the rates at which such reactions pro ceed 

need to be e stablished to predict the possible extent of P movement 

sub sequen t to fertilizer P addit ion . This predictive abil i ty is 

presently not available but the potential for achieving i t  s eems reasonab le . 

1 . 6  General Conclusions and Research Needs 

A numbe r  of general conclus ions are possib le from the material 

p resented in th is review of litera ture and several aspects requiring 

further research have emerged . These general conclusions and research 

needs are briefly outl ined . 

I t  has been wel l  established internationally , although no t so 

completely in New Zealand , that P is frequently the nutrient in natural 

waters which most l imits the growth of algae and aquatic mac rophytes a t  

- 1  
concentra t ions of below or between 0 . 0 1  and 0 . 05 mg 1 . Natural 

background concentrat ions of P in New Zealand waters are poorly documented 

and additional information is required . Because many s tudies o f  P in 

waters have measured only some or. unspeci fied P forms , comparison between 

s t udies is d i fficult . 

Although it  is \-Jel l  es tab lished that different sys tems o f  land use 

can influence the amounts of P moving in to s urface water , e . g . , urban and 

rural l and uses , l i t t le information is available in New Zealand on the 



rel a tive importance of  land  use practices to the P enrichmen t  of  water . 

In p ar ticular , the effect o f  c learing land and the development of  grazed 

pasture accompanied by P fer t ilizer use , which is widespread in New 

Zealand , on the movement o f  P into waters has not b een estab lished and 

requires further evaluat ion . 
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The relative importan ce of surface and sub surface runoff  in 

contrib ut ing to P losses f rom soil to water is reasonably well es tablished 

overseas, particularly for cultivated and cropped soils , and for drained 

soils . This has not been estab lished in New Zealand and has often been 

negl ected in runo ff s tudies which do not identify runoff fractions in the 

s t ream flow sampled .  S tudies designed to evaluate the relative importance 

of s ources of water and P to P losses from New Zealand soils are required 

and these studies should recognise the runoff types monitored in the 

calculat ion of P loadings . 

It is apparent from the litera ture that the forms and reactions o f  

P in s oils have been extensively s tudied . Although the forms and 

reac t ions of OP in soils are ?Oorly understood ,  due to tb �ir extremely 

complex nature , the situation for IP in soil is very much better  understood . 

The react ions o f  IP in soils , particularly following fertilizer P addit ion , 

are no t es tablished with certainty , although it  is now believed that sorpt ion 

reac tions , rath er than precipitation reactions , control the amounts and 

concentrations of IP in the soil solution . 

Although it  is believed that sorp t ion reactions control the concentration 

o f  IP in soil solution and the trans fer of P to a form which is non-

availab le to plants , only recent s tudies have establ ished probable reaction 

mechanisms for P sorp t ion in soils . Reaction rates of P sorption have b een 

studied only to a limited extent and this has involved a parameter­

monitoring approach rather than an approach based on a unders t anding of P 

1 



sorp t ion forms and react ion mechanisms . There is  a need to s tudy rates 

of  P sorp t ion and desorption using both observed results and reaction 

mechanism models derived from actual experimental data . 
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Few studies have at tempted to extend the results of kinetic 

experiments and modelling of P reaction rates in soils from the lab oratory 

to a field situation . There is  a need to model and predict the rate 

of  P react ions in soils and to interpret these results in terms of  field 

s i t uatlons regarding the po tential movement of P from soils to water and 

the p lant availability of P in soils . In particular , the ab ili ty to 

predict the fate and reaction rates of  fertilizer P added to soils would 

b e  useful in making land management decisions where the movement of  P from 

soil to water po tentially threatens water quality . 



CHAPTER 2 



GENERAL MATERIALS AND METHODOLOGY 

2 . 1  Des cription o f  the Catchments 

2 .  1 . 1 Topography , geology , and soils 

The two adj acent catchment s  used for this study are located 

approximately 12  km eas t of  Massey Univers i ty ,  P3lmerston North . 
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Their 

general locat ion in the North Island of  New Zealand is .shown in Fig . 2 .  1 

and an enlargement o f  the inset area is shown in Fig .  2 . 2 .  A more  precise 

* 
location may be ob tained from N 1 49 / 1 79 3 14  and N . Z .  Soil Bureau map 

102 / 1 79 3 14 (Cowie e t  al . ,  1 9 7 2 ) . Cowie ( 19 72)  has also compiled �n 

extended legend for map 102 , refered to above , which provides detailed 

informa tion on the soils of the a rea . 

The two catchments were aerially photographed in 19 74 before clearing 

and in 1 9 75 a f ter cl earing . Pai red pho tographs for each yeRr. were 

examine d  under a s tereoscope . Cat chment boundaries �·e re subsequently 

traced on the pho to graphs , areas calculated by grid count after adj us tmen t 

for pho to scale , and slopes est imated and channel charact � ris tics i dentified . 

Both ca tchments have narrow ridges and s t eep slopes , varying from 50% in 

the upper regions to 100% in the lower regions . The larger catchment has 

an area of 22 ha and is drained by an ephemeral stream , essen t ially first-

order , with a channel length o f  1 . 3  km , a meander fac tor of 1 . 2 ,  and an 

overall fall of 65 m .  The smaller ca tchment has an  area o f  6 ha and  i s  

drained by a firs t-order ephemeral s t r eam with a channel length of  0 . 8 km , 
a meander· factor of  1 .  2 ,  and an overall fall of  55 m .  

The streams are t\-10 o f  a numb er o f  t r ib utaries to maj or rivers vlhich 

dissect the high terraces o f  th e i�anawa tu . These high terraces abut  

Grid reference based o n  the Natioaal thousand-yard grid of  the 

1 : 6 3 , 360 topographical map series (N . Z . N . S .  1 ,  19 73) . 



study 
a re a  

Fig . 2 . 1 Map of  the North Island o f  New Zealand showing the 

general location of the s tudy area in the ins e t . 
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Fig . 2 . 2  
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against the gre�vackes of  the main axial ranges further to  the east 

b eyond the catchments ' boundaries . Four metres of  loess beds , apparent 

on cres t s , overlie Lower Quaternary greywacke gravels , which in turn 

overlie a 10-m thick sequence of nearby flat-lying Cas t lecliffian sands 

and gravel s  which are exposed on lower s lopes . Thes e  sands and gravels 

are highly susceptib le to erosion because they are loose and 

unconsolida ted . Widespread surface s lips and slumps are visible on 
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surrounding hillsides , where these have b een cleared of  native vegetation 

cover or s c rub . 

The soil on the ridge crests , locally known as Shannon silt loam, 

is formed on older loess , exhibits  poor internal drainage , and shmvs some 

c lay movement and mot tling within the profile . The soil is an Inceptisol , 

probably mainly an Aquic Dystric Eutrochrept intergrading to a Ruptic-Al f ic 

Eutrochre p t  (U . S .  Soil  Taxonomy , 1 9 75) . The soil on the catchment slopes 

locally known as Raumai hill soils , is formed on loose sands and gravels . 

The soil i s  an Incep t isol , probab ly mainly an Aquic Dys trochrept .  

intergrading to Rup t ic-Alfic Dys trochrep t ( U . S .  Soil Taxonomy , 1 9 75 ) . 

Comp rehens ive details of these two soils , compiled by Cowie ( 19 72) , are 

p resented in Appendix 1 .  

2 . 1 . 2 Vegetation and land clearing 

Prior to Janua�y 19 75 , the catchments were �egetated predominantly 

with secondary growth of manuka (Leptospermum scoparium) and gorse 

(Ulex europaeus) ,  with smal l areas of grasses on the ridge crests and 

native bush near the outfalls of the s treams . In January 19 75 , the 

catchments  were clea red by bulldozers ) which scraped vegetat ion , roots , 

and a mixture of  surface and sub -surface soils from the ridges and s lopes 

onto the valley floors . Vertical aerial pho tographs taken in 1974  (before 

clearing) and in 1975  (after clearing) are presented in Fig .  2 . 3 ;  these 



(A) 

(B)  

Fi g .  2 . 3  Ver t i c a l  a e r i a l  pho t o g raphs o f  the t\vo c a t chme n t s  b e fo r e  

( A) an d a f t e r  (B)  c l e a r i n g . 

5 1  



5 2  

show the areas cleared and the small areas of native bush remaining a t  

the out falls . Further detail o f  the c leared catchments is  shown in the 

colou� aerial photography taken in March 19 75 ( Fig .  2 . 4) in which the 

debris in valley f loors and channels is apparent . This deb ris , along 

with the dis turbed soil surfaces and s teep catchment slopes, is shown 

more clearly in Fig . 2 . 5  in a ground pho tograph taken within the 22-ha 

cat chmen t . In March 19 75 , superphosphate fertilizer was applied by 

- 1  
air a t  the rate o f  3 7 5  kg ha . Lime was also applied by air at 

- 1  the rate o f  1 250 kg ha . The catchments were then sown to a pas ture of  

perennial ryegras s (Lolium perenne) and white clover (Trifolium repens ) 

and in August 19 7 5 ,  received their first light grazing by sheep . In 

- 1  October 1 9 7 5 , a second application o f  superphosphate ( 250 kg ha ) was 

made . The catchmen ts were subsequent l y  grazed throughout 19 76 by 

sheep and small numb ers of beef cat t le  as part of the gra z ing pattern o f  

the farm . 

2 . 2  Monitoring Equipment 

Rainfall  wa s monitored in the two catchments for three s uccessive 

years o f  the study , by a Lambrecht 30-day continuous rainfall recorder , 

centrally si tuated on the ridge between the two catchments . S tream 

flow was moni tored for the same three years by 60
° 

V-notch weirs and 

flow meters ins talled in the stream channel at the lower l imi ts of each 

catchment .  An H-S flume was placed in the 6-ha catchment and an H flume 

in the 22-ha catchmen t .  Each f lume "YT�s f itted wi th a S t evens F-type 

flow meter which recorded con tinuous s tage heigh ts .  The H-S flume 

and flow recorder on the 6 -ha catchmen t stream are shown in Fig . 2 . 6 .  



Fi g .  2 . 4  Ve r t ical a e r i a l  pho t o graph o f  the twn 

c a t chmen t s  showing c l ea r e d  s l o p e s  and 

deb ris depos i t ion fo l lowing clearin g .  
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Fi g .  2 . 5  Ground uho t o graph i n  the 2 2 -ha cat chment 

after c l e a ring show i n g  s o i l  s u r f a c e  

d i s t u rb a n c e s , s t e e pn e s s  o f  s l o p e s , a n d  

deb r i s  i n  s t ream ch anne l .  
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F i g . 2 . 6  H-S f l ume and S t evens F-type f low reco rde r 

ope r a t in g  on th e s t re am d r a in i n g  the 6 -ha 

ca t chmen t .  
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2 . 3  Sample Collection 

2 . 3 . 1 Water samp l es 
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S t ream samp les were collected i n  600-ml polyethylene bottles 

routinely used for water sampling . Although regular samp les , at  not less 

than 7-day intervals , were taken during low flow between s torm events , the 

sampling interval was as low as 15  min for rapid  changes in hydrograph 

movement ,  i . e . , storm events . Samp les were taken either manually or with 

an ISCO automatic sampler . Init ial laboratory processing ( filtration) 

was done as soon as pos s ib le and usually within 2 hours of sampling . 

2 . 3 . 2  Soil samples 

Samples of surface soils  considered to b e  representative of the two 

catchment s  were taken , from depths of 0-2 cm , a t  intervals during the 

winter of 19 75 . In 19 76 , soil samp ling was concentrated in the 6-ha 

c a t chment and samp les were taken weekly although the sampling interval was 

extended later in the win t e r .  Three representative areas were sampled i n  

both years a lthough these were not the same i n  each year . In 19 75  one 

a rea was located on the central ridge between the two catchments , one 

was on a catchment s lope ( 60%) in the 6-ha catchment , and the third was on 

a cat chment s lope ( 30%) in the 22-ha catchment . In 1 9 76 three 

representative area� in the 6-ha catchment were sampled , one being on the 

valley floor adj a cent to the s t ream , the s econd on a catchment slope ( 100%) ,  

and the third on the cres t of the central ridge . For each site a gri d  

2 5 m by 5 m ( i . e . , 25  m )  was set out . I t  was found that 2 5  samples per 

2 s ite , each sample taken randomly from wi thin 1 m , gave a deviation value 

a t  the 9 5% confidence level whi ch was small  eno ugh for vali d  comparisons 

b etr.Yeen sampling times to be made . Soil samples were res t ricted to the 

p eriod from March to Novemb er ,  i . e . , the winter period during which runoff 

and s tream flow occured . 



2 . 4  Analytical Procedures 
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Approximately 100 ml o f  each s tream sample was initially centrifuged 

- 1  0 
a t  13 , 000 rev min for 5 min at 23  C ,  using a Sorvall RC-2B high-speed , 

refrigerated centrifuge , followed by Nillipore filtration ( < 0 .  45,.M m) . 

The membranes were pre-washed with distilled water to eliminate the 

possib le release of dissolved inorganic P (DIP) to the filtrate . 

The concentration o f  DIP was determined on a filtered sample , as 

was that of  total dissolved P ( TDP) after acid persulphate digestion by 

autoclaving at 15  p . s . i .  for  4 5  min and neutralization of  the solution 

( Environmental Pro tec tion Agency , 19 7 1 ) . Total P ( TP) was determined 

on an unfiltered sample following perchloric acid diges tion for 1 hour , 

and neutralizat ion o f  the resulting extract (O ' Connor and Syers , 19 75) . 

The method of  Murphy and Riley ( 1962)  was used for all inorganic P 

determinations , absorbance b eing measured at 7 12nm using a Pye Unicam SP 

1800B Spectrophotometer . Dissolved organic P (DOP) was calculated as 

the difference between TDP and DIP , and particulate P (PP) was calculated 

as the difference between TP and TDP . 

The sediment concentrations of samples were determined from the 

d i fference between the resi dual weights , after evaporation to dryness 

at 105
°

C ,  of a suitab le aliquot of the unfiltered and filtered ( < 0 .  45 ��m) 

samples .  

2 . 5  Data Process ing 

Use was made of a computer programme developed in this laboratory 

to process the data collected for the concentrations of P and N forms , and 

sediment a t  each sampling and water flm,r . Data were trans formed to a 

form facilitating s to rage and manipulat ion , and to enable input to either 



lib ra ry packages for the direct  plo t t ing of  curves and s tatistical 

analy s is , or to curve-fitting programmes . The obj ec t  programme was 

writ te n  in For t ran and implemented on a Burroughs B6 700 computer at 

Massey University . The programmes developed were s tored on magnetic 

tape and the flow ,  P ,  and s ediment data were s tored as a tape file to 

assis t availab ility , ease of handling , and flexibility of programme use . 

The two main programmes used in this study were : 

(a)  A CHECK programme , to validate the data card input , 

after the data for nutrient and sediment concentrations , 

s tage heigh t , and time of  collection of  each s tream 

sample were t rans ferred to cards for input to the computer . 
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(b)  A TOTAL programme , to calculate instantaneous and mean P 

and sediment fluxes and flow rates from flow and 

concentra tion dat a ,  and total loadings and total flow by 

numerical intergration of the linearly interpolate� 

nutrient flux- t ime and water flow-time curves , respectively 

over periods of interest . 



CHAPTER 3 



MOVEMENT OF WATER, SEDIMENT , AND PHOSPHORUS FORMS 

FROM TWO SMALL , ADJACENT CATCHMENTS 

UNDER CHANGING LAND USE 

3 . 1 Introduct ion 

Annual fert i lizer topdressing of pas ture in New Zealand occurs 

largely on the 64% of land tha t  can be categorised as mountainous or 

hill count ry (Bowler ,  1 9 7 1 ) . This now usually involves in excess of 

2 million tonnes of  superphosphate and 6 million hectares of  land 

( Syers , 19 74) . B ecause the role of phosphorus (P) in the accelerated 

growth of aqua t ic nuisance plan ts has been documented extensively 

(Y�ckenthun , 1965 ; Vollenwiede r ,  1968 ; Lee , 1970 ; Kilmer , 1972) , 

phosphat e  fertilizer has b een d irec tly imp licated in eutrophication in 

New Zealand (Fish , 1969 ; Mitchell , 19 7 1 ) . Other workers (e . g . , McColl  

e t  al . ,  1 9 75)  have found that only small amounts of  fertilizer P added 

to soils move into water , although these amounts could significantly 

increase P concen trat ions . The ob servation of O ' Connor ( 1968) tha t  

increased fertility of land i s  l ikely to yield drainage water of an 

increased fertility , seems pert inent . 

The responses o f  hydrology , erosion , and water quali ty to changes 

in land use within catchments have been discussed by several workers 

( Chow , 1 964 ; B urton , 1966 ; Bough ton , 1968) . Other workers have 

invest igat e d  the qual i ty of water o riginating from land under specific 

uses , e . g . , urban (Harris et  al . ,  1972) , fores try ( Cooper , 1969 ) , 

mixed �rapping (Kunishi et  al . ,  19 72) , and grazed pas ture (Kilmer , 19 72 ; 

Sharp ley , 1 9 7 7 ) . Many of these investigations , however ,  have been of 

a qua l i t a t ive , general nature and provide lit tle actual data on which 

5 9  



realistic  p redic t ions can b e  base d .  

The conversion o f  s teep catchments from native and secondary scrub 

and b ush to  improved grassland , grazed by sheep and b eef cattle , has 

b een p ractised extensively in New Zealand . Such convers ion typically 

involves b ul l dozer crushing \vith the removal of  vegetation from crests 

and s l opes , and an accumulation of  deb ris in the valley floors , where 

it may be b urnt . I t  is also common to aerially apply approximately 

1250 kg  of l ime per hectare in the f irs t year a fter clearing and 

- 1  
375 k g  h a  superphos phate in the firs t and each subsequent year , along 

with a seeding mixture of ryegrass and white clover . There are s t ill  

extens ive areas in  New Zea land with the po tential to undergo a change of 

land use in this manner . Many of  these areas presently form catchment 

sources o f  high quali ty water . 

I t  has been suggested (Fish , 1969 ; Mitchell , 19 7 1 ;  McColl , 19 72)  

that in New Zealand the convers ion of  land from scrub and bush to 

agricultural use , together with the use of P fertilizer , has increased 

the nu trien t con tent of  runoff waters and may have accelc �ated the 

deterioration o f  water quality in s t reams and lakes . Other w::>rkers 
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(Campbell , 19 5 2 ;  Poole , 19 7 3 ;  Syers , 19 74 ; Walke r ,  1 9 7 5 )  have sugges ted 

that , after land clearing , the use of fertilizer and sound gra z ing 

management may have · increased soil s tab i l i ty and thus reduced erosion 

relative to  the native or undis turbed s tate . The extent to which water 

quality deteriorat ion is direc tly attrib utab le to such activities , however ,  

remains uncertain , and requires more comprehensive evalua t ion (vfuite , 1972 ; 

Syers , 19 74 ; McColl  e t  al . , 19 75) . 

Although experimental work has shown that fertilizer P can be 

transported over shor t  distances in surface runoff waters ( Gilchris t and 

Gillingham , 1970 ; Sharp ley and Syers , 19 76) , relatively few s tudies have 
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been designed to measure the effects of  fertilizer use on water quality 

under field conditions , not only in New Zealand , but also overseas 

(Kilmer , 19  7 2 )  . This aspect of  the study is concerned with an evaluation 

of the effects  of scrub clearing and sub sequent pasture es tab lishment on 

the loadings of sediment and P forms in the s treams draining two small 

adj acent catchments . Particular a t tention was given to detailed sampl ing 

and the forms of P measured . I t  is  believed that the results ob tained 

are relevant to many pars of New Zealand . 

3 . 2  Materials and Xethods 

The catchments and monitoring equipment used in this s t udy are 

described in detail in Chapter 2 .  S tream sampling and flow moni toring 

were undertaken during 19 74 before s crub clearing and continued in 

conj unc t ion wi th soil sampling throughout 19 7 5  and 19 76 . De tails of the 

scrub clearing opera tion , fertilizer app lication , and pas t ure es tab lishment 

are given in Chapter 2 .  

Data ob tained in 1 9 74 and 1 9 7 5 , and presented in Sec t ion 3 . 3  a f  
Chap ter 3 ,  indicated that the two cat chments were hydrologically siutila r .  

This facilita ted an evaluation of  the effect of  P fertilizer addition on 

the movement o f  P forms in stream wate r .  I n  March , 19 76 , the third year 

- 1  
of  the s tudy , an application o f  3 7 5  k g  h a  of  superphosphate was aerially 

spread on the 6-ha catchment ( referred to as the "fertilized catchment")  

but wi thheld from the 2 2-ha catchment ( "unfer tilized catchmen t " ) . 

Procedures for stream sample colle c t ion and analysis are described in 

Chapter 2 .  

Befo re d iscussing the method o f  s tream hydrograph resolution used to 

ob tain data for runoff components , it is necessary to define some terms 

and p rovide some background . S t ream flow eau b e  divided in to s torm flow 



and s ubsurface f low .  S torm flow i s  that part o f  flow which results 

from s torm rainfall within the catchment boundaries and which reaches an 

observat ion p o int  within a relatively short period of time . Subsurface 

flow res ul t s  from rainfall within the catchment and appears a t  an 

observation point significantly delayed b ehind s torm flow ( Guy , 1964) . 

S t ream flow is usually divided into s torm and subsurface flow by 

emp irical analysis of  the runoff hydrograph . A schematic approach to 

such an analysis is p resented in Fig . 3 . 1 ,  where ABCD represents the 

total runoff and AECD represents the amount of  subsurface flow (Wisler 

6 2  

and B rater , 1 9 59 ) . During the early rise o f  the hydrograph some b ack-flow 

occurs into po tential wat er-s torage capacity in stream banks . This 

res ul ts in an apparent reduc tion in base flow ( shown at E in Fig . 3 . 1 ) 

during st ream hydrograph rise . During recession in s tream level from 

peak flm.; ,  excess  water drains out from stream banks , thus increasing the 

apparent sub surface flow . Because the actual position of the line AECD 

is dif ficult to determine , and differs b e tween s treams and s tonas , an 

approximate separation between s torm flow and subsurface flow can 

conveniently be made by the line AC . The exact position of  C is no t 

critical i f  a consistent p rocedure is adopted (Sharpley , 1 9 7 7 ) . 

Although the entire area ABC can b e  regarded as storm flow , i t  is 

poss ible that the rising part of the hydrograph represents f low dominated 

by a "primary surface runoff" while the .receding portion of the hydrograph 

represents flow comprised of an increas ing proportion of water appearing 

from subsurface seepage onto catchment s lopes and then moving as surface 

runoff  to the s t ream, i . e . , as "secondary surface runoff" . For the 

purpose of  es tab l ishing relationships b e tween water-extractable  P in 

surface soils and P in sur face runoff water , "primary surface runoff" , 

represented by area ABF , is  likely to give the mos t  accurate results . 
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In this section the term discharge is frequently used ins tead of  

flow b ecause the former can b e  applied to water , sediment , and P movement ,  

whereas flow refers only to  water movement . The separation o f  s tream 

flow i s  confined to total stream flow , s t ream flow within storm events 

only , s torm flow ( s t ream flow within s to rm events b ut exclusive of the 

subsurface flow component) , and subsurface flow within or between s torm 

events . 

3 . 3  Results and Discussion 

3 . 3 . 1 Flow-concent rat ion relationships 

Before l and clearing and fertilizer application in 19 74 , the 

concentra tions of  DIP , DOP , PP , and sediment in storm events were very 

stab le and similar both in subsurface and s torm flow events , and from one 

storm event to ano ther . This is illus t rated in Fig . 3 . 2  and Fig . 3 . 6  in 

which flux and flow data for a typical hydrograph ( 24/6/ 19 7 Lf)  are 

p resented . Concent rations of  PP and sediment fluctuated approxima tely 

2- to 3-fold l.<lithin the s to rm event shown in Fig .  3 . 2 .  Concen trat ions o f  

DIP a n d  DOP fluctuated even less (approxima tely 1 . 5- t o  2-fold)  wi thin the 

same s torm event ( Fi g .  3 . 6 ) . Further to the low proportional changes , 

the concentra tions of  P forms and sedimen t  were very low be fore , during , 

and after the storm event , despite large and rapid changes in flow . 

Consequently , in a s table , undisturbed catchment ,  i t  is essential to have 

reliable hydrograph flow data with close interval flow points in order to 

es timate total loadings of sediment and nutrients accurately . Because 

changes in flow in s torm events were large and rapid , whereas concentra t ions 

of sediment and P forms were loT,, and stab le , the contribution of flow to 

total loadings of sedimen t and P forms �vas subs tantial . This finding 

supports  the work of Taylor et al . ( 19 7 1) and Sharpley e t  a l . ( 19 77)  
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for the concent ration-flow relationships in s treams draining agricult ural 

watersheds . 

The essen t ially s table concentrat ions o f  sediment and P forms in 

1974 ,befo re clearing, changed d ramatically in 1975 . Following catchment 

clearing and fertilizer  application , the concentrat ions of DIP , DOP , PP , 

and s ediment in the s t ream showed large and rapid fluctuations , particularly 

within s torms . These changes are shown in Fig . 3 . 3  and Fig . 3 . 7 in which 

flux and flow data for a typ ical hydrograph ( 26/5 / 1 975)  ·are p resented . 

Concen t rations o f  PP and sediment fluctua ted widely within the storm 

flow event (Fig . 3 . 3) . A s imilar relationship applied to DIP and although 

DOP concentrations appeared rc.ore s tab le and relatively lo,.T , fluctua tions 

were s t il l  significant (Fig . 3 . 7) .  Also , the changes in concentra tions 

occurred in conj unc tion with maj or changes in flow so that both changes 

in flow and concentrat ions made major  contrib utioPs to the total loadings 

of sediment and P forms . 

3 . 3 . 2  Sources o f  water , sediment , and phosphorus forms 

A comparison b e tween the hydrograph characteri s t ics and flow yields 

for each of the three years of  the study showed tha t  the catchments 

behaved in an essen tially similar manner , despite rainfall differences 

between years . Annual flows from the two ca tchments are presented in 

Table  3 . 1 for the three ye.ars 19 74 , 1 9 75 , and 1976 . Similar rat ios of 

discharge , on a per-hec tare basis , were ob tained for the two catchments in 

each year . Because o f  the longer channel and greater area , peak flow 

occurred later in the 22-ha cat.chment . 

The divis ion o f  flow into frac tions related to the source of  water 

\�as use ful for subsequent discussion of  sources of sediment  and P forms . 

S t ream flow for the ent ire year is  refen·eJ to as annual s t ream flow . 

Al though rainfa l l  data for 1974  \·Iere incomple te (Appendix 2 ) , i t  -vms found 
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Tab l e  3 .  1 Flow f rom the 2 2-ha and 6-ha catchments for the years 

19 7 � ,  19 75 ,  and 19 76 , showing total annual outputs o f  

four forms o f  flow 

Catchment Annual Annual s t ream Annual Annual 
s t ream f low r.Yi thin s torm s ub s ur face 

f l ow s t o rm events flow flow 

19 74 

2 2 -ha (m3) 32 , 6  70 2 1, 750 17 , 6 40 15 , 0 30 
(m3h a  - 1) 1 , 4 80 990 800 6 80 

6-ha ( m3) 7 , 2 30 5 , 340 4 , 160 3 , 0 70 
(m\a- 1) 1 , 2 10 890 690 5 10 

Ratio 2 2 / 6  1 . 2 3 1. 11 1 . 16 1. 34 

19 75 

22-ha (m3) 25 , 760 16 , 240 13 , 9 80 11 , 790 
(rn3ha - 1 )  1 , 170 740 640 540 

6-ha (rn3) 6 , 5 70 4 , 020 3 , 460 '3 , 100 
(m3h a- 1) 1 , 090 6 70 5 80 5 20 

Rat io 2 2 / 6  1 . 0 7  1 . 10 1 . 10 1 . 04 

19 76 

22-ha (rn3) 36 , 000 26 , 5 20 24 , 600 1 1 , 400 

(m3ha -1) 1., 640 1 , 2 10 1 , 120 520 

6-ha (m3) 8 ,  7 '•0 6 , 140 5 , 460 3 , 2 80 
(m3h a  - 1) 1 , 460 1, 020 9 10 5 50 

Ra tio 2 2 / 6  1 . 1 2 1. 18 1 . 2 3  0 . 9 5  
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tha t  annual s tream flows were 14 . 6% and 1 3 . 7% o f  rainfal l ,  respec t ively , 

for the 22-ha and 6-ha catchments in 1 9 7 5 ; and 15 . 0% and 1 3 . 0% o f  rainf all, 

respectively , for the 22-ha and 6-ha catchments in 19 76 . The importance 

of annual s tream flow is that it represent s  the total input of water and 

loads to receiving waters . 

I t  can be calculated (Table 3 . 1)  tha t  for the 22-ha catchmen t , 

annual s tream flows within s torm events for the years 19 74 , 19 75 , and 1 9 76 

were 6 7% ,  6 3% ,  and 74% , respectively , o f  annual stream flows , and for the 

6-ha catchment , 74% , 6 1% ,  and 70% , respectively . Although annual stream 

flow within storm events is a variab le comb inat ion o f  storm flow and 

sub s urface flow (Fi g .  3 . 1 ) ,  it is significant that approximately two thirds 

of annual steam flow occurs within s torm events in the three years of 

s tudy . The importance o f  detailed stream sampling during s to rm events 

is i llus trated by the observat ion that approximately 20 storm events 

occurred per year with an average s torm f low duration of approximately two 

days . Flow with in s torm events would b e  expected to carry a large 

proport ion of sediment and P forms from surface soils . 

S torm flow in the s tream is essentially surface runof f  water . Thus 

it might be expected that thi s  form of discharge is most influenced by surface 

soil in the catchment .  Annual storm flow was only sligh tly less 

than annual stream f loH wi thin s torm events and comprised approximately 

55% of the total annual stream flow (Table 3 . 1 ) . Where s torm flow can 

reliab ly be identified ,  it  can probably b e  regarded as the main componen t 

carrying sediment and P forms from surface soils . 

Annual sub surface flow , added both between and within s torm events , 

comp r ised approximately 45/� of  annual stream flow (Table 3 . 1 ) .  S ubsurface 

flow is probably the form of flow which is  the leas t dependen t on surface 

soils in the catchment ,  and may be expected to carry little sediment 



74 

and only low concentrations of dissolved P forms . 

3 . 3 . 3  Impact o f  land c learing and changing land use 

on sediment and phosphorus movement 

Significant changes in the loadings and concentrations o f  sediment 

and P forms were ob served after catchment clearing and fertilizer 

application . This is  i l lustrated by analysis of individual s torms , mean 

concentrat ions in s to rm discharge events for the three years o f  s tudy , 

and annual discharges in the different runo ff  types . 

3 . 3 . 3 . 1 Movement o f  sediment and particulate phosphorus 

Following the change in land use , s ignificant differences were 

found in the concentrations of sediment and PP in the flow from a s ingle 

storm event . The sediment concentrations b e fore and wi thin a storm event 

in the 2 2-ha catchment early in 1974  ( 24-25 / 6 / 1 9 74)  b efore clearing 

(Fi g .  3 . 2 ) showed init ial low values of 50 mg 1
- 1

, wi th a 3-fold increase 

at peak flow to 150 mg 1- 1 , which decreased rapidly wi th decreasing flow 

- 1  
t o  a stable 6 5  mg 1 recession value . Th is s tability of  values a t  low 

concen trat ions \-Jas also shown by  PP , which increased from approxima tely 

- 1  - 1  0 . 0 2 0  mg 1 t o  0 . 060 mg 1 , re turning to recession values o f  approximately 

- 1  0 . 040 mg 1 . These low concentration values contras t sharply with values 

obtained during a s to rm event in early 1 9 75 ( 2 6 /5/ 1975)  af ter c learing 

(Fig . 3 . 3) in which sediment and PP concentra tions are shown wi thin a storm 

event similar to , although s ligh t ly greater than that shown in Fig . 3 . 2 .  

- 1  
Initial sediment concentrations (approximately 0 . 250 - 0 . 300 mg 1 ) were 

7-times greater than in the 1 9 7 4  s torm (Fig . 3 . 3) and increased erratically 

- 1  
to peak values of  app roximately 0 . 60 mg 1 . These concentrat ions fell 

-1  during f low recession to  app roximately 0 . 20 mg 1 . Values for PP were 

ini tially approximately 0 . 050 mg 1 - l  but increased rapidly to peak values 
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-1  - 1 . 
o f  0 . 30 mg 1 , with a recession decrease to b e tween 0 . 050 and 0 . 10 mg 1 . 
After c learing , sediment and PP concentrations in storm flow increased 

dran�tically and showed maj or f luctuations in b oth relative and absolute 

values . 

The increases in concentrations of sediment and P forms within 

s torm f low following clearing , in addi t ion to thP. increased variab il i ty 

o f  concentrations , also characterised successive s torm flow event s  

throughout the year following c learing . Mean sediment and PP concentrations 

in the storm flow o f  succes s ive s torm events for the three years o f  the 

s t udy are shovm in Fig . 3 . 4  (22-ha catchment)  and for two years only in 

Fig .  3 . 5  (6-ha catchment) . Despite differences in the s ize o f  storms and 

f low discharges , de finite trends are apparent . As indicated previously , 

the mean sediment and PP concentra tions in success ive s torms were relatively 

low and s t able be fore clearing ( 1 9 7 4 ) . Mean s torm flow concentrat ions 

were of ten less than twice the subsurface flow concent rations . In 1 975  

and  19 76 a numb e r  o f  cont rasts '"ere apparent . The sediment concentrations 

were generally far higher ,  being up to 15 times thos e of 1 9 74 . The values 

also  varied wi.dely between storms , so that an 8-fold range waf' ob tained 

in 1975  and a 5-fold range in 1976 . Mean concentrations o f  PP showed a 

general increase over 1 9 7 4  and an increase in range o f  values of up to  

5 -fold in  b o th 19 7S · and 19 76 . Although these mean values ignore 

d i f ferences in the sizes o f  storm flow events they illus trate the increased 

variab i l ity in sediment and pp · concentrations in s torm flow after clearing . 

S imilar maj o r  changes were observed in the sedimen t  and PP concentrat ions 

in s to rm flow f rom the 6-ha catchment .  The initially lmv , s table values 

p e rs i s t in g  th roughout 1 9 '74 were followed by high values in 1 9 75 (after 

c learing) . M�an s ediment concentrations in 1 9 75 increased by up to  20 

t imes those of 1974 , and showed a similar range in values b etween s to rms . 
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For PP , a 10-fold increase over the 19 74  concentrations in s to rm flow and 

a s imilar  range b etween s to rm events was ob taine d .  Frcm the data ob tained 

for b o th catchments it  is evident that the clearing operation and 

fer t il i z e r  applica t ion had two maj or  effects . Firs t ly , there was a 

sub st an t ial increase in the variab ility o f  mean sediment and PP 

concentrations in the s torm f l ow o f  successive storm events . Secondly , 

mean concentrations of  sediment and PP in storm flow events were generally 

far h igher after clearing . 

Because of  the differences in annual rainfall f rom year to year , 

and consequently differences in  annual flow dis charges , i t  is difficult 

to compare losses of sediment and P forms on a per-hectare basis (Tables 

3 . 2  to  3 . 9) . I t  i s  more convenient to compare res u l t s  from year to year 

or between the two catchmen t s  by examining mean concentrations of s ediment 

and P forms in annual flows . 

Apart from s ignif ican t  increases in sediment and PP concentrations 

in individual s to rm flows , large increases in annual discharges �ithin 

annual s t ream flows were also observed (Table 3 . 2 ) . Both the 22-ha and 

the 6 -ha catchment s  showed large increases in annual mean sediment 

- 1  concentrations from 1 974 ( 10 7  and 8 2  mg 1 , respectively) t o  1 9 75 

- 1  
(65 3  and 838 mg 1 , respectively) . Although there was a decrease in 

annual mean sediment concent ra t ions in f low from the 2 2-ha catchment in 

19 76 ( 33 1  mg 1
- 1

) ,  probab ly du� to an increase in s o i l  stability \vi th 

early pasture development , th� . mean sediment concent rations in flow from 

- 1  
the 6-ha catchment were even higher in 1 9 76 ( 1 , 590 mg 1 ) than in 19 75 . 

This was specifically due to s lumping and slipping in the 6-ha cat chment 

in 1 9 76 and th is is discussed in more detail in Sect ion 3 . 3 . 4 .  The ini t ia l  

increase i n  annual mean sediment concent ration following clearing was 

probab l y  part ly the direct result of  the soil debris \vhich was bulldozed 



Table 3 .  2 Discharge of  water , sediment , particulate P (PP) , and total P (TP) from the two catchments in 

annual stream flow before land clearing ( 19 74 )  and following clearing and fertilizer application 

( 19 75 and 1976)  

22-ha catchment 6-ha catchment 

% of TP 
- 1  

Discharge % of TP - 1  Parameter Discharge Hean cone . kg ha Mean cone . kg ha 
(mg 1- l )  (mg 1- 1) 

19 74 
3 

Flmv (m ) 32 , 6  70 7 , 2 30 

S ediment (kg) 3 , 500 - 10 7 159  590 - 82 99 

PP (kg) 2 . 080 5 3  0 . 064 0 . 094  0 . 540 60 0 . 0 74 0 . 090 

TP (kg) 3 . 9 40 100 0 .  12 1 0 . 1 79 0 . 900 100 0 .  124 0 . 150 

1975 
3 

Flow (m ) 25 , 760 6 , 5 70 

Sediment (kg) 16 , 840 - 6 5 3  765 5 , 5 10 - 838 9 1 7 
pp (kg) 2 . 55 50 0 . 099 0 . 1 16 1 . 06 6 3  0 . 16 1  0 . 1 76 

TP (kg) 5 . 0 8  100 0 . 198 0 . 2 3 1  1 . 6 7  100 0 . 25 4  0 . 2 78 

1 9 76 
3 

Flow (m ) 36 , 000 8 , 740 

Sediment (kg) 1 1 , 9 10 - 3 3 1  5 4 1  1 3 , 8 70 - 1 , 590 2 '  3 10 

pp (kg) 3 . 59 5 4  0 . 100 0 . 16 3  4 . 9 1  84 0 . 56 1 0 . 8 18 

TP (kg) 6 . 70 100 0 . 186 0 . 304  5 . 7 1 lOO 0 . 652  0 .  95 1 

...... 
...... 
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into the s tream bed , a s  \vell a s  the movement from: catchment surfaces in 

storm flow . This result illustrates the potential impact of  sediment 

movement into water during the transition period of changing land use 

when loose so.il material is expose d .  The mean concent ration o f  sediment 

in annual stream flow from the 22-ha catchment in 1976 was 3 t imes greater 

than tha t  in 1974 , b efore clearing . This may be a closer reflec tion 

o f  s ediment movement in surface runoff  than the 1975 result because 

concentrations were p robab ly less influenced by temporary deb ris in the 

stream channel .  

Mean concentra tions o f  P P  in annual stream flow from both catchments 

- 1  (Tab le 3 . 2 ) showed increases f rom 1 974 (0 . 064 and 0 . 0 74  m g  1 ) t o  1 9 75 

- 1  
(0 . 0 9 9  and 0 . 16 1  mg 1 ) , · respectively , for the 22-ha and 6 -ha catchments . 

In the case of  the 22-ha catchment , the mean PP concentrat ion in annual 

s tream f low in 1 976 , two years after clearing , was s imilar to that in 

- 1  
19 75 (0 . 1 00 mg 1 ) although there was a reduction i n  mean sediment 

concentrat ion . This implies that the sediment carried in 1 9 76 "'ras richer 

in P than that carried in 1 9 75 , possibly due to sele c t ivity for fine 

materials ( .R_o g e r s , . 1 ,9 4! 1 ; Ryden et  al . ,  19 7 3) after the coarser 

debris material in the st ream b e d  had been ca rried mvay in 1 9 75 . This 

effect is more clearly shown in Table 3 . 10 .  The mean concent ration of 

PP in annual storm flow from the 22-ha catchment _increased only 2-fold 

from 1 9 74 to 19 75 , despite a 10-fold increase in sediment concentration , 

indica t in g  a ne t reduction in the P concentration o f  s ediment . The net 

P concentrat ion of sediment in 1 9 76 showed a 2 . 5-fold increase over that 

ob tained in 1975 . Consequent ly ,  mean PP concentrations in 1 9 76 s tream 

flow were similar to  tho se in 1 9 75 , despite a reduct ion in mean sediment 

concen t ra t ions in 1 9 7 6 , relative to 19 75 . 
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Increases in sediment and PP losses following c learing are more 

apparent in the data for annual s t ream flow within storm event s  (Table 

3 .  3)  • The discharge o f  water , sediment , PP , and TP from both: _unG:Leared 

catchments in 1 9 74 were all approximately 60 to 70% of  the annual stream 

discharge values , i . e . , the discharges of sediment and PP were in close 

p roportion to f low . Following clearing , however ,  up to 9 9 %  of  sediment 

and 94% of PP appeared in stream flow within s torm events , despite only 

60% o f  annual s t ream flow appearing within storm events . These high 

proportions of annual sediment and PP losses and annual flow occurred 

within a relat ively sma l l  proportion of the annual st ream flow duration . 

This emphasises the importance of  detailed sampling during storm events , 

as d iscussed by Sharpley e t  al . ( 19 76 )  and in Section 3 . 3 . 1 .  This  is 

further suppo rted by the ob servation that increases in the mean sediment 

concentration in 1 9 7 5 , relative to 1 974  (Table 3 . 3) , as shown in annual 

stream flow , are mo re apparent in flow within s torm events . The 22-ha 

and 6-ha catchments showed increases in annual mean sedimen t concen trations 

of 10- and 1 9-fold , respectively , over those obs erved befnre clearing . 

Discharges o f  PP in s t ream flow within s torm events only , showed 

s imilar increases f rom 1 9 7 4  to 1975  (Table 3 . 3) to those obtained for 

sediment . Fo r the 22-ha catchment ,  mean PP concentra tions increased 

from 0 . 059 mg 1 - 1  b efore clearing to 0 . 1 1 3  mg 1 - 1  in the first post-clearing 

yea r ,  and to 0 . 1 18 mg 1- l in the second post-clearing year . Again , the 

- 1  
s li gh t  increase from 0 . 1 1 3 to 0 . 1 1 8  mg 1 was accompanied by a reduction 

- 1  
i n  s ediment concentration over the same period from 1 , 0 30 mg 1 to 

- 1  4 1 3 rng 1 , reflecting increased P-enrichment of  sediment . The increases 

in annual mean PP concentrations in s tream flow \-lithin storm event s  for 

the 6-ha catchment from b efore to a f ter clearing , showed a s imilar pattern . 



Table 3 . 3  Discharge of  water , sediment , particulate P (PP) , and total P (TP) from the two catchments 

in annual stream flow within s torm events b efore land clearing ( 19 74)  and following clearing 

and fertilizer application ( 19 75 and 1976)  

-

22-ha ca tchment 6-ha catchment 

Parameter Di scharge % of TP Mean cone . % Total Discharge % of TP Mean cone . % Total 
(mg 1- 1) annual (mg 1- 1) annual 

discharge discharge 

1974  
3 

Flow (m ) 2 1 '  750 6 7  5 , 340 74 

S ediment (kg) 2 , 330 - 10 7 6 7  379 - 7 1  64  

pp (kg) 1 . 28 5 3  0 . 059 6 1  0 .  39 60 0 . 0 7 3  7 2  

TP (kg) 2 . 4 3  100 0 . 1 1 2 6 2  0 . 65 100 0 . 122  72 

19 75 
3 

Flow (m ) 16 , 240 6 3  4 , 020 6 1  

Sediment (kg) 16 ' 7  30 - 1 , 0 30 99 5 , 370 - 1, 340 9 8  

pp (kg) 1 . 83 4 8  0 . 1 1 3  72 1 . 00 62  0 . 248 9 4  

TP (kg) 3 . 8 3 100 0 . 2 36 75 1 . 5 3  100 0 . 38 1  9 2  

19 76 
3 Flow (m ) 26 , 520 74 6 '  140 70 

S edioent. (kg) 10 , 9 50 - 4 1 3 9 2  1 3 , 5 30 - 2 , 200 9 8  

pp (kg) 3 . 12 54  0 . 1 18 8 7  4 . 8 7 88 0 .  79 3 99  

TP (kg) 5 .  77 100 0 . 2 18 86 5 . 55 100 0 . 89 4  9 7  
00 0 
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S to rm flow was s eparated from subsurface flow , as shown in F i g .  3 . 1 .  

For these calculations i t  was assumed that sediment and P concentrations 

in subsur face flow w ithin a s to rm event maintained the same low val ues 

ob tained between s torm events and from samples taken immedia tely be fore 

and after s torm flow . Subsequently calculated annual storm flows are 

presented in Table 3 . 4 .  There were small flow reductions relative to 

stream flow within s to rm events (Table 3 . 3) due to the loss of the 

subsurface component o f  flow . I t  is apparent from Table 3 . 4  that between 

80 and 90% of annual s t ream flow within s torm events (Table 3 . 3) is  

actually storm flow . Also , between 82 and 99% of sediment and P forms 

carried in annual s tream flow within storm events is carried in storm 

flow . The dif ferences iri annual mean sediment and PP concentrat ions in 

stream flow before and after clearing are mos t  apparent in storm flow .  

Because storm f l ow i s  the mos t  closely iden t ified with surfaces in the 

catchment ,  changes in land surfaces are mos t  readily apparent in such flow . 

It is vlithin this fra c t ion of stream flow , i . e . , s torm flow , th<>.t the mean 

sediment and PP concentrat ions in individual storm events were calculated 

(Fi g .  3 . 4  and 3 . 5 ) . In both annual storm flow and individual storm flow 

the increases in sediment and PP concentrations following the change in 

land use are clearly i llus trated . Mean sediment concentra tions in annual 

storm flow from the 22-ha catchment (Table 3 . 4 ) showed an increase from 

1 15 mg 1 - 1  before clearing to 1 , 1 10 mg 1
- 1  

in the first post-clearing year 

- 1  
and to 4 36 mg 1 i n  the second post-clearing year . These large changes 

in sediment concen t ra t ion , despite low flow values for 1975 , resul ted in 

maj or increases in s e d imen t discharge . Thus it  was observed that storm 

flow after clearing and fertilizer application carried 7 times the sediment 

load per hectare in the firs t year after clearing , relative to the pre-

clearing year , and 5 t imes the load in the second pos t-clearing year . 



Table 3 . 4  Discharge o f  water , sediment , particulate P (PP) , and total P (TP) f rom the two catchments 

in annual storm flow b efore land clearing ( 19 74) , and following clearing and fertilizer 

application ( 19 75 and 19 76) 

2 2-ha catchment 6-ha catchment 

Parameter Dis charge % of TP Mean cone . % To tal annual Discharge % of TP Mean cone . % Total annual 
(mg 1- 1 )  stream dis charge (mg 1- 1) s tream discharge 

within s to rm events within storm events 

1974 
3 Flow (m ) 1 7 , 640 8 1  4 , 160 78 

Sediment  (kg) 2 ,0 20 - 1 15 87  350 - 83  92  

PP (kg) 1 . 1 3 5 2  0 . 064  88  32 1 60 0 . 0 7 7  82 

TP (kg) 2 . 19 100 0 . 1 2 3  9 0  5 33 100 0 . 128 82 

1975 
3 

Flow (m ) 1 3 , 980 86 3 , 460 86 

Sediment (kg) 1.5 , 560 - 1 , 1 10 9 3  5 , 260 - 1 , 5 10 9 7  
pp (kg) 1 .  74 49 0 . 1 2 4  95 0 . 8 3 65 0 . 239 83  

TP (kg) 3 . 5 3  100 0 . 25 2  9 2  1 . 28 100 0 . 368 83 

1 9 76 3 
Flow (m ) 24 , 600 9 3  5 , 460 89 

Sediment (kg) 10 , 7 30 - 4 36 98  1 3 ' 360 - 2 , 450 99 

pp (kg) 2 . 8 7  5 4  0 . 1 1 7 9 2  4 . 65 88 0 . 85 2  96 

TP (kg) 5 . 29 100 0 . 2 15 9 2  5 . 29 100 0 . 9 70 95 CX> N 
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A similar pattern is apparent from the dat a  relating to the  6 -ha 

cat chment where , in the first post-clearing yea.r , a 15-fold increase in 

sediment loss per hectare was observed relative to the 1974 pre-clearing 

dat a .  

Th e  annual mean concentrations of  PP in s torm f low from the 22-ha 

- 1  - 1  
catchment increased f rom 0 . 064 mg 1 in 1 9 74 t o  0 . 1 24 mg 1 i n  19 75 

and to 0 . 1 1 7 mg 1
- 1  

in 19 76 (Table 3 . 4 ) . The data presented in 

Table 3 . 10 show that , despite a reduction in sediment concentration in 

s torm flow in 1 9 76 , relat ive to 1 9 75 , the mean concentrat ion of PP was 

maintained , due to a h igher P concentrat ion in the sediment in 1 9 76 . 

The mean concentrations of PP in storm flow from the 6-ha catchment 

- 1  - 1  
increased from 0 . 0 77  mg 1 before c learing to 0 . 2 39 mg 1 after clearing , 

i . e . , a 3-fold increase . 

Although there were maj or increases in the mean concentrations and 

losses per hec tare of sediment and PP in s torm flow following the change 

in land use ,  the mean concentratio�s and losses in subsurface flow 

(Table 3 . 5 ) were essentially unaffected . Subsurface flow within storm 

event s  commonly comprised only 20% o f  annual subsurface flow ( calculated 

from Tab les 3 . 3 ,  3 . 4 ,  and 3 . 5 ) . S t ream flow beu1een storm events 

(subsurface flow) was samp led regularly to ob tain concentrat ion data . 

Errors in the estima tion of  mean sedimen t and PP concentrat ions in 

sub surface flow within storm events �vould therefore have only a small 

effe c t  on calculations o f  annual mean concentrations . Mean sediment 

concent ra t ions in the annual sub surface flow from the 22-ha catchment 

(Table 3 . 5 ) were essent ially the same for all three years . The mean 

concen t rat ions of sediment in subsurface flow from the 6-ha catchment over 

the 3 years show s imilar stable values during the change in land use . 



Tab le 3 . 5  Discharge of water , sediment , particulate P (PP) , and total P (TP) from the two catchments 

in annual subsurface flow before land clearing ( 1974) , and following clearing and fertilizer 

app l icat ion ( 1975  and 19 76) 

22-ha catchment 6-ha catchment 
-

Parameter Discharge % of  TP Mean cone . kg ha - 1  
Discharge % of TP Mean cone . 

- 1  

(mg 1- 1) (mg 1- 1) 
kg ha 

1974  
3 

Flow (m ) 15 , 0 30 3 , 0 70 

Sediment (kg) 1 , 4 70 - 9 8  6 7  21.0 - 79 4 1 
pp (kg) 0 . 95 54  0 . 06 3  0 . 0 4 3  0 . 22 60 0 . 0 69 0 . 0 37 

TP (kg) 1 .  76 100 0 . 1 1 7 0 . 080 0 . 3 7 100 0 . 1 1 7  0 . 0 6 1  

1 9 75 
3 

Flow (m ) 11 ' 790 3 , 100 

Sediment (kg) 1 , 2 70 - 108 58 2 70 - 8� '•5 
pp (kg) 0 . 8 1 5 1  0 . 069 0 . 0 37 0 . 23 59  0 . 0 7 3  0 . 0 38 

TP (kg) 1 . 60 100 0 . 1 36 0 . 0 7 3  0 .  39 100 0 . 125 0 . 065 

1976 
3 

Flow (m ) 1 1 , 400 3 , 280 

Sediment (kg) 1 , 1 80 - 103 5 4  310  - 9 4  5 2  

pp (kg) 0 .  72 5 1  0 . 06 3  0 . 0 32 0 . 25 60 0 . 0 76 0 . 042 

TP (kg) 1 .  '• 1 100 0 . 1 2 3  0 . 06 3  0 . 4 1  100 0 .  126 0 . 0 70 
00 .1::-
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S imilar low , s t ab l e  annual mean concentrations o f  PP were observed 

in s ubsurface flow ( Table  3 . 4) throughout the study . For the 22-ha 

catchment ,  mean PP concent rat ions were  0 . 06 3  mg 1-1, 0 . 069 mg 1
- 1

, and 

- 1  . 
0 . 06 3  mg 1 , respectively , in 1 974 , 1 9 75 , and 1976 . Similar values were 

ob t a ined from the 6 -ha cat chment .  Generally , the t ransport of  sediment 

and PP in s ub surface f low was uneffec ted by the land-clearing operation 

and any s li gh t  incre�se s  observed ini t ially were not apparent one year 

after clearing . 

3 . 3 . 3 . 2  Movement of  dissolved inorganic and o rganic 

phosphorus 

Following land clearing , maj o r  differences were observed in 

the DIP and DOP concen trations in flow within storm events . Before 

c lea.rin g ,  concentrations of DIP in s torm flow were only s lightly higher 

than those in flow b e tween storm even ts and concentrat ions were always low. 

Concentrat ions in s torm flow from the 22-ha catchment in a s torm event in 

early 1974  (24-25/6 / 1 9 74 , Fig . 3 . 6 ) were initia lly low (0 . 0 20 m6 1- 1 ) and 

i d 1 0 . 0 30 mg 1- l k fl . h . d h ncrease to on .y a t  pea ow , w1 t a rap1 return to t e 

- 1  
p re-peak value of 0 . 0 20 mg 1 . Concent rations of DOP in s t o rm flow o f  

the same event  (Fig . 3 . 6 ) were also low and increased from a init ial value 

of 0 . 0 10 mg 1
- 1  

to a maximum of 0 . 060 mg 1
- 1

, but rapidly decreased to a 

- 1  
s teady value o f  app�oximately 0 . 0 20 mg 1 . Although DOP concentrations 

within s torm flow fluctuated mo re than those of DIP , bo th forms showed 

stab l e ,  low values , despite  maj or flow changes . 

Following clearing , subs tantial fluctuations and high concent rations 

were observed in flow within storm even t s . This is illust rated by  the 

dat a  for DIP and DOP concentrations ob tained for s torm flow in an event 

in early 1 9 7 5  ( 2 6 / 5 / 1 9 75 ,  Fig . 3 . 7 ) . Concen t rations of  DIP were a t  an 

- 1  init ially high level o f  0 . 050 mg 1 ( 2 -· 3 times greater  than init ial values 
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- 1  i n  Fig . 3 . 6 ) and increased rap id ly t o  approximately 0 . 25 0  mg 1 a t  peak 

flow . 
- 1  

Values remained a t  app roximately 0 .  20 mg 1 throughout s tO'l:lm flow 

- 1  and finally decreased late in the even t  to approximately 0 . 0 75 mg 1 . 
Although DOP concentrations in s to rm flow did not reach such high values 

as DIP , they showed maj or fluc t ua tions during the s t o rm event within a 

- 1 
range o f  0 . 0 1  to  0 . 10 mg 1 . This was p robably due to  the heterogeneous 

nature o f  the ne�v s tream bed a f t e r  clearing and the organic mat t e r  

t ransported  from t h e  seve rely-dis turbed , old  stream sys tem.  Both  DIP 

and DOP concentrations showed large increases in variab il i ty within a 

sto rm even t . In particular , DIP concent rations showed maj o r  increases 

over value s  obtained in storm f low before land clearing . 

Maj o r  changes were observed in the mean concen t ra t ions o f  DIP and DOP 

in s t o rm flow in successive s t o rm event s  following land c learing . These 

changes are shown in Fig . 3 . 8  ( 22 -ha cat chmen t) and Fig .  3 .  9 (6-ha catchment) .  

During 1 9 74 , b efore clearing , mean DIP and DOP concent rations in the s torm 

flow of  s uc cessive s t o rm event s  remained essentially similar  throughout 

the yea r .  Values were relat ively low , rarely exceeding �hose for 

subsurface flow , and showed lit t le variat ion in concentration� from s to rm  

to s torm.  In  1975  and 1976 , mean concen t rations o f  DIP in  s torm flow 

f rom the 22-ha catchment (Fig . 3 . 8 ) were up to 7 t imes greater than those 

obtained in 19 74 . · The values also varied widely between storms so that 

up to  a 4-fold range occurred in 1 9 75 and a 3-fold range in 1 9 76 . Mean 

DOP concent rations in s torm flcnv showed no general increases follmdng 

clearing (Fi g .  3 . 8 ) . Al though. the mean DOP co:tcentration remained 

s imilar to that in 19 74 , large fluc tuat ions occurred from storm to storm 

in both 1 9 75 and 1 9 76 . This could have been caused by  irregular 

decompos i t ion rates o f  post-clearing debris (e . g . ,  d i fferent weather 

condit ions and t ime intervals be tween s to rms ) or the influence of grazing 
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animals ( e . g . , dung deposition in the s tream bed before or during storm 

events) . These observations with respect to DIP and DOP in s torm flow 

were suppor ted by data from the 6-ha catchment (Fi g .  3 . 9 ) . The init ially 

low , s t ab le mean DIP and DOP concentra tions in storm flows throughout 1974  

contrasted markedly with the resul ts ob tained in 1 9 75 after clearing . 

Mean DIP concentra t ions increased greatly over those ob tained in 1 9 74 , 

and showed significant fluctua t ions between s torms . Mean DOP concent rations 

were approximately s imilar to 1 9 7 4  val ues b ut showed increas ed variab ility 

from s torm to sto rm .  

Mean concentrat ions o f  DIP i n  s torm flow from b o th catchments were 

extremely h igh for the first storm events in 1975 (immediately after 

c learing) and followed a gradual , erra t ic decline throughout the year . 

For the 22-ha catchment ,  this gradual decline continued into 19 76 

(Fig . 3 . 8) so that at the end o f  the second post-clearing year , mean DIP 

concentrations fluctuated less and began to s tablize a t  approximately twice 

the pre-clearing values . Concent rations o f  DOP , howeve r ,  cont inued to 

fluctuate up to two full years following clearing . I t  i� apparent that 

the land c learing operation and fertilizer applicat ion had a �aj or effect 

on the mean DIP and DOP concentrations in s torm flow for at least two 

years , and probably longer . 

The annual d is charge of DIP in s tream flow following clearing and 

fertilizer addition showed large increases , although the discharge of DOP 

remained relatively constant  (Table  3 . 6) . In flow from the 22-ha 

- 1  
catchment , the annual mean DIP concentrat ion increased from 0 . 02 3  mg 1 

1 - 1  
in 1 9 74 t o  0 . 062 mg 1

- in 1 9 75 and to 0 . 04 1  mg 1 in 19 76 . A similar 

effect was observed from the 6-ha catchment after clearing , where the 

- 1  - 1  
annual mean DIP concentration increased from 0 . 024 mg 1 t o  0 . 0 55 mg 1 

in the firs t pos t-clearing year . The ini t ial 3-fold increase in DIP 



Table 3 . 6  Discharge o f  water , dissolved inorganic P (DIP) , dissolved organic P ( DOP) , and total P (TP)  

from the two catchments in annual s tream flow before land clearing ( 19 74) and following 

clearing and fert ilizer application ( 19 75 and 19 76) 

22-ha catchment 6-ha catchment 

Parameter Discharge i; of  TP Hean cone . kg ha 
- 1  

Discharge % of TP Mean cone . kg ha  
- 1  

(mg 1- 1) (mg 1- 1) 

19 74 
3 

Flow (m ) 32 , 6 70 7 , 2 30 

DIP (kg) 0 .  76 19 0 . 023  0 . 035 0 . 1 7 19 0 . 0 24 0 . 029 

DOP (kg) 1 . 10 28 0 . 0 34 0 . 050 0 . 19 2 1  0 . 0 26 0 . 0 3 1  

TP (kg) 3 .  9 4  100 0 . 12 1  0 . 129 0 . 90 100 0 . 124 0 . 150 

1 9 75 
3 

Flow (m ) 25 , 760 6 , 5 70 

DIP (kgr 1 . 59 3 1  0 . 062 0 . 0 72 0 .  36 22 0 . 0 55 0 . 0 6 1  

DOP (kg) 0 . 94 19 0 . 03 7  0 . 0 4 3  0 . 22 15 0 . 0 37 0 . 04 1 

TP (kg) 5 . 0 8  100 0 . 198  0 . 2 3 1  2 . 6 7  100 0 . 406 0 . 444  

1976  
3 

Flow (m ) 36 , 000 8 , 740 

DIP (kg) 1 . 48  22  0 . 04 1 0 . 06 7  0 . 45 8 0 . 0 5 1  0 . 0 75 

DOP (kg) 1 . 6 3  24  0 . 045 0 . 0 74 o .  35 6 0 . 040 0 . 059  

TP (kg) 6 .  70 100 0 . 186 0 .  304 5 .  7 1  100 0 . 652 0 .  95 1 

\0 0 
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concentration was probably partly due to P fertilizer falling directly 

into the stream b ed ,  giving rise to very high DIP concentrations in flow 

from the first s to rm events following application ,  as well as to  P 

movement from catchment s urfaces in surface runoff . The 2-fold increase 

in the second pos t-clearing year p robably ref lected P movement in surface 

runo f f  and a reduction in the mobility o f  P from surface soil . 

Annual mean DOP concentra tions in s torm flow from the 22-ha catchment 

- 1  - 1  
showed almost  no change follm.;ring clearing (0 . 0 34 mg 1 up t o  0 . 0 37 mg 1 
in the first year) but showed a sligh t  i ncrease in the second year (up to 

- 1  
0 . 04 5  mg 1 ) .  There was a slight increase in annual mean DOP 

- 1  
concentrations i n  s torm flow from the 6 -ha catchment from 0 . 026 mg 1 

. - 1  
b efore clearing t o  0 . 0 3 7  mg 1 after c learing . I t  is probab le  that the 

source of DOP changed , however , from leaf and debris lit ter before clearing , 

to decaying vege tation bulldozed into the st ream bed . The increase in 

DOP concentrations in the second pos t-clearing year could b e  related to 

initial past ure es tab lishment ,  giving rise to litter at the soil surface 

o r  to dung from grazing animals .  

Increases in annual mean DIP and DOP concentrations following 

clearing are more evident in annual s t ream flow within storm events 

(Tab le 3. 7) . I t  is also apparent from Table 3 . 7  that the percentages 

of annual discharge _ o f  DIP and DOP appearing in stream flow within storm 

event s  were s imilar to those found for s ediment and PP . In 1 9 7 4 ,  be fore 

clearing , approximately 60 - 70% of annual  discharge of wat er ,  DIP , and 

DOP appeared in s t ream flow within storm events . In 1 975 and 1 9 76 , 

however ,  the percentages o f  DIP and DOP increased to approximately 86 to 

9 7% and 60 to 95% , respectively , despite the fact that only 6 0  - 70% o f  

wat e r  dis charge appeared in storm even t s , a s  found f o r  1 9 7 4 . For the 

22-ha catchment , the annual mean DIP concentrat ions in st ream flow within 



Table 3 . 7  Discharge of  water , dissolved inorganic P (DIP) , dissolved organic P (DOP) , and total P (TP)  

from the two catchments in  annual stream flow within s torm events before land clearing ( 1 974) 

and following clearing and fert ilizer application ( 1 975 and 19 76) 

22-ha catchment 6-ha catchment 

Para).lleter Discharge % of TP Mean c��c .  % Total Discharge % of TP Mean cone . % Total 
(mg 1 ) annual (mg 1 � 1) annual 

discharge discharge 

1974  
3 

Flow (m ) 2 1 , 750 6 7  5 , 340 74 

DIP (kg) 0 . 49 20 0 . 0 2 3  6 4  0 . 12 19  0 . 0 2 3  7 1  

DOP (kg) 0 . 66 2 7  0 . 0 30 60 0 . 14 2 1  0 . 026  74 

TP (kg) 2 . 43 100 0 . 1 12 6 2  0 . 65  100 0 . 122  72  

1975 

Flow (m3) 16 , 240 6 3  4 , 020 6 1  

DLP (kg) 1 . 44 38 0 . 089 9 1  0 .  35 2 3  0 . 088 9 7  

DOP (kg) 0 . 56 15 0 . 0 34 60 0 . 2 3  15  0 . 058  95  

TP (kg) 3 . 83 100 0 . 2 36 75 1 . 5 3 100 0 . 38 1  9 2  

1976 
3 

Flow (m ) 26 , 520 74 6 , 140 70 

DIP (kg) 1 .  33 2 3  0 . 050 90 o .  39 7 0 . 063  86 

DOP (kg) 1 .  32 2 3  0 . 050 8 1  0 . 29 5 0 . 04 8  84 

TP (kg) 5 .  77  100 0 . 2 18 86 5 . 55 100 0 . 894 9 7  \0 N 



- 1  s torm event s  increased  b y  a factor of approxima tely 4 from 0 . 02 3  mg 1 
b e fore c learing to 0 . 089 mg 1- 1 in the firs t  post-clearing year and by  

- 1  
a f actor o f  2 up to 0 . 05 0  mg 1 i n  the second post-clearing year . 

S imilar results were obs e rved in flow from the 6-ha catchment with an 

increase from 0 . 02 3  mg 1
- 1  

in 19 74  up to 0 . 088 mg 1- 1 
in 1 9 75 . 

The increases in mean concentrat ions of  DOP resul t ing from clearing 

are shown more dist inct ly in annual s t ream flow within storm events 

9 3  

(Tab le 3 . 7 ) . In flow f rom the 22-ha catchmen t , the mean DOP concentrations 

- 1  - 1  
increased s lightly from 0 . 0 30 mg 1 before clearing t o  0 . 0 34 mg 1 i n  the 

- 1  
first pos t-clearing year , and to 0 . 050 mg 1 in the second post-clearing 

y ea r .  A s imilar trend was ob served in flows from the 6-ha catchment where 

mean DOP concentrations showed a greater increase following clearing 

- 1  - 1  
( f rom 0 . 0 26 mg 1 in 1 9 7 4  t o  0 . 058  mg 1 in 1 9 75 ) . 

Because most of  the annual discharge of  DIP and DOP is lost within 

storm events , as wi th sediment and PP , it is useful to separate storm 

flow from subsurface flow . Changes in mean DIP and DOP concen t rations 

and discharges in storm flow ,  following clearing and fertili zer applica t io n ,  

a r e  shown i n  Tab le 3 . 8 .  As with PP and sediment discharges (Table 3 . 4 ) , 

a h i gh percentage (80 to 90%)  of .... mter , DIP, . and DOP discharged in s tream 

flow within storm events appears in s torm flow itself . 

For the 22-ha . catchment ,  mean DIP concentrations in storm flow 
. 

- 1  
increased form 0 . 0 25 t o  0 . 09 3  mg 1 i n  the first post-clearing year and 

- 1 to 0 . 049 mg 1 in the second post-clearing yea r .  Mean concentrations 

of DIP in storm flow from the 6-ha catchment increased similarly from 

0 . 0 2 4  to 0 . 0 80 mg 1- l 
in the first post-clearing year . This 3- to 4-fold 

increase in mean DIP concentrations in s torm flow from both catchmen ts 

shows that the change in land use had a maj or impac t  on the movement of 

DIP in surface runoff , in particular . 



Table 3 . 8  Discharge of water , dissolved inorganic P (DIP) , dissolved organic P (DOP) , and total P (TP) 

from the two catchments in annual storm flow before land clearing ( 19 74 )  and fol lowing clearing 

and fertilizer application ( 19 75 and 1976)  

2 2-ha catchment 6-ha catchment 

Parameter Discharge % of TP . Mean C£�C .  % Total annual Discharge % of TP Mean C£�C .  % Total annual 
(mg 1 ) s tream discharge (mg 1 ) s tream discharge 

within s torm events within s torm events 

1 9 74 
3 

Flow (m ) 1 7 , 640 8 1  4 '  160 78 

DIP (kg) 0 . 45 2 1  0 . 025 9 1  0 . 10 19 0 . 0 24 80 

DOP (kg) 0 . 6 1  2 8  0 . 0 34 9 3  0 . 1 1 2 1  0 . 0 2 7  8 1  

TP (kg) 2 . 19 100 0 . 1 2 3  90 0 . 5 3  100 0 . 128 82 

19 75 
3 

Flow (m ) 1 3 , 980 86 3 , 4 30 86 

DIP (kg) 1 . 30 37  0 . 09 3  90 0 . 28 2 2  0 . 080 7 8  

DOP (kg) 0 . 49 14 0 . 0 35 88 0 . 1 7 1 3  0 . 049  7 3  

TP (kg) 3 . 5 3  100 0 . 25 2  9 2  1 . 28 100 0 .  368 83 

1 9 75 

Flow (m3) 24 , 600 9 3  5 , 460 89 

DIP (kg) 1 .  2 1  2 3  0 . 049 9 1  0 .  36 7 0 . 066 93 

DOP (kg) 1 .  2 1  2 3  0 . 049 9 1  0 . 2 8  5 0 . 05 1 94 

TP (kg) 5 . 29 100 0 . 2 15 9 2  5 . 29 100 0 . 9 70 95 1.0 .p. 



9 5  

Mean DOP concentrations i n  s torm flow showed no increase in the 

- 1  
f i r s t  year a f t e r  clearing ( 0 . 0 34 to 0 . 0 35 mg 1 ) but a moderate increase 

- 1  in the second year to 0 . 04 9  mg 1 . In storm flow from the 6-ha 

catchment , there was a greater increase in mean DOP concentrations in the 

. - 1  
first  post-clearing year ( 0 . 0 2 7  up to 0 . 049 mg 1 ) ,  possib ly due to 

dif ferences in amounts and decomposition rates of vegetative debris in 

the channels of the two catchments . 

Despite maj or changes in the movement o f  DIP and DOP in s torm f low 

o r  surface runoff , very small differences in s ubsurface flow concentrations 

were observed (Tab le 3 . 9 ) . I t  is evident that the influence of land 

clearing and fertilizer application on mean concentrations of DIP in f low 

f rom the catchments was essent ially confined to surface runof f  water . 

Thi s  conclusion is supported by the mean concentrations o f  DOP in subsurface 

f low , shown in Table 3 . 9 ,  and the mean concentrations of DOP in storm flow ,  

shown in Fig . 3 . 8 and Fig . 3 . 9 . 

3 . 3 . 4  Influence o f  phosphorus fertilizer on the movement 

of phosphorus forms from the catchments 

The losses of water ,  sediment , and P forms from the two catchment s  

were similar following land clearing and fertilizer application ( discussed 

in Section 3 . 3 . 3) .  This allowed a further P fertilizer application to b e  

made t o  the 6 -ha catchment in 19 76 while leaving the 22-ha catchment as a 

cont rol ( discussed in S e c tion 3 . 2) . 

Consistent and apprec iable  differences in mean DIP concentrations 

in s torm flows were subsequently observed for the fertilized catchment , 

rel ative to the unfer tilize d  catchment (Fig . 3 . 10A) . The mean DIP 

concentrations in storm f l ow from the firs t  s torms in 19 76 were lower 

than those for the first s torms in 19 75 . This was b ecause in 19 75 the 

soils in the catchments were rather dry un til the first s to rm,  which was 



Table 3 . 9  Discharge o f  water , dissolved inorganic P (DIP) , dissolved organic P (DOP) , and total P (TP) 

from the two catchments in annual subsurface flow before land clearing ( 1 9 74)  and following 

clearing and fertilizer application ( 1 975  and 1 9 76 )  

22-ha catchment 6-ha catchment 
-

% of TP 
- 1  

Parameter Dis charge Mean cone . kg ha 
(mg 1- 1) 

Dis charge % of  TP - 1  Mean cone . kg ha 
(mg 1- 1 ) 

1974  

Flow (m
3) 15 , 0 30 3 , 0 70 

DIP (kg) 0 . 32 18  0 . 0 2 1 0 . 0 14 0 . 0 7  20 0 . 024 0 . 0 12 

DOP (kg) 0 . 50 · 28 0 . 0 3 3  0 . 0 2 3  0 . 0 7  20 0 . 0 24 0 . 0 12 

TP (kg) 1 .  76 100 0 . 1 1 7 0 . 080 0 . 37 100 0 .  1 1 7 0 . 06 1 

1 9 75 

Flmv (m
3

) 1 1 , 790 3 ,  100 

DIP (kg) 0 . 34 2 1  0 . 029 0 . 0 16 0 . 09  22  0 . 028 0 . 0 15 

DOP (kg) 0 . 45 28  0 . 0 38 0 . 0 16 0 . 0 7  19 0 . 0 24 0 . 0 12 

TP (kg) 1 . 60 100 0 . 1 36 0 . 0 73 0 .  39 100 0 . 125 0 . 065 

1976  

Flow (m3) 1 1 , 400 3 , 280 

DIP (kg) 0 . 2 7  19 0 . 024 0 . 0 12 0 . 09 22  0 . 027  0 . 0 15 

DOP (kg) 0 . 42 30 0 . 0 37  0 . 0 19 0 . 08 18 0 . 023  0 . 0 13 

TP (kg) 1 . 4 1  100 0 .  124 0 . 06 3  0 . 4 1  100 0 . 126 0 . 0 70 

\0 0\ 
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9 7  

a = 6-ha catchment fertilized in b oth 19 75  and 19 76,  

and b = 22-ha catchment fertilized in 19 7 5  only . 
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intense and probab ly t ransported some o f  the fertilizer which had fallen 

directly into the s tream bed . A similar effect has b een reported by  

McColl  e t  al . ( 19 75)  in a s tudy o f  recently-cleared , fertilized land a t  

Puketurua , New Zealand , and has been commented on b y  Fish ( 1969)  and 

Syers ( 19 74) . In 1 9 76 , there was light summer and autumn rain after 

fertilizer application , which was insufficien t  to cause flow but may 

have b een sufficient to allow s ome P to dissolve and to interact wi th 

surface soil . I t  has been shown that following moisture addition , an 

appreciab le  part o f  the monocalcium phosphate in sup erphosphate can 

rapidly revert to dicalcium phosphate which is less soluble (Lehr e t  al . ,  

1959)  0 The interac t ion wi th the soil and reduced solubility could 

account for lower mean DIP concentration values in early s torm flows in 

19 76 0 The da ta indicate , however ,  that as a result of fertilizer 

applica t ion the ini t ia l  mean concentrations of DIP in 19 76 storm flmvs 

were higher than the f inal concentrations in 19 75 and that the higher 

concentra tions pers isted throughout 19 76 for the fertilized catchment ,  

(Fig . 3 . 10A) . In contras t ,  the mean DIP concentration� in early 19 76 

storm flows from the unfertilized catchment were essentially the same as 

those at the end of 1 9 7 5  and showed a continuing decline throughout 19 76 

(Fig . 3 . 10A) . Mean DIP concentrations in storm flow from the fertilized 

- 1  catchment were commonly close to  0 . 060 mg 1 a t  ·the end o f  19 76 whereas 

mean DIP concentrations in s to rm f low from the unfert ilized catchment were 

- 1  
commonly approximately 0 . 040 to 0 . 045 mg 1 over the same period . I t  is 

also apparent that this  difference of approximately 0 . 0 15 to 0 . 020 mg 1- 1  

was consis tently observed throughout 19 76 . This relationship is shown 

as a regression between mean DIP concentrations in s torm f low from the 

t\-TO catchments in 19 75 and 19 76  (Fig . 3 . 1 1 ) .  The regression l ine for 

1975 (both catchments s imilar) shows an essen tially 1 : 1  relationship 
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between mean DIP concentrations in storm flow from the two catchments , 

with a highly s ignificant correlation coefficient and an intercept value 

close to zero . The regression line for 1976 (6-ha catchment ,  fertilized) 

shows a similar slope to the 1 9 75 l ine but an intercept value of 

- 1  0 . 0 15 mg 1 , reflecting the consis tent difference b etween the two 

catchments in mean DIP concen trations in s torm flows . 

The appreciable difference in DIP losses from the two catchments is  

shown in Tab le 3 . 1 1  and is expressed on  a weight p er hec tare b asis . 

Despite slightly less storm flow per hectare from the fertilized 

catchment , the higher DIP concentrations in storm f low accounted for 

higher losses of DIP per hectare from the fertilized catchment . 

Changes in mean PP concentrations in storm flow ,  following fertilizer 

appl ication to the 6-ha catchment in 1 9 76 , were also observed (Fig . 3 . 10B) . 

In 1 9 75 , mean PP concentrations in s torm flo\-r from the t\vO catchments 

were essentia l ly the same , al though the values for the 6-ha catchment 

were slightly higher , due to s lightly higher sediment loads . Ir: 19 76 , 

however ,  mean PP concentrations in s torm flow from the fertilized 

catchment increased to b etween 5 and 10 times those ob tained for the 

unfer tilized catchment . This was partly due to the slipping and slumping 

which occurred in 19 76 in the fertilized catchment only , therefore 

increasing sediment loads . Increased losses o f  sediment alone , however ,  

do not .account for increases in . PP losses from the fertilized catchment 

in 19 76 . Sediment concentrat ions in s torm flow in 19 76 were approximately 

twice those in 19 75 but PP concentrations were almost  4 times greater than 

those in 1975  ( Tab le 3 . 4) , i . e . , there was a 2-fold increase in the mean P 

concentration in transported sediment . I t  can also b e  seen from 

Table  3 . 4  that sediment losses per hectare were 3 times greater than those 

in 1 9 7 5 , whereas PP losses per hectare were 6 times greater than those in 



10 1 

1975 . This refle c t s  the same 2-fold increase in P enrichment o f  

sediment transported i n  19 76  compared to the PP t o  sediment ratio observed 

in 1 9 7 5 . This P enrichment o f  transported sediment following fertilizer 

addition is further. illus t rated in Tab les 3 . 10 and 3 . 1 1 .  By comparison 

of data from the two catchment s  in 19 76 ( Table 3 . 1 1) , it can be calculated 

that the annual mean PP concentration in s torm flow from the fertilized 

catchment was approximately 7 times greater than tha t  from the unfertilized 

catchment .  This relationship is shown by  the data presented in Table 3 . 10 .  

In storm flow from the two catchments in 19 74 (before clearing) mean PP 

concent rat ions and mean sediment concentrat ions were each generally 

similar b etween the two catchments and the ratios of PP to sediment were 

high .  In 19 75 , PP concentrations in s torm flow from both catchments 

increased approximately 2 - 3 times over the 19 74 values and· sediment 

concent rations increased by approximately 10 - 15 times , thus effectively 

reducing the mean PP to sediment ratios to approximately one f i f th of the 

1 9 74 rat ios . This may have b een due to the increased erosion of s ubsurface 

soil material , low in P ,  domina ting the greatly increased sediment load . 

For the 22-ha catchment ,  the mean PP concentration in storm f l 0w in 19 76 

was essentially the same as in 19 75 , desp i t e  a reduct ion in sediment 

concentration to approximately one third that of 1975 . This resul ted in 

a 2 . 5-fold net increase in the P enrichment o f  transported sediment , 

possib ly due to greater erosion select ivity for finer , P-enriched material . 

This is consis tent with the work of Rogers ( 19 4 1) and Ellison ( 19 5 2 ) , b o th 

of whom showed that sediment in runoff  can b e  enriched in fine materials , 

which contain a higher con centration o f  nutrients , relative to the source 

soil . Ryden and Syers ( 19 73) have also sugges ted that fine frac tions 

and clay coatings on particles carried in runoff  may have very high 

capacities to sorb and carry P from surface soils . The P enrichment o f  



Tab le 3 . 10 Mean concentrat ions o f  particulate P (PP) and sediment , and amounts o f  PP associated 

Year 

1974  

19 75 

1976 

with sediment in annual storm flow from the 22-ha and 6-ha catchments in 19 74 

(before clearing) and in 19 75 and 1 9 76 ( following clearing and fertilizer application) 

pp 
(mg 1

- 1
) 

0 . 064 

0 .  124 

0 . 1 1 7  

22-ha catchment 

Sedimen t 
- 1  

(mg 1 ) 

1 15 

1 , 1 10 

436 

PP/Sediment 
- 1  (Jl g g ) 

5 5 7  

1 1 1 

268 

pp 
(mg 1

- 1
) 

0 . 0 7 7  

0 . 2 39 

0 . 852  

6-ha catchment 

Sediment 
- 1  

(mg 1 ) 

8 3  

1 , 5 12 

2 , 450 

PP/Sediment 
- 1  

(Jlg g ) 

928  

158  

348 

...... 0 N 



Table 3 . 1 1  Losses o f  P forms and sediment from fertilized (6-ha) and unfertilized (22-ha) catchments 

S torm flow 
(m3 h a- 1) 

DIP 

DOP 

pp 

TP 

Sediment 

in 19 76 showing losses per hectare , proportions of P forms los t , and mean concent rations 

in annual s torm discharge 

22-ha catchment 

(Unfertilized , 19 76) 

Losses 
- 1  

(kg h a  ) 

0 . 0 55 

0 . 0 55 

0 . 1 3 1  

0 . 24 1 

488 

1 � 1 1 8 

% o f  TP 

23  

2 3  

5 4  

100 

Hean cone . 
- 1  (mg 1 ) 

0 . 049 

0 . 049 

0 . 1 1 7 

0 . 2 15 

4 36 

Losses 
- 1  

(kg ha ) 

0 . 0 60 

0 . 046 

0 .  776  
0 . 882 

2 , 260 

6-ha catchment 

( Fertilized , 1 9 76 )  

9 10 

% of  TP 

7 

5 

88 
100 

Mean cone . 
- 1  

(mg 1 ) 

0 . 066 

0 . 0 5 1 

0 . 85 2  
0 . 9 70 

2 , 450 

..... 0 w 



transported sediment is even more apparent in data f rom the 6-ha 

catchment in 19 76 ( Tab le 3 . 10) . There was a 4-fo l d  increase in the 

annual mean PP concentration in storm flow in 19 76 , relative to 19 75 , in 

association with a 2-fold increase in s ediment concentrations , result ing 

in a 2 -fold increase in the PP to sediment ratio.  This enrichment 

occurred despite an increase  in mean sediment concent rations in 19 76 , 

illustrating the e f fect o f  further fertilizer application in 19 76 . 

In 19 74 , b efore clearing , s ignificant corremtions were ob tained 

b etween the mean concentrations of sediment and PP in storm flows from 

** ** 
each catchment ( 0 . 740 and 0 . 7 1 3 for the 22-ha and 6-ha catchments , 

respectively) . Following clearing ( 19 75)  there were no significant 

correlations between mean concentrations of sediment and PP for either 
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catchment (0 . 550 and 0 . 6 30 for the 22-ha and 6 -ha catchments , respectively) . 

In 19 76 , the correlation coe f f icient be tween mean concentrations of 

sedimen t  and PP increased very slightly for the unfertilized 22-ha 

* 
catchment ( r  = 0 . 5 83  ) whereas the correlation coefficient for tne 

** 
fertili zed 6-ha catchment was s ignificantly increased (r = 0 . 899  ) 

rela tive to the values ob tained in 19 75 ( Fig.  3 . 12A and 3 . 1 2B) . 

No significant correlation was ob tained between mean concentrations 

of sediment and DIP in storm f lows , however ,  for e i ther catchment in any 

o f  the three years qf the s tudy . If sediment had released P to solution 

or removed P from solution , such correlations might have b een expec ted . 

Sedimen t  concentrat ions did no t appear to signi ficantly influence the 

mean concentrat ions of DIP in s torm flow .  The time interval between peak 

rainfall intensi ty and peak flow from the 6-ha catchment was approximately 

20 minutes , whereas that for the 22-ha catchment was approximately 60 

minutes . In addition , the soil : solution ratios in s torm f low were 

- 1  
commonly very wide (mean sediment concen trations o f  100 to 2 , 000 mg 1 o r  
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Fig .  3 . 1 2 Regression bet\veen mean PP and sediment 

concent ra t ions in s t o rm floH from the 6 -ha catchment 

(A) and the 2 2 -ha c a t chment (B) in 19 76 following 

fertilizer addition to the 6-ha catchment only . 
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soil : solution ratios o f  1 : 10 , 000 to  1 : 500) . Because wider soil : solution 

ratios increase only the rate at which a sorption-desorp t ion reaction 

for P comes to equilib rium ,  and not the f inal equilibrium value (Hope 

and Syers , l9 76 ;  Gillingham, 19 78) , i t  may be expected that relationships 

between concentrations o f  DIP and sediment in s torm flow would have 

become apparent a t  the samp ling point a f ter 20 to 60 minutes of mixed 

flow at a wide soil : solution ratio . The fact that no close relationship 

was ob tained sugges ts that mean DIP concen trations could be largely 

independent of sediment concentrations . 

Losses o f  DOP per hectare and mean concentrations of DOP in s torm 

flow ( Tab le 3 . 1 1 ) were essentially the same for both catchments in 19 76 , 

or independent o f  fertilizer application in the short term . I t  is 

poss ib le that long - term fer tilizer application would lead to increased 

DOP losses from catchments , s imilar to the increased losses ob tained for 

DIP and PP . This is  potentially important because , although the chemistry 

and b iological availability of soil OP is  relatively poorly unde�s tood 

( Cosgrove , 196 7 ) , it has b een shown that OP can be ut ilised by algae 

(Berrnan , 19 70) under certain conditions . 

I t  can also b e  calculated from Tab le  3 . 2  and the fertilizer P 

application rate that TP loss from the two catchments was between 0 . 68 

and 0 . 82% of fertilizer P added in 19 75 , and between 0 . 90 and 1 . 4 1% of 

P added in 19 76 . Although these values represent small agronomic losses , 

they represent large proportional increases in the P loadings of the 

s treams draining the two ca tchments . 

3 . 4  General Discuss ion 

The data ob tained in this study provide useful information relating 

to the movement of s ediment and P forms f rom minimally-disturbed catchments , 
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the impact of a land-clearing operation and pas ture es tab lishment on the 

movement of sediment and P forms , and the influence of P fertilizer 

application on the discharge of P forms . S uch detailed quanti t a t ive 

information has b een unavailab le in New Zealand previously ( Syers , 19 74 ; 

Walke r ,  19 75) . B ecause the p re-clearing vegetation cover , topography , 

method o f  land-clearing , fertilizer and grass-seed applicat ions , and 

farm management in th is study were all reasonably s imilar to situat ions 

and practices widespread in New Zealand , i t  is likely that the data 

presented are relevant to many other areas and potential land-clearing 

operations . 

I t  has been es tablished ( Sylvester , 196 1 ;  Vollenweider , 196 8) 

that concentrations o f  biologically-availab le P in natural waters o f  less 

- 1  than 0 . 0 10 mg 1 may limit algal growth ; concentrations in excess of 

- 1  
0 . 0 30 to 0 . 050 mg 1 frequently represent abundant P .  Consequently , i t  

i s  useful t o  know the background P concentrations of natural water to 

es tab lish the sensi t ivity of such water to incremental additions of P forms 

and the risk of alga l  b loom fonnation , assuming that P is the limit ing 

nutrient . Such informat ion is limited in New Zealand . I t  is apparent 

from the data ob tained in 19 74 , before clearing , that the mean concentration 

of DIP in stream flow , subsurface flow , and s torm flow was commonly between 

- 1  
0 . 020 and 0 . 025 mg 1 . Mean concentrations of DOP were commonly be tween 

0 . 0 30 and 0 . 0 35 mg 1 - 1  so that mean TDP concentrations of approximately 

- 1  
0 . 050 mg 1 were common . Whi te ( 19 72) has reported "react ive" P 

concentrations o f  0 . 02 7  mg 1- 1  
in a small s tream at  Taita , New Zealand . 

If  such dissolved P concentra tions occur widely in New Zealand , then only 

small additions of b io logically-availab le P to water could exceed the 

critical range of concentrations discussed . Although other nutrients in 

natural water may be l imit ing algal and phytoplankton growth , e . g . , 



nitrogen (Vollenweider , 1968 ; Keeney , 19 73) , it  is possib l e  that some 

New Zealand waters may b e  h ighly sensi tive to small additional increases 

in P concentrations . 
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The data p resented in Fig .  3 . 2  and 3 . 6  for a s ingle s torm event and 

Figs . 3 . 8  and 3 . 9  for successive storm flow events illustrate the 

s teady-s t ate nature o f  concen t ra t ions pers isting within s ingle and 

successive storm events . In such a s i t ua tion , which may be typical of 

many low fert ility , minimally-dis turbed catchments under scrub cover in 

New Zealand,  it is evident tha t  large changes in flow may be accompanied 

by only small changes in sediment and P concentrations . This finding 

emphasises the need for accura te flow data in calculating total loadings 

and is in agreement with the f indings of Taylor et al . ( 19 7 1 ) and 

Sharpley et al . ( 1 9 76 ) . 

Sharp contras ts were observed in data ob tained in 19 75 and 1 9 76 

following land clearing . There were rapid , major fluctua tions in the 

concent rations o f  sediment  and P forms b o th within and between s torm 

even ts . Because the land-clearing operation involving soil exposure 

on s teep s lopes wi thout conservat ion measures , e . g . , contouring , appears 

to be unique to New Zealand in land development for grazed pas ture , it is 

difficul t to compare the resul ts ob tained with data from overseas s tudies . 

Aubertin and Patric . ( 1 9 74) observed no increases in sediment or nutrient 

loadings in a small st ream draining a ·ca tchment which was clear-felled 

of  fore s t  wi thout soil dis turbance and when vegetation "buffer" s trips 

were le f t  along s tream banks . I t  has b een shown in the p resent s tudy 

that the highly erratic variations in sediment and P concentrations are 

related to  surface runoff or s torm flow . This resul t  further emphasises 

the need for intensive stream s ampling within storm events , as well  as 

good hydrograph data . Sharpley e t  al . ( 19 76 )  have also discussed the 
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need for intensive sampl ing within s torm events , where s t ream flow 

includes s urface runof f  from nutrient-rich soils , if  reliab le data for 

nutrient loadings in the stream are to be ob tained . I t  seems l ikely tha t  

a number o f  s tudies o f  nutrient losses i n  s tream flow ( Fish , 1969 ; 

Kunishi e t  al . ,  1 9 7 2 ; Burwell e t  al . ,  1 9 74)  have underest imated this 

requirement . 

Sub s equent to  the clearing operation and pas ture development , overall 

higher concentrat ions and losses of sediments and P forms were observed 

from both catchments . The data show that losses o f  sediment before 

- 1  
clearing were commonly 100 to 160 k g  ha • S tudying a similar catchment 

under native bush 10 km away from this s tudy , Bargh ( 19 76 )  reported 

- 1  
sediment losses o f  1 5 7 kg ha . Against such background losses , which 

may be common in New Zealand for minimally-dis turbed catchments , the losses 

- 1  
of  sediment foll o\-ling clearing o f  540 to 2 ,  300 kg ha from the two 

catchments in this s t udy are high . I t  has also been shown (Sharpley , 

1 9 7 7 )  that sediment losses in surface runo ff  from grazed , essentially 

- 1  undrained pasture may be as high a s  830 t o  990 k g  ha In a study of 

a partly grazed and partly cul t ivated catchment , Bargh ( 19 76 )  ob tained 

- 1  - 1  values for sediment losses o f  1 , 400 kg ha yr Consequently , both 

the land-clearing operation and new land use ( grazed pas ture), in the 

short term,  can great ly increase sediment concentrations and losses in 

runo ff  waters . 

The TP losses from the two catchments in 1974 were 0 . 1 8 and 

0 . 1 5 kg ha- 1  (Table 3 . 2 ) . Losses o f  TP from a similar bush-covered 

- 1  catchment in New Zealand (Bargh , 19 76)  were 0 . 1 3 kg ha • S imilar low 

values have b een reported in overseas s tudies . Campbell and Webber 

- 1  
( 1 969)  reported an annual TP loss o f  0 . 08 kg h a  from rangel and in 

Southern Ontario , Canada , and S inger and Rus t ( 19 75)  have reported annual 



- 1  
TP losses from deciduous fores t in Minnes toa , U . S . A. , of 0 . 09 kg ha 

Agains t  these background values of TP losses f rom stab le , vegetated 

- 1  
catchments , the TP losses o f  b e tween 0 . 23 and 0 . 95 kg ha shown in 

Table 3 . 2 ,  following clearing , are high and represent a maj or increase 

in TP movement into surface waters . Despite these increases in TP 

losses , i t  is of  interest to note that Sharpley ( 19 7 7) has shown that TP 

losses from a grazed catchment under improved pasture near Massey 

1 10 

- 1  - 1  Universit y ,  Palmers ton North , were 1 . 5 1  and 1 . 3 1 kg h a  y r  i n  19 74 and 

1 9 75 , respectively . Almos t half o f  the TP los t was as PP , in association 

- 1  -1 with sediment losses o f  approximately 1 , 000 kg ha yr  in both 1 9 74 and 

1 975 . These values s uggest that the high ini t ial losses following clearing 

and pas ture es tab lishment reported in the present study may cont inue in 

the presence of grazing animals . The fact tha t  up to between 5 2  and 60% 

of TP loss es were as PP may be significant to the biological produc tivity 

of receiving waters . A varying but often sub s tantial proportion o f  PP 

may be available to a lgae , as recently demons t rated by Hedley ( 19 78) . 

With the data ob tained from two catchment s ,  this study has 

demonstrated that the addition of fertilizer P to soil can have  a d irec t ,  

appreciab le and con tinuing effect on the movement o f  P into surface water . 

Although a number of s tudies have examined P movement from fertil izer over 

short distances on runo f f  plots (Gilchris t and Gillingham , 19 70 ; Nelson 

and Romkens , 19 7 1 ; Sharpley and Syers , 1 9 76) the influence of P fertilizer 

addition on amounts and foriiE o
.
f P in water originat ing from a whole 

catchment has not been s tudied intensively . The fact that between 0 . 68 

and 1 . 4 1% of  added P may be lost in stream flow imp l ies that management 

techniques which reduce surface runoff , e . g . , contouring , will no t only 

reduce sediment losses b ut also fertilizer P movement into water . Al though 



such movement may b e  insignificant f rom an agronomic standpoint , i t  may 

contribute significantly to the P enrichment o f  water . 

1 1 1  



CHAPTER 4 



4 . 1  Introduct ion 

FATE OF APPLIED PHOSPHORUS ADDED TO SOILS 

AND UOVENENT IN RUNOFF WATER 

An understanding of the movement o f  P in surface runof f  water and 

within soils , and the immobilization of added P in soils , would b e  

useful in predicting the P loadings o f  s treams and the persis tence o f  

plant-available P i n  soil sys tems . Little work has been pub lished 

in the l iterature on the movement of added P within so ils . S everal 

s tudies have been confined to laboratory condi tions involving columns 

packed with both surface and sub-surface soils (Cho et al . ,  19 70 ; 

Mansel l  et al . ,  19 7 7) . Other s tudies have been conducted in the field 

and have involved artificial drainage sys t ems ( Bolton et  al . ,  19 70 ; 

Cooke and Williams , 1970) . 

The reac tions of added P ,  particularly in shaken sys tems , �dve been 

studied extens ive ly under lab oratory conditions using soils (Raj an and 

Fox ,  1 9 75 ;  Ryden e t  al . ,  19 7 7a) and soil components (Hulj adi e t  al . ,  
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1966 ; Kuo and Lo tze , 1972 ; Raj an et  al . ,  19 74) . Comparatively few studies 

of the reactions of P in soils have been undertaken under field conditions . 

The work of Saunders ?nd Metson ( 19 7 1 ) showed no significant changes in 

0 . 1M CaC1
2- extrac tab le IP in soil over 1 4  months . They suggested that 

mineralization of the IP , aris ing from the pool of OP b uilt up in the 

soil during winter , was balanced by more rapid plant uptake of IP in spring . 

1bis accumulation o f  soil OP during winter , and i ts mineralization in 

spring , was also reported in a field s tudy by  Dormaar ( 19 72) . Neither 

s tudy , however ,  examined the rates and mechanisms of P reactions within 



soils or the fate of added ferti lizer P .  

The rate at which "lab ile" or plant-available P is  immobilized 

in soils has b een the s ubj ect o f  several s tudies . Larsen ( 1967 ) 

has emphasized the need to study reaction rates of  mobilization and 

immobiliza t ion between "non-lab ile" and " labile" P in soils and has 
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p resented some experimental field data (Larsen et al . ,  1 9 65 ) . The rates 

of decline o f  plant-availab le P following P addition to soils in a pot 

exp eriment have been shown (Barrow , 19 73)  to be related to the soils ' 

ability to · adsorb P .  The nature and persistence of "lab ile" P in soils 

has also b een defined theoretically (Ryden et al . ,  1 9 7 6:) '. In the latter 

s tudy the rate of decrease in the pool o f  labi le P in soi l , following 

fertilizer P addition , was des crib ed us ing data obtained from b o th shaken 

tub e  and soil incubation systems . 

The s ignificance o f  results ob tained in the laboratory for the fate 

of P added to soils and the movement of P in soils , to the P enrichment 

of wa ters and even to agronomic requirements , is poorly es tab lished . 

The purpose o f  th is part o f  the study was to examine the changing pat tern 

o f  water-extractahle . P in soil in the field following ferti liz�r P 

application and to relate this to the concentrations o f  dissolved inorganic 

P ( DIP) in s tream waters . To arrive at a better understanding of P 

movement within the ' so i l , and to reduce field samp ling variab ility , pots 

o f  soil to which fertilizer P \vas added were established in the field and 

examined concurrently with fieid soil  samples . 

4 . 2  Materials and Me thods 

Work carried out in this part o f  the s tudy consisted of a preliminary 

investigation in 19 75 and a more detai led inves tigation in 19 76 . In 



1 14 

addition , a supplementary s tudy was also conducted in the laboratory 

in 19 76 . 

4 . 2 . 1  · P reliminary inves tigation 

Three sites within each of the two catchments were chosen in 19 75 

as potential sampl ing areas to represent each catchment (Fig . 4 . 1 ) .  Two 

o f  the areas were one on each s ide of the central r idge between the two 

catchments and near their outfalls ; a further two were approximately 

half-way along the l ength of the 6-ha catchment with one s ite hal f -way 

down each of the two s lopes o f  the central ridge ; and the third pair was 

near the upper reaches of each catchment and near their respective valley 

floors . 

Each site covered an area of 5-m square (25m
2

) and was divided into 

25 x 1 -m square plots . Adj acent to each s ite , an area o f  10 m
2 

was 

covered during fert ilizer addi tion and subs equently sampled as a co.ntro.l 

site . 

Initially , an estimate was made o f  the evenness of distribution o f  

superphosphate in the two catchments . Three transect lines were chosen 

across the two catchments (Fig . 4 . 1) and a s eries o f  collection 

containers ( 1 7cm square and 20cm deep) were p laced along them ( locations 

shown in Fig . 4 . 2 ) . An estimate was also made of the distribution of 

superphosphate surrounding each potential s ampling area to determine how 

representative the s ite  was of the catchment as a whole . S ix containers 

were placed around each site to estimate the P application rate . 

Immediately fol lowing aerial topdressing , the containers were transported 

to the laboratory and total P per container \vas measured by diges t ion 

of the collected material with p erchloric acid (O ' Connor and 
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Fig .  4 . 1  Plan o f  the two catchments  showing the location o f  6 

s i t e s  for soil sampling in 19 75 ( A ,  B ,  C ,  D ,  E ,  and F) 
and the three t ransect lines for placement o f  pots to 

est imate the mean sup e rphosphate applicat ion rates in 

the catchments . 
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Fig . 4 . 2  Transverse sec tion of  the three transe c t  lines shown in 

Fig . 4 . 1  showing the locat ion of pots placed in the 

catchmen t s  to  e s t imate the application ra t e  o f  

superphosphate . 
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Syers , 19 75) . This was considered more satisfac to ry than s imply 

weighing the contents o f  each container because it provided data 

pertaining t o  the actual P addition rate to the soil s urface . A sample 

o f  the superphosphate was also analyzed for TP and water-soluble P .  

Thi s  was consi dered importan t  because superphosphat e  produced in New 

Zealand has b een shown ( R . W .  Tillman , pers . comm . )  to b e  variable in 

both TP and water-soluble P content . 

To investigate the fate o f  added fertilizer P ,  sample cores , 5cm 

in diameter and 2cm in dep th , were taken at random f rom each o f  the 1-m2 

plots  within b o th the fer t i l i zed and contro l  areas o f  each of the s elected 

sites . A total  o f  25 cores was taken from each fertilized area and 

10 cores from each unfertilized area . 

intervals throughout 1975 . 

4 . 2 . 2  Detailed inve s t i gation 

Samples were taken at monthly 

Soil samples were taken from the 6-ha catchment only in 19 76 , at a 

samp l ing interval o f  approximately one week . In February 19 76 , three 

new s i t es were chosen within this catchment ; these s ites were considered 

to be representative of the soils and topography of the catchment 

( J . A .  Pollock ,  pers . comm . ) .  As describ ed in Section 4 . 2 . 1 , each s ite 

was 5 -m square and �5 soil samples were taken from each site on each 

sampling occas ion . The control s ites used in 19 75 were retained in 19 76 . 

As in 19 75 , sampling containe r·s were p laced around each site prior to 

fert i l izer application� nine containers were used per site . The control 

s ites were covered to prevent contaminat ion with superphosphat e .  Soil 

samples were collected immediately following fertilizer application and 

thereaf ter were taken at weekly intervals until November , 19 76 . A 
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s t a tistical analysis o f  the variab il i ty of the 25 soil samples from each 

s i t e  was done on the first samples taken and the deviation from the mean 

at the 9 5% confidence level calculated . Regular sampling involved 

sieving ( < 2mm) of the 25 bulked cores , mixing , and mois ture determination 

by overnigh t  drying at 105°C .  The freshly-sieved field soil  was 

corrected by weigh t  to an oven-dry equivalent basis for P extraction . 

For P extraction , samples were shaken a t  a soil : solut ion ratio of 

1 : 400 with dist illed water in 240-ml p olyethylene bottles on an end-over­

end shaker at 2 3
°

C for 1 7  hours . S ub samples of the suspens ion were 

cent ri fuged , at 1 3 , 000 r . p . m .  at 2 3°C ,  filtered ( < 0 . 45?ID) and the 

supernatant solution analyzed for DIP in the usual way . Extracted P 

- 1  i s  expressed a s  ..,.ug P g soil o n  an oven-dry basis . 

To reduce the variab ility in field soil samples , and to evaluate 

several different treatments involving fertilizer application , a series 

of experimental "pots"  were es tab lished in the field , in conj unc tion with 

the field sampling programme . The pots were constructed from light  

gauge , clear p lastic , and were 12-cm long , 10-cm wide , and 3 . 5 -cm deep . 

Surface soil was used for the experiment and this was taken from 

approximately 30 random si tes throughou t  the two catchments , f rom a depth 

of 0 - 5cm ,  befo re fertilizer app lication . The soil was shredded , passed 

through a 2-mm s ieve , mixed , and air-dried . A 2-cm depth o f  soil 

(approximately 200g of oven-dry material) was placed in each pot  which 

had a series o f  drainage holes punched in the bottom. Several treatments 

were used for fertilizer addition to the soils : 

Treatment 1 - no superphosphate added and used as controls 

Treatment 2 - superphosphate ( < O . 5-mm material) mixed throughout the 

2-cm depth of soil at a rate of 0 . 336g 200g
- 1  

soil 



. 1 19 
- 1  

( 16 1  � g  P g b ased on a TP analysis o f  9 . 6%  for the 

s uperphosphate) . - 1  This rate is equivalent to 336 kg ha 

o f  superphosphate , assuming mixing in the top 1cm of the 

soil . 

Treatment 3 - addition of 0 . 3 36g o f  superphosphate per 200g o f  soil 

s pread evenly over the surface o f  the po t .  

Treatment 4 - as for treatment 3 except that a p iece of nylon gauze 

was placed on the surface of the lower 1-cm layer o f  

s o i l  b efore the upper 1-cm of soil was added . Super-

phosphate was applied to the surface as in treatment 3 .  

This technique allowed the soil in the po t t o  b e  

divided into the upper and lower 1-cm l ayers prior to 

extraction and analysis of P in order to monitor the 

movement o f  water-extrac tab le P downwards from the 

s urface appl ica tion o f  fertilizer . 

The pots were installed in the field adj acent to area C ( Fig .  4 . 1 ) ,  

wi th the surface of the po t being at  the same level as that of the field 

soil . Thus , the soil in the po ts experienced environmen tal conditions 

which were as similar as possib le to those experienced by field soils . 

At each soil-sampling event , replicate pots of each treatment were 

transported to the labo ratory and ana lyzed for water-extractable P .  

4 . 2 . 3  Supplementary st�dy 

Because it was found in 19 75 that the mean DIP concentration in 

storm f low o f t en showed large differences from storn to storm ,  a s tudy 

of the short-term changes in soil water-extractab le P was initiated 

in the laboratory . Twenty pots ( treatment 2)  were brought into the 

laboratory f rom the fie l d . The pots were collected on Novemb er 1 ,  
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1 9 76 , following two weeks of dry weather . They were p laced on the b ench 

in a light , sunny pos ition . Dis t i l led water was applied to simulate 

a rainfall  event ( 25mm of water added in small increments to the soil 

s ur face over a p eriod of 2 . 5  hour� and the leachate from each pot 

c o llected . The treatment was repeated on the same pots 24 hours later , 

and then again 10 days later  a f ter the pots had heen s tanding a t  amb tent 

t emperature without further moisture addition . Watering and leachate  

collection occurred on  November 1 ,  2 ,  and 1 1 ,  19 76 . 

the leachate from each po t was analyzed for DIP . 

4 . 3  Results and Discus sion 

On each occas ion 

4 . 3 . 1 Changes in water-extrac tab le phosphorus in soil from 

fertilized and control  field s ites within tlte catchments 

In the p reliminary investigat ion in 1975 , it viaS found that the 

dis t ribut ion of P in superphosphate around each of the six potential 

sampl ing  sites was highly variab le (Tab le 4 . 1) .  The intended mean 

- 1  
app l i cation rate for the two catchments was 375kg ha  This rate , 

b as e d  on a TP ana�y� i s  o f  9 .  6% for the superphosphate  applied , is equivalent 

to  360 )-l g  P -2 
cm I f  it i s  assumed that interaction between the added P 

and soil is confined to the upper 2cm of soil , and the mean bulk density 

-3 o f  the soil is 1 . 0g cm , thi� rate o f  addition is equivalent to 1 80 pg 

- 1  p g • I t  was considered f rom the distribution data (Tab le 4 . 1 ) that 

the three sites A ( 446 ;�g P cm-2) , C ( 226 ;.tg P cm -2) , and F ( 120 )!g P cm
�2

) 

were representative of the range of values ob tained , and also gave a 

-2 
reasonable distribution about the mean catchment val ue of 30 2 )-lg P cm 

whi ch was reasonably close to  the intended application rate o f  360 �g  .'P 

cm
-2  

or 36 kg P ha
-1

. 
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Tab le 4 . 1 Application rate of  fert i lizer P a t  the soil surface 

ob tained from sampling containers s urrounding s ix potential 

s oil-sampling s i tes in the preliminary investigation of  19 75 

( �g 
-2 

sampling App lication rate of  p cm ) at  s i t es 

Replicate A B c D E F Catchment 

1 3 74 420 1 5 6  132 326 108 ( 29 samp les) 

2 4 18 374 184  58 204 164 

3 374 2 16 3 7 4  96 144 120 

4 400 374 204 70 554 1 18 

5 554  302 1 9 2  122 19 2 84 

6 5 56 276 240 252 252 1 18 

Average 
(6 containers) 446 328 2 2 6  122 280 120 302 
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The first soil-samples from a l l  six sites were collected in late 

March ( 19 75 )  before the application of superphosphate , l ime , and grass 

seed , but a f t er clearing . Samples were taken three days following 

fert ilizer application from sites A ,  C ,  and F ,  the weather being warm 

and the soil dry . Very high values for water-extractab le P were 

obtained immediately following fert ilizer applicdtion but at the t ime of 

the second sampling one month later ( 7 / 5 / 1975) , the values at all s ites 

had decreased considerably (Tab le 4 . 2  and Fig . 4 . 3) . Although there was 

an overall decrease in water-extrac table P values during the year , it is 

evident from the data p resented that some variation occurred between 

samples . This could have been the result of sampling error (sample 

numbers too small) or a reflection o f  real fluc tuations in water-

extractable P in the soil over t ime . Two s tudies (Saunders and Hetson) 

19 7 1 ; Dormaar , 1 9 72)  have suggested that 0 . 0 U1 CaC12
-extract�b l� or: soil-

solution P values do no t fluctuate widely throughout the year . The 

tendency , however , for water-extrac table P values at all three sites in 

the present s tudy to follm-1 a s imilar pa ttern (Fig . 4 .  3)  sugges ts that 

real , short-term fluctua t ions could occur in the field . 

Cons equently , a more detailed sampling p rogramme was adopted for 

the more-de tailed inves tigation in 19 76 . Three new samp ling s ites were 

chosen in the 6-ha catchment , although the same three control s ites used 

in 1 9 75 were retained . Because a new aerial application of  superphosphate 

was made in March 1976 , fertilizer P addi tion rates to the soil were again 

estab lished b e fore soil sampling began . For the top s ite  (near C ,  Fig . 

-2 
4 . 1 ) the mean addition rate was 326 yg P cm that for the s loping s ite  

-2 -2 
was 6 26 �tg P cm , and that for the bot tom site was 158�g P cm . These 

- 1  values are equivalent to  16 3 ,  3 1 3 ,  and 79 /ug P g , respec tively , for the 



1 2 3  

Table  4 . 2  Amounts o f  water-extractab le P in soils f rom s i tes A ,  C, and 

F ( Fig . 4 . 1) and control s ites on 24/3/ 19 7 5  (before fertilizer 

application) and at various t imes after fertilizer was applied 

on 5 /4 / 19 75 

_, 
Water-extractab le p (.u.g g � ) in soil at site 

Date A c F Ave rage Control 

24 / 3/ 75 4 . 4  3 . 7  3 . 3 3 . 8  3 . 6  

8 / 4 / 7 5  189 . 7  4 1 . 2  10 . 8  80 . 6  3 . 5  

7 / 5 / 75 78 . 7  2 7 . 7  7 . 3  3 7 . 9  4 . 3  

2 5 /6 / 75 50 . 2  2 7 . 5  7 . 0  2 8 . 3  3 . 2  

2 3 / 7 / 7 5  72 . 7  3 1 . 3 8 . 0 3 7 . 3  3 . 0  

20/8/ 75 60 . 0  33 . 5  1 2 . 7  35 . 4  4 . 7  

24/9 / 75 35 . 4  10 . 9  3 . 8  16 . 7  3 . 9  

20/ 10/ 75 4 1 . 0  12 . 7  2 . 9 1 8 . 9  4 . 6  

2 8 / 1 1 / 75 38 . 1  19 . 8  3 . 6  2 0 . 5  4 . 1  
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Mar Apri l May June J uly A ug Sept Oct Nov 
T i m e ( mon ths) 

Decline in wa ter-ext rac table P in s o ils with time 

following fertilizer P addi tion a t  three fert ilized 

sites and f rom three control sites in  19 75 . 

a =  site  A ,  b = site  C ,  c = s ite F ,  d = average o f  

sites A ,  C ,  and F ,  and e = average o f  three control 

s ites . 
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three sites , assuming interact ion with the upper 2cm of soil and a mean 

- 3  soil b ulk dens ity o f  l . Og cm Twenty-five soil samples from each site . 

were collected several hours after fertilizer application . Mean 

- 1  1 wat er�extractable P values were 83�g P g for the top s ite , 146 � g P g
-

· 

- 1  
for the s loping site , and 9 1 �g P g for the bottom site . The fact tha t  

the first two o f  these values were lower than those predicted , whereas 

the third was higher than predicted , could be related to resorp t ion or 

desorption of P duri·ng extraction ; this is discussed later . 

An estimate of  the error of  the mean water-extractab le P values 

(ob tained from 25 soil  samp les) was made following the calculat ion o f  

variance for each group o f  25 samples ( Snedecor and Cochran , 1 96 7) . 

+ - 1  
Deviat ions at the 9 5 %  confidence level were found t o  b e  8 3  - 1 9  �tg P g 

+ - 1  
( 16 a t  90%) for the top s ite , 146 - 32 �g P g ( 2 7  a t  90%) for the 

+ . - 1  
sloping site , and 9 1 - 18 � P g ( 16 a t  90%)  for the bot tom site . 

Because all of these deviat ions were less than the expected decreases 

throughout the year , it was accepted that 25  samples were sufficien t  to 

monitor changes in water-extrac tab le P in surface soils . I t  was also 

initially anticipated that variability would decrease with time , as the 

fertilizer P became more evenly distributed through the upper 2cm o f  soil . 

S ubsequent to this initial sampling , soil samples were taken a t  

a l l  three sites and control sites at weekly intervals during winter 

through to November , 1 9 7 6 . The progres sive decrease in water-extractab le 

P values is  shown in Fig . 4 . 4 .  I t  is apparent that not only the t rends , 

but also the actual values were similar to those ob tained in 19 75 ( F i g .  

4 .  3) . This i s  seen more clearly when the averaged data for the three 

sites in 1975  and in 1 9 76 are p resented toge ther ( Fig . 4 . 5 ) . The first 

-1  
data point on  the 1 9 75 curve was lower ( 8 2 �g P g ) than that on  the  19 76 



Fig .  4 .  4 

June July A.ug Time. ( mO!>ths )  
Sept Oct Nov 

Dec l i ne in water-extra c tab l e  P in soils with time 

following f e rt i l ize r P add i t ion a t  three f e r t i l i z e d  

s i tes and  from three control sites  in  the 6 -h a  

catchmen t only in 19 76 . 

a = b o t tom s i te , b = s loping site , c = top s i t e , and 

d = average o f  three control sites . 
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a 

b 

Dec l ine in wcter-extrac table P in soils w i th t ime 

following fer t i l i z e r  P addi t ion at three fertilized 

s i t e s  in the 6-ha catchment only in 19 76 and three 

fer t il i zed si tes in  b o th ca t chments in 19 75 . 

a = 19 76 average o f  three s i tes and 

b = 1 9 7 5  average o f  three s i tes . 



- 1  
curve ( 9 8 �g P g ) . This may have been due to the lower average 

fertilizer P application rate to the s ites in 19 75 ( 1 32 ;ug P g
- 1

) than 

- 1  in 1976 ( 165 ).(g P g ) , although there may also have been some effect  

pf residual fertilizer P in early 1 9 76 f rom the 1975 application . 

Despite th is difference , the init ial rate of decrease of  both curves 

128  

was s imilar . Between June and October , the 19 76 data points were usua l ly 

higher than those for 1975 . This is pos s ibly due to higher initial  

values and to  the increased saturation of  the sorp tion complex , leading 

to higher sustainable  values in solution . When successive wat er-

extractable p values are expressed as a proportion of the init ial 

extract ion values ( Fi g .  4 . 6 ) , the proport ional rates o f  decline for the 

two years are essentially the same . 

Soil samples t aken prior to fertilizer applicat ion in March 1 9 7 6  

- 1  
. 

- 1  
gave water-extractab le P values o f  4 �g P g for the top s ite , 4 �g P g 

- 1  
for the s loping site , and 49 � P g for the bottom site . These results 

suggest that there could be a net down-slope movement of P with t ime in 

the catchment . The data in Fig .  4 . 4  support this suggestion . Although 

the s loping site received the h ighes t fert ilizer P addition rate and gave 

the highest initial wat er-extrac tab le P values , the bottom site  which 

received the lowest P addit ion rate gave a higher water-extractable P 

value than the top s it e .  After 6 0  days , the bottom s ite yielded the 

highest water-ext ractab le P values . The pers istent high values fo r the 

bottom s it e ,  despite a concurrent decline in values for the sloping and 

top site , together with the init ial high value , implies a net down-s lope 

movement o f  P .  This movement could b e  as particulate P (PP) or as 

dissolved P transported downslope in surface runoff . 
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0 40 8 0  1 2 0  1 6 0  200 240 
T i me (days) 

Rel a t ive \-later-extractab i l i ty o f  P ,  expressed as 

a p ropor tion of the ini tial extraction value , with 

t ime following fertilizer P addit ion at three 

fert ilized s ites in the 6 -ha ca tchmen t only in 

19 76 and three fertilized si tes · in b o th catchments 

in 1 9 7 5 . 

Open symbols  = 1 9 76 average o f  three s ites and 

closed symbols  � 19 75 average of three s ites . 



4 . 3 . 2  Changes in water-extractab le phosphorus in soil from 

fertilized and control pots in the field 

4 . 3 . 2 . 1 Treatment d i fferences and phosphorus movement 

f rom the upper !cm 

The pot s  to which superphosphate was added were sampled 

s imultaneously with the fertilized f ield soils to monitor the decline in 
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water-ext ract able P as a funct ion o f  t ime following P addi t ion . Because 

the soil in the pots had been mixed , and was thus more homogeneous than 

field soil , and because fertilizer P was added in the laboratory , less 

variation in water-extractable P values was apparent in the results . 

The treatmen t  which mos t  closely resemb led the field sites was t reatment 

numb er 3 ,  with fertilizer P uni formly d is t r ibuted over the surface . 

The decrease in water-extractab le P for both the surface application 

( t reatment 3) and the mixed treatment ( t reatment 2) was essentially the 

same throughout 19 76 (Fig . 4 . 7) .  Bo th gave s imilar initial values and 

although the mixed treatment appeared to show a greater initial rate o f  

decline , there was no detectable d i fference b etween the two t reatments 

at �he third sampling ( 18 days ) . Small fluctuations between data points 

can p robab ly be accounted for by variations in sampling . The �ry 

rapi d  ini t ial  decline in water-extractab le P during approximately the 

firs t  10 days was followed by a slower rate of decrease whi ch persisted 

for the remainder o f  the year . The results from treatment 4 ,  however , 

showed a different pattern . With fert ilizer added to the surface , the 

upper lcm of soil gave an initial water-extractab le P value which was 

twice that obtained with treatments 2 and 3 .  The rate of decrease , 

relative to this ini tial value , was essentially the same as that for the 

o ther two t reatments but  actual values were consistently twice as high 
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Decline in wa ter-ext rac tab le P wi th time , 

f ollowing fe rtilizer P addition , in soil f rom 

f ield po ts . 

a = mixed t reatmen t ,  b = surface 2-cm treatment ,  

c = surface upper 1-cm treatment , d = surface 

lower 1 -cm t rea tment ,  and e = un�ertilized 

control . 
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for  approximately the firs t 40 days . In contrast ,  the lower lcm o f  soil 

in this t reatment, which was not in direct contact with fertilizer P ,  

gave consistently low values for the whole year ; in fact thes e were 

indi s t inguishab le from the control . The fact tha t  the pattern of 

decline in the upper lcm was essentially the same as that for the 2cm 

surface treatment ( treatment 3)  and the mixed t reatment ( treatment 2) , 

except that the values were doubled for the first 40 days , sugges ted 

that the rate o f  P removal from a water-extractable form was directly 

related to P concentrat ion in the soil solution . This implies that there 

were d i f ferences in the rates o f  P sorption between the surface application 

and the mixed treatment , but that these differences were masked by the 

p rocedure of sampling the soil to a dep th of 2cm in each cas e ,  i . e . , 

maintaining the same P : soil rat io . Taking only the upper l cm 

e f fectively doub les the P. : soil ratio and thus the rate of P sorp t ion in 

absolute terms , although the relative rates are the same (Fig . 4 . 8) . 

There was no evidence for the downward movement of P from the upper 

' 

lcm to the lower 1 cm,  even after 200 days in the field (Fig . 4 . 7) .  

Although this result is in agreement with that of o ther workers , e . g . , 

-

Cho et  al . ( 1970) , it  may be to some extent an artefact resulting from 

the use o f  dis turbed soils . Recent work ( S cotter e t  al . , 1 9 78)  has 

shown that P may move through undis turbed soils which have continuous pores . 

The extens ive soil disturbances occurring within catchments during land 

clearing operations , however ,  may permit extrapolation of the pot 

experiment results to the field situation immediately following land 

clearing . 

The tendency for water-extractab le P values to  converge after 

approximately 40 days (May , 1 9 7 6 ; Fig . 4 . 7) was possib ly due to a feature 
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Relat ive water-extractability o f  P ,  expressed  as 

a propo r t ion o f  the ini tial extraction value , wi th 

time following fertilizer P add i tion to soil in 

field po t s . 

Closed square symbols  = mixed t r eatment , c losed 

circle symbols s urface 2-cm t reatment ,  and open 

circle symbols = s urface upper 1-cm t reatment . 
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o f  the field experiment al technique used . When the pots were established 

in the field they were placed into the soil on a slightly s loping s ite . 

After approximately 40 days , the soil in the pot  tended to ass ume a 

horizontal surface , possib ly because o f  rainfall splash or water movement . 

The migration o f  material from the up-s lope to the down-slope surface 

almost certainly moved fertilizer P from the upper 1 -cm section to the 

2-cm section (left-hand s ide in Fig .  4 . 9B )  of the pot . This p robab ly 

accounts for the decrease in water-ext ra c table P values in soil from the 

upper 1 cm down to , and even below , values for the o ther two treatmen t s . 

I t  may also explain the levelling o ff , . followed by an increase in water­

extractable  P values for soil in the 2-cm t reatment to values above 

those for the other t reatments (Fig . 4 .  7) . The redis tribution o f  surface 

materiai may also account for the scatter of data points about the relat ive 

water-extractable P decline curve (Fig . 4 . 8) 40 days after P addi tion . 

The gradual removal o f  P from the upper 1cm would result in a progressive 

decrease in values w i th time , whereas P accumulation on the sur face o f  

the 2cm sect ion would result in a progress ive increas e in values with 

time . The small-s cale redistribution o f  P obs erved is in agreement with 

the suggested down-s lope surface movement of P to the bottoms of catchment 

slopes . Although several workers , e . g .  Ellison ( 1 944 , 1954) , have shown 

that sediment can move down-s lope by rainfall splash and that such s ediment 

may contain high nut rient concentrations (Rogers , 194 1 ;  Ellison , 1 9 5 2),  

the data ob tained in the present s t udy sugges t that fertilizer P added to 

catchment soils may move down s t eep slopes relatively quickly . 

4 . 3 . 2 . 2  Relat ionships between water-extractable phosphorus 

data ob tained for soils from fertilized field s ites 

and pots 

A close relationship was ob tained between the water-extractab le 
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A Supe rp hos p h at e 

2 c m 

B 

U pp e r  c m  

Lower c m  

I 
Fig .  4 . 9  Fiel d po t s invo lving "divided " soil t rea tments showing condi t i on a t  time of  fer t ilizer  placement and af ter  40 . days in the fiel d .  

A = po t as i ni t ia l ly prepa red , B = pot a fter 40 days in  the field s h owing red is t ribution of surface soil and s upe rphosphate .  
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P values for soils from the field s ites and f rom the experimental pots . 

The decline in water-extractab le P with t ime fo llowing fertilizer P 

addition is shown in Fig . 4 . 10 .  The 1 9 7 5  values for field s ites are 

generally low , due partly to a lower rate of fertilizer P addition in 

1 9 75 . The 1 9 76 pot values are generally higher than the 19 76 field s ite . 

values , due in part t o  the transfer o f  P across the pot surface during 

May and June (discussed S ection 4 . 3 . 2 . 1) . Despite the differences in 

values , there is a close s imilarity in the pattern of  data for the two 

sets of  samp les . Correlations for the data are presented in Fig . 4 . 1 1 

and Fig . 4 . 1 2 .  Correlation coefficie�ts for the two regressions between 

* *  
1 9 76 field s ite data and pot data were 0 . 9 7 8  for the surface 2-cm 

* *  
t reatment and 0 . 944  for  the mixed treatment . The regress ions suggest 

that the exp erimental field po ts could be useful in estimat ing water-

extractable  P values for an overall catchment , provided that the catchment 

i s  reas onably uniform in soil type and that P fertilizer addition rates 

can be rep li cated in the pots . 

Insufficient soil samples were availab le from treatme.1t 4 (before P 

redi stribution occurred , as discus sed in Section 4 . 3 . 2 . 1 ) to  calculate 

regressions b etween data from this treatmen t and the f ield site . The 

b asic 2 : 1  relationship b e tween values from the upper 1-cm t reatment and 

the surface 2-cm t reatmen t , ob tained during the f irst 40 days following 

P addition (Fig . 4 . 7 ) , suggests that the s imple relationship of  increased 

soil water-extractab le P valtes b eing proportional to the increased P 

addition rates could be extended to the field s ituation . 

Regenerat ion of  the water-extractab l e  

phosphorus pool i n  soils 

I t  was observed that v1hen two s torms closely fo llowed one 

ano ther , e . g . , within approximately 1-2 days , the second event showed a 
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Decline in wa te r-ext ractab l e  P with t ime, following 

fertilizer P addi tion, in soil f rom fertilized s i tes 

in the f i e l d  and po ts in the f i e l d . 

a = 19 76 ave rage o f  three field s ites , b = surface 

2-cm pot treatment , and c = 19 7 5  average of three 

field s ites . 
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t rea tment (A) . All data for the 6 -h a  catchment in 19 76 . 
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lower mean DIP concentration in storm flow than was ob tained in storm 

flow o f  the first event . A third s torm event up to 10  days later 

often showed a recovery of mean DIP concentrations in sto rm f low to 

approximately tho s e  ob tained in storm flow in the f irst event . For 

example , in s torm flow for an event on 1 4 th August , 1 9 76 , mean DIP 

- 1  
concentrations were 0 . 06 7 and 0 . 056 mg P 1 for the 6 -ha and 22-ha 

catchments , respectively . For a s torm on the 16th Augus t , 1 9 7 6 , mean 

- 1  
DIP concentrations o f  0 . 043 and 0 . 038  mg P 1 , respectively , were 

obtained in s torm f low from the two catchments . A significant 

recovery in the values was observed for a third s torm event on the 

26th August when mean DIP concentrations in s torm f low were 0 . 0 56 and 

- 1  
0 . 0 5 1  mg P 1 , respectively , for  the two catchments . A possib le 

explanation for this may have b een that the loss o f  DIP from the surface 

soil in surface runo ff in the f irs t event resul ted in lower mean DIP 

concentrations in the storm f low of the second even t . The increase in 

mean DIP concentration s in the third event may have res ulted from the 

mineralization o f  OP to \vater-extractab l e  IP or from a redi3t rib u t ion of  

sorbed IP  in  soil  to re-estab lish equilibria with soil solut ion P .  

To examine this further , 20 o f  the treatment 2 (mixture) pots 

were leached in the laboratory , as describ ed in Sect ion 4 . 2 . 2 .  I t  was 
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found th at the DIP concentrat ions in the leachates from the first leaching 

- 1  
were all within the range o f  0 . 050 t o  0 . 100 mg 1 , wi th a mean value of  

-1  
0 . 0 8 1mg 1 In the leachates from the second leaching 24 hours later , 

- 1  
DIP concentrat ions were within the range o f  0 . 025 to 0 . 075 mg 1 , with 

a mean value of 0 . 0 5 1  mg 1- 1
. In the l eachates from the third leaching 

10 days later , DIP concentrat ions we re widely differen t , ranging from 



- 1  
0 . 050 t o  0 . 450 rug 1 • Although the DIP concentration values in the 

third leach ing were usually greater than thos e  ob tained for the same pot 

in the first leaching , the changes in values were o ften large and 

- irregular . 

The regression analyses and correlation coe f fi cients given in 

Fig . 4 .- 1 3  show the rela tionships b e tween data ob tained in the first 

leaching and those ob tained in the s econd leaching ( A) , and those 

ob tained in the third leaching (B) . The lower values for DIP 

concen trat ions ob tained in the second leaching are related to the 

ini t ial  amounts of DIP pres ent in the s oil and reflect a p roportional 

dilut ion or "wash out" of the water-extractab le pool of IP in the soil 

(Fig 4 . 1 3A) . The data presented in Fig .  4 . 1 3B indicate that the DIP 

14 1 

concentrations in the leachate obtained after 10 days of warm , dry weather 

are independent of the ini t ial values and presumab ly the s ize of the 

pool o f  water-extrac tab le IP i n  the soil . I t  s eems poss ib le that the 

recovery of DIP values after l each ing can be attribute d  to the 

mineralization of part of the OP pool in the soil . 

The concen t rations of DOP in the leachates of the firs t leaching 

- 1  
were low and rather similar , w i th a mean value o f  0 . 04 7  mg 1 In the 

- 1  
second leaching the mean value was approximately 0 . 0 2 9  mg 1 , whereas 

- 1  
in the third leaching the mean value was 0 . 045mg 1 . Al though there 

was some recovery of DOP concent rations it seems unlikely that the 

recove ry of DIP values was due t o  the conversion o f  DOP to DIP . I t  is 

possib le that microorganisms may have l ib erated some DIP from particulate 

OP . 
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Fig .  4 . 1 3 Regress ion b e tween DIP concent ra tions in the leachates 

from 20 pots (m:i.xed t reatment af ter 7 months in the 

field) ob tained by s uccess ive leachings . 

A = regres sion b e tween DIP concentrations in the firs t 

leach a t e  and the s econd leachate 24 hours later , 

B = regres sion b e tween DIP concentra t ions in the first 

l eachate  and the th ird leachate 10  days late r .  
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4 . 3 . 3  Relationships between mean dissolved inorganic phosphorus 

concent !�ations in surface runoff and water-extract ab le 

phosphorus values obtained for soils from fertilized f ield 

sites and pots 

It seemed likely that the best regress ion analysis result s  would 

be achieved if relationships were estab li sh ed between water-extract ab le 

P values in the top 2cm of s o il and the mean DIP concentrations in that 

po�ti0n o f  stream f low most closely repre s enting surface runoff . I t  has 

previous ly been suggest ed ( Section 3 . 2  and Fig . 3 . 1 )  that storm f low , 

as distinc t from s ub surface flow , may be regarded as surface runo f f . 

The portion of s to rm flow appearing within the rising portion o f  the 

hydrograph may mos t  c losely approximate t rue or "primary" surface runo f f . 

This is the fraction of s torm flow which will subsequently be referred 

to as surface runoff  and used in reg'ression analyses in this Sect ion . 
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Dat a  ob tained from the preliminary s tudy in 1 9 75 (Fig . 4 . 1 4 )  showed 

that there was a general decline in both water-extractable P values in 

field soils and in mean DIP concentrations in surface runof f  following 

fertilizer P addi tion . The pat tern o f  dec line for both showed high 

initial values , with a rapid decline fo llowed by lower values and a 

slower decline rate in the later part of the year . Although there were 

some differences b e tween the mean DIP concentrations in surface runo ff 

from the 22-ha and 6 -ha catchments , they were generally similar throughout 

the yea r .  Despite some f luct uat ions , the water-ext ractab le P values in 

soil from the field s ites showed the same general pat tern throughout the 

year . In view o f  the possib le rapid changes in water-extractab l e  P which 

may occur in soils , possib ly resulting from microbial activity (dis cussed 

in Section 4 . 3 . 2 . 3) , it  appears that more frequent soil sampling could 
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improve the precision of  data points availab le for regression analysis . 

Also , because the soil  sampling interval was large ( 1  month) , few 

samples could b e  paired with c losely-following storm event s  for which 

the mean DIP concentration in surface runo ff  was obtained . The few 
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data points for each catchment whi ch could be paired in this way , however , 

indicated a linear relationship b etween water-extractable P values for 

soil and the mean DIP concentrations in surface runoff  from s to rm events 

closely following the soil sampling . Correlation and regression 

analyses b etween runo ff  data and soil data were similar for both catchments 

( Fig . 4 . 1 5 ) . Although the correlations were not strong o r  highly 

signi fican t , probab ly due to the few data points , the similarity of the 

regressions sugges ted that with mo re frequent soil sampling , the 

regressions and correlations could be improved . 

In the more detailed investigation of  1 9 76 , soil sampling was 

intensified (Fig . 4 . 4 .  and Fig . 4 . 5 ) and s torm flow was sampled more 

intensive ly on the rising portion o f  the hydrograph for every s torm event 

for the 6 -ha catchmen t . A similar relationship between wa �er-extractable 

P v� lues for soil and mean DIP concentrations in surface runoff  (Fig . 4 . 1 6 )  

was ob tained t o  that shown in Fig . 4 . 14 b u t  the relationship was supported 

by far more data points . Because water-extrac table P values from 

field sites generally remained high er in 1 9 7 6  than in 1 9 75 (Fig . 4 . 5 ) , 

the regression and correlation analyses shown in Fig . 4 . 1 7 for 1 9 76 data 

involved only a res t ricted range of values in the x axis . When the data 

for 1 9 76 were comb ined with those for 1 9 7 5  ( Fig . 4 . 1 8) , it  was shown that 

the 1 9 76 data supported and extended the relationship obtained in 1975 

(Fi g .  4 . 1 5 ) . The regression analyses for data ob tained from each 

catchment in 1 9 7 5 , from the 6 -ha catchment only in 1 9 76 , and from the 6-ha 
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Fig .  4 . 1 5 Regression be tween mean DIP concen trations in the surface 

runof f  component of s elec te d  s t o rm flow and wa ter­

extrac table  P in soil  f rom f e r t i l i zed field s i tes in 19 75 . 

a = 22-ha cat chment and b = 6-ha c a t chment .  
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catchment in 1 9 75 and 1976  comb ined , are summarized in Table 4 . 3 .  

Because i t  has already b een shown that water-extract ab le P 

values for soils from the f ield s ites and experimental pot s  following 

fert il izer P addit ion were closely related (Section 4 . 3 . 2 . 2 ) , i t  was 

expected that data from the experimental pots could b e  useful in 

predict ing mean DIP concentrations in surface runo f f . I t  was found tha t  

the p rediction potential given by regression analysis between data from 

b o th the surface 2-cm treatment pots and the mixed treatment pots , and 

mean DIP concen t rations in s ur face runo f f  was similar to that given by 

data for the soils from the f ield sites . · Fewer data were available 

from the surface 2-cm treatmen t  pots because of the error in values 

ob tained later in the year , caused by soil and fer t i lizer movement within 

the pots ( d iscussed in Sec t ion 4 . 3 . 2 . 1 ) . 

The data availab le from the early part o f  the experiment however ,  gave 

a s imilar regress ion to that ob tained with field s ite  data (Fi g .  4 . 19 ) , 

although the correlation ob tained (r  = 0 . 383) was lower . The regression 

ob tained with data from the mixed pot treatment (Fig . 4 . 20 )  gave a much 

higher corre lat ion (r = 0 . 9 34) . Because this treatment was no t affected 

by fert ilizer movemen t over the surface , due to homogeneous mixing of 

P with the soil , i t  had the highest potential for p redicting mean DIP 

concent rat ions in the surface runoff con1ponent of s t r eam flow . 

4 . 4  · General Discussion 

The data ob tained for fertilizer P addition to the catchments showed 

that fertilizer distribution was uneven between sites but approxima tely 

- 1  
averaged the intended applica tion rate o f  375  kg  ha • For the three 

sites s tudied in 1 9 75 and 1 9 76 , it was found that h igh values of water-

. I 



Table 4 . 3  Regression analyses b e tween amounts of water-extractab le P 

in soils and mean DIP concentrations in the sur face runoff  

component of  s tream flow for  the two catchments during the 

two years o f  study 

S t udy 

1 9 7 5  

( 6-ha catchment )  

19 75 

( 22-ha catchmen t 

19 76 

(6-ha catchment)  

19 75 and 1 9 76 

( 6-ha catchment )  

Regression analysis 

y 0 . 00 1x + 0 . 042 

r = 0 . 6 78 

y = 0 . 00 1x + 0 . 05 1 

r = 0 . 6 88 

y = 0 . 002x + 0 . 005 

r = 0 . 705* 

y = 0 . 00 1x + 0 . 038 

r = 0 . 646* 

15 1 
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extractab le P from s o il were ob tained immediately following fertilizer 

application , b ut that there was a rapid s ub sequent decrease in these 

154 

values . A s imilar pat tern of  decline in water-extractable P in soil with 

time following P addition has b een reported by other workers . McLaughlin 

et al . ( 19 7 7) observed such a decline in solution P concentrations with 

time following P addition to Fe gel in a shaken-tub e  system. A similar 

pattern of decrease in solution ( in NaCl) P over six  days has b een 

reported by Fox and Kamprath ( 19 70 )  in . P  sorp tion s t udies . Ryden et  al . 

( 19 7 7b )  ob tained essentially the same pat tern of decline in water­

extractable P for s oils  shaken in tubes and incubated in pots at f ield 

capacity , following P addition . In ano ther s tudy , Barrow ( 19 74)  observed 

a similar , although less well-defined pat tern of decreasing plant 

uptake of  P with t ime following fertilizer P addi t ion to soils in pots . 

Despite widely differing experimental conditions , all of these studies 

have shown that following P addition to soil components or soils the high 

levels o f  readily-extractab le P initially p resent decline rapidly to more 

stable ,  lower levels which tend towards equilibrium levels . This basic 

relationship has no t p reviously been s tudied in a field situation and 

its s ignificance to the potential movement of P from fertilized soils 

in runof f  waters has not previously been demons trated . 

I t  has been shown (Williamg , 19 7 1 ) that the extremely rapid  

dissolut ion of monocalcium phosphate (MCP) present in superphosphate 

partiGles , fo llowing contact with mois t soil is followed , within 24 hours , 

by the p recipitation o f  anhydrous dicalcium phosphate (DCP) . I t  is 

possib le that the formation o f  DCP , with a lower P solubili ty , may partly 

explain the pattern of  declining water-extractable P found in field soil . 

In a very recent s t udy , Sharpley et al . ( 19 7 8� have shown that superphosPhate 



released a high p roportion o f  the P present in one water extraction 

whereas DCP released a lower but consis tent amount of P in each of the 

seven sequent ial extractions made . Correspondingly , the proportionate 
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loss of P as DIP in s urface runof f  was greater from the plot receiving 

superphosphate ( 4 . 6%)  than from the plot receiving DCP ( 3 . 3%) . The 

dat a  reported in Chapter 5 indicate that changes in the nature of sorbed 

P with t ime may also be directly relevant to the field s ituation . 

Despite some variation in the values ob tained in this study for 

water-extractable P in soils following different P addition rates to 

different sites , the proportional rate. of  decrease ( relative to the 

first extraction value following P addition) was s imilar for all s ites . 

The data ob tained in both 19 75 and 19 76 could be described  by a single 

curve which was essentially common to all P addition rates to soil . 

This common proportional decline curve is supported by the findings of  

Ryden et  al . ( 19 7 7b )  and the suggestions of Raj an ( 19 76)  and Overman and 

Chu ( 1 9 7 7 a) \vho have reported that the rate of immobilization of P in 

soils following P addition is directly proportional to the P addit ion rate 

to soil , or the P concentration in the soil solution . This suppor ts 

the sugges tion that laboratory s t udies to examine the mechanisms and 

factors influencing the rates of P immob ilization have imp lications to 

the field s i tuation . 

I t  has been shown in this s tudy that the amounts of water-extractab le 

P in soils are reduced , following a storm event , apparently due to the 

leaching of DIP from surface soil in surface runoff water . The recovery 

of water-extractab le P values with in a period of 7 to 10 days has b een 

observed . Experimental data have suggested that the mineralization of  

parti culate OP may provide for relatively stab le levels of  water-extractab le 



P in soil s . Dalal ( 1976) has indicated that OP may b e  more important 

to the P status of soils than is often recognised . This view is 

supported by the s uggestion of S aunders and Metson ( 19 7 1 ) tha t  

conversion of  soil O P  t o  I P  by microbial action i n  s pring may balance 

increased plant uptake of IP from. the soil solution . The possib ility 

that such convers ion may influence both the amounts o f  P forms in soils 

and DIP concentrat ions in runo f f  waters is suggested by the results 

ob tained in the present study . 

Data obtained from a series of  pots involving mixed soil and 

fert ilizer treatments have shown that it _ is possible  to replicate the 

field situation re liab ly with mj nimal sampling . For three treatments 

(a surface application to a 1-cm and a 2-cm depth of  soil , and a mixed 

applica t ion through 2 cm of soil) , a s imilar pattern o f  initially high 

values of  �later-extrac table P followed by a rapid decline in the firs t  

1 5 6  

1 t o  3 weeks and a subsequent slower decline , was observed . This pattern 

w2s essent ially the same as that observed with the field soil samples . 

For all  three treatments in the pot experiment and for the field soils , 

a pJ ot  o f  rela tive water-extractab le P values , expressed in relation to 

the initial value , as a funct ion of  time , fell on essentially the same 

curve . The fact that this was common to a r2nge of  concentrations 

supports the sugges t ion that the extent of P immobilization or shift  

from a water-extrac table form is essentially proportional to  the amount of 

P add�d . Several workers (Fox and Kamprath , 1970 ; Ryden et  al . ,  19 77b ; 

l1cLaughlin e t  al . ,  1 9 7 7) have describ ed this decline o f  readily-extractab le 

P in terms of changes in the nature of sorbed P .  This sugges ts that 

studies of the mechanisms and ra tes of  P immobilization involving sorption 

may b e  valuable in modelling the fate of P added to f ield soils . 



Data ob tained f rom the divis ion of  a 2-cm depth of  soil  into two 

1-cm layers , with fertilizer b eing applied to the surface o f  the upper 

1 cm ,  revealed that water-extractab le P did not move down into the lower 

1 -cm layer , even after 9 months in the f ield . This result suggests 

that there is  very l i t t le movement f rom the upper 1-cm of  a dis turbed 

soil following fertilizer P applica t ion . I t  has recently b een shown , 

(Scatter et a l . , 19 78) , however ,  that P can move subs tantial distances 

through a soil  where continuous ver tical pores of appropriate diameter 

are present . I t  has also recently b een shown that close correlations 

can be ob tained between 0 . 1M NaCl-extractab le P in the top 5 cm of  

estab lished p as ture soil and mean DIP  concentrations in  surface runof f  

from pasture ( Sharpley e t  al . , 19 7 7) . Despite the f indings o f  Scatter 

et  al . ( 1 9 78 )  that P may be distributed b elow the upper 1-cm o f  soil , 

Sharpley e t  a l . ( 19 7 8b) have observed that the correlat ions ob tained with 

5-cm depth soil samples were improved when a 1-cm sampling depth was 

used . Further to this , sampling from the upper 1-cm dep th only led to 

a common linear relationship between soil water-extractab le P and mean 

DIP concent ra t ions in surface runo ff from both drained or undrained and 

fertilized o r  unfertilized soils . I t  seems probable that the upper 

15 7 

1-cm depth of  soil is mos t  act ive in influencing DIP transport in surface 

runoff in fert ilized soils and may be the mos t  useful depth to sample 

for predict ion studies . 

The data ob tained in this s tudy in 19 75 indicated tha t  water­

extractab le P values for soil . and meari DIP concentrations. in_ surface runo ff 

follo\o7ed a s imilar patt ern . The initial high values after fertilizer 

application were followed by a more  gradual decline later i n  the year . 



Although only a small number of  data points were available for soil 

samples which could be paired with closely-following storm events , a 

linear relationship was suggested . Data ob tained in 19 76 extended this 
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relationship and confirmed a linear relationship between water-ext ractab le 

P in soil samples from a 2-cm depth and mean DIP concentrations in the 

surface-runoff component of successive s torm events .  The fact that 

similar linear relationships have b een observed by o ther workers (Romkens 

and Nelson , 19 74 ; Sharpley et al . ,  1 9 7 7 , 19 780) suggests tha t  extraction 

procedures employing water or neutral s a l t  solutions may be useful to 

predict the movement of DIP in surface .rupoff from differing s ituations . 

The similarity o f  regress ion lines ob tained between water-extractab le P 

in both field soils and soils from expe rimental pots , and mean DIP 

concentrations in surface runoff sugges t that pot experiments involving 

fertilizer P addi t ion to soils may be us eful for predicting the potential 

losses of P from catchments where soil types are similar . The possib ility 

of modelling the decline in water-extrac tab le P in soil fol lowing P addition 

appears u seful for such predictive purpo s es . 



CHAPTER 5 



5 . 1 Introduct ion 

THE RATE AND EXTENT OF PHOSPHORUS 

REACTIONS IN S OILS 

The data presented and discussed in Chap t er 4 indica t e  th a t  the 

amounts of wa ter-extrac tab l e  P in s o i l s  of the catchments during one 

1 5 9  

yea r fo ll owing f e r L i l i ze r  P a d di t ion , were closely co r rela t e d  w i th the 

mean DIP concentrations measured in the surface runof f  component of s torm 

flow f rom the ca tchments . Extraction procedures us ing wa t e r  o r  d i l u t e  

salt so lut ions have b een used b y  o th er workers to predic t concent rations 

of P forms in runo f f  wa t e r  ( Ry den et a l . ,  1 9 7 2a ,  b ;  Rornkens and Nelson , 

1 9 7 4 ; Sharp ley e t  al . ,  1 9 7 7 , 1 9 78b) and also to e s timate p lant -avai l 2b le 

P (Binghar.1 , 1949 ; Hagin e t  a l . ,  1 96 3 ;  van der Paauw , 19 7 1 ) . Al tho ugh 

good cor rela t i ons h ave b een ob tained b e t�veen the amoun ts of P e x t r a c t e d  

f rom s o i l and b o th t h e  P concent ra t ions in run o f f  types a n d  plant up t ake 

o f  P ,  th ese s tudies have not always involved the s ame ex trac t i on p rocedures . 

The amoun ts o f  P e x t ra c t e d  are influenced b y  factors such a s  th e so.i.l : 

sol u tion ratio and the t ime o f  shaking (Hope and Syers , 19 7 6 ) . The 
sub s t i t ution of d L :; ti lled wa t e r  for d i l u t e  salt  solutions , e . g . , 

0 .  lH NaCl or 0 . 0 H1 �ac 1
2

, a lso i n f l uen ces the amoun t s  of P extra c t e d  

( Ryden and Syers , 1 9 7 7a ) . The lack o f  a non- empirical definition of 

the l ab ile pool of extrac table  P has mad e  comparisons be tween the above 

s t udies and the data  ob tained in this s tudy and discussed in Chapter 4 

difficul t .  

Lab i le P in soils has b een defined non-empirically ( Ryden and 

Syers , 1 9  7 7 a )  as being equivalent to P �vh ich is more-phys ically sorbed on 

surfa c e s  in soil s , to tally i s o t opically exchange2b le during 30 min , and 
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read i ly plant-available . These workers suggested  that the amounts o f  

mor e-physically sorb ed P corresponded closely to the amounts of P 

extracted by t�vc . s uccessive 1 -hour �vater extractions at a soil : solution 

ratio of 1 : 40 .  I t  was also sugges ted  (Ryden et al . ,  19 76)  that the 

amount o f  wa ter-extractab le P as determined ab ove may be a good 

indicator of directly-avail ab le P for plants which is independent of 

soil  type . This sugges t i on has recen t ly been suppor ted in a glasshouse 

s tudy b y  Luscomb e  ( 19 76 )  who ob tained close correla t ions b etween water-

extrac table P in soils and plant uptake of P .  In a t temp t ing to es �ab lish 

re l a t i o nships b etween t-Ja ter-extrac tab le P in soils and mean DIP 

concen t rat ion::; in runo f f  types or plant uptake of P f rom soils , it would 

be usef ul to adop t ac ext ract ion p rocedure developed from an unders tanding 

o£ the nat ure of the poo l of l ab ile P i n  soil . 

I t  has been sho'im ( Cll a? ter 4 )  that  the decl ine in w& ter-extrac table 

s o i l  P ,  after fertil izer ? add i t ion in the field,  follows a charac teris tic  

pattern of a rapid ini t ia l  dec l ine fol lowed by a mo re gra dua l dc�line 
approaching equilibr ium . Th is pa t tern o f  dec l ining water-ext rac table 

P is consis ten t with ob s e rva t :!..ons from .:.1 th er �3 tudies (Hsu , 1964 ; Probe r t  

and Larsen , 1 9 72 ;  Raj an and Fo x ,  1 9 7 2 ; Ba r row , 19 74) . Al though several 

mode ls have b een proposed to describe  this decl ine (Ban·or,r , 19 7 4 ; .Han s eJ.l 

e t  al . ,  19 7 7 ; Ove rrt:Jan and Chu ,  1977a , b , c ) such models have been 

mathemat ical and have incorporated a rb it rary factors t o  describe the 

decline in monitored P fo rms in soils . In contras t ,  i t  has b een suggested 

by Ryden e t  a l .  ( 1 9 7 7a) that P 3orption in soil s can b e  describ ed by three 

Langmuir-type equa tions , thus en ab l ing e s t imates of the sorption maxima 

and b ir.d ing energy (:Oll s t �n ts to be rr.ade . Other workers have challenged 

the use o f  the La:ngmui r  2quation for this  pm:pose ( Bowden et al . ,  1 9 7 7 ; 

Veith and Spos i to , 19 7 7 ) , cla 1 ming that the conditions of P sorp t ion in 
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soils differ so markedly f rom the initial Lang�rlr assumptions tha t  no 

s i gnificance can b e  attached to any values deri¥ed from the equations . 

Consequently , it  i s  o f  interes t to test the ability of  a model 

incorporating sorption parame ters derived us ing the approach of Ryden 

e t  al . ( 19 7 7a )  to predict  actual experimen tal data . 

5 . 2  Materials and Methods 

5 . 2 . 1 Comparison o f  extraction techniques to 

estimate lab i le phosphorus in soils 

Nine soils with differing fertilizer histories and P retention 

cha racteristics were chos en to relate the P ext rac t ion technique used 

in the field s tudy (Chap ter  4 )  to tha t  p roposed by  Ryden and Syers 

( 19 7 7a) . S o i l  samples ( 1g) were shaken for 1 7  hours in 400 ml o f  
distilled water and the extrac ted P rr.easured as described p reviously 

(Section 4 . 2 ) . Concurrently , • 1 so�-·- samp l es ( l g} were shaken wHh 40ml 
of distilled water for 1 hour , centri fuged , and extracted P determined 

ln the supernatant s o lution . Fo l lowing s ddi ti on  of  a fur ther 40 ml of 

distil led wa ter the sample was shaken again for 1 hour and extracted P 
determined . Total extracted P vms ezpres sed as the sum of  P removed in 

each of the two extrac tions . Following a correlation-regression 

analysis of the data ob tained f rom the t�.;o procedures , the sequential 

1-hour extract ion proce dure was adop t e d  for all further s t udies of 

water-extrac table P in soils . 

5 . 2 . 2  So i l s  used in sub s equen t  laboratory s t ud ies 

Three s urface soils vJi. th contrasting P reten t ion characterist ics 

were chosen for this part of the s tudy . The soi ls were : 
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( 1 ) Pahiatua soil from the s tudy catchments ( and describ e d  in 

Appendix 1 ) . 1be soil is an Inceptisol , probably a 

Eutro ch rept intergrading to a Dyst rochrept . 

( 2 )  Dannevirke soil a s il t  loam taken from a minimally-disturbed 

site . The soil is an Andic Dys trochrep t .  

( 3) Egmont b rown soil a s ilt loam taken from an improved pas ture 

site . The soil i s  an Entic Dys trandept . 

Some o f  the more important background dat a  fo r the soils are 

p resented in Tab le 5 . 1 .  Soil pH was measured using a combinat ion 

electro de following the mixing of lOg soil with 25 ml of dis t illed water 

and overnight equilib ration . Retention o f  P was determined by shaking 

- 1  S g  o f  soil for 1 6  hours in 2 5  ml o f  a P solution containing 1000 mg P 1 
in a sodium acetate-acetic acid solut ion b u ffered at pH 4 . 6 5 .  Re ten tion 

of P ( % )  was calculated by difference be tween P added and P removed from 

s olut ion . Bicarb onate-extrac tab le P (Olsen e t  al . ,  1 9 5 4 )  was measured 
0 · 5 M 

follmdng shaking o f  soil ( lg) for 30 min in 20 ml o f  0 .  lH Na!1C03 

solution buffered at pH 8 . 5  and analysis of the supern atant solution 

following centrifugat ion , fil t ration , and neutrali zation . Water-extrac table 

P was calculated following two s equential 1 -hour shakes ( described in 

Section 5 . 2 . 1) .  

5 . 2 . 3  Preliminary labora tory s t.udies of the decl ine in �"a t e r -

extra c t ab le phosphorus following phosphorus add i tion 

to one soil 

As a preli minary experiment , the e f f e c t  o f  differing P addi tion 

rates to soil on the decline in water-ext ractable P .wi th time follov1ing 

addition was examined using the Pahiatua soil . Fertilizer P (sieved 
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Table 5 . 1  Background data for three soils used in labora tory s tudies 

S o il 

Parameter Pahiatua Dannevirke Egmont 

intergrade silt loam brown loam 

S ampling dep th ( cm) 0-15 0-15 0 - 15 

Fer t ilizer h i s tory Sli gh t  Nil Moderate 

pH 5 . 6 7  5 . 76 5 . 45 

P retent ion % 2 3  4 3  8 1  

Olsen-extrac table p - 1  (J.lg g ) 1 1 . 5  12 . 0  22 . 0  

Water-extractab le p - 1  ( ).lg g ) 4 . 5  2 . 0 2 . 5  
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superphosph2te , < 2 50 �m) was thoroughly mixed with sieved ( < 2  mm) air-

dried soil . Plas t ic pot s , 10  cm in diameter and 6 cm deep , were each 

filled with 200g o f  the fertilized soi l . The superphosphate used had 

a TP content ( O ' Connor and Syers , 19 75)  of 9 . 0% and a water-solub le P 

content (Fertilizer Regula t ions , 1 969 )  o f  2 . 2% .  The rates o f  P addition 

were 0 . 45 , 1 . 35 ,  and 2 . 70g  of s uperphosphate per pot (200g soil)  which 

- 1  
were equivalen t  to 224 , 6 7 2 , and 1 , 344 kg of superphosphate ha  , 

respectively , assuming interaction with the upper l cm of soil ( discussed 

in S e c t ion 4 . 3 . 2 . 1 ) . Each pot tvas mois t ened to field capaci ty ( 0 . 40g 

of water g - 1  soil) and incub ated at 10
°

C .  Duplicate samples were taken 

at two- and three-day intervals for 1 7  days to moni tor water-extrac tab le 

P .  

5 . 2 . 4  Laboratory and glasshouse s t udies o f  the decline in 

water-extractab le and plant-availab le phosphorus in 

contras ting so ils follmving phosphorus addi tion 

Following the preliminary study , a further experinent was e s tab lished 
to charac terise the dec line in water-extractab le P in more detail over a 
longer t ir.1e period and to assess changes in the plant-availab ility o f  P .  

The two soils us ed in this s tudy (Pahiatua and Egmont) were low and high 

P sorb ing soils , respec t ive ly (Tab le 5 . 1) .  Superphosphate ( < 250 �nn) �vas 

added as previously describ ed at rates of  0 . 0 ,  0 . 6 7 , and 1 . 35g  per pot 

(200 g soil) . To inves tigate the effect of  a slow-release P source on 

the amounts of tvate:r-extractab le P in s o i ls , Chris tmas Island "A-grade11  

rock phospha t e  ( < 250 ]..lm) \vas added to th e soils in separa te pots at  a 

TP addit ion rate equivalen t to 0 . 6 7g o f  s uperphosphate per pot . Although 

the TP content o f  this rock phospha te was 16% , water-soluble P was only 

O . OC l % .  Triplicate samp l e s  were taken 0 ,  2 ,  7 ,  1 3 ,  2 7 ,  42 , 6 5 , and 100 
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days a f ter P addi t ion and analysed for \vater-extractab le P .  

To measure changes in the plant availability o f  added P in 

con t rasting soils with t ime following fertilizer P addition , the technique 

of  S tanford and De Hent ( 19 5 7) was uned on triplicate soil samples taken 

on the above sampl ing dates f rom those t reatments receiving 0 . 6 7g super­

phospha te per 200 g soil or equivalent amounts  of rock phosphate (based 

on TP a ddition) . This technique facilitated very ra�id p lant uptake o f  

P to occur at  varying times fo llowing P addition to soils . Small plas tic 

pots , lOcm in diameter and 6 cm deep , with their bases removed ,  were placed 

within s imilar intact pe ts  and the resulting pair partly fille d \vi th 200g 

of  washed river sand . Approximately 20 seeds of perennial rye-grass 

(Lolium perenne) were placed in each pot which was regularly watered with 

a complete , but minus P n ut rient solut ion (Hiddleton and Toxopeus , 1 9 7 3) . 

Follm.;ing c� 50-day grmv-th period , 20g ( ai r-dry equivalent o f  incub a ted pot 

soil lo/'as spread evenly on the bottom of  a. new pot . The inner po t of  sand 

and gras s was li fted from i t s  enclosin g  pot  and the exposed root mat 

placed in contact �vi th th e scil layer in the nev.1 pot . PA.tc.ring with 

P-de f i c i e n t  nutrien t solution continued and herbage cuts were t aken after 

50 days . Plants \le re germinated to allow 50 days of growth b e fore 

placement on the s o i l s  at the samp ling intervals indicated above . 

Herbage was oven-dri e d  ( 36 hours at 60
°

C) , weighed , ground , and analysed 

for TP (Hurphy and Riley , 1 9 6 2 )  fol lm-1ing diges tion with nitric-perchloric 

acid ( Jackson , 1 9 6 8) . Relat ionships be tween plant-available P (plan t  

uptake) a n d  s o i l  P (<:..rate:--extrac table or b icarbonate-extractab le) \vere 

subsequen t l y  es tab l ished us ing linear regress ion ana lysis . 

5 . 2 . 5  Comparisons be tween solid and l iquid additions o f  

phosphorus t o  soils  

T o  compare l i quid a n d  solid P addit ions to  soil , superphosphate was 
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dissolved and the P solution ob t ained \>laS used , at  an appropriate 

concentration , to moisten the s o il to  field capacity . Superphosphate 

(s ieve d ,  < 250 pm) was also added to soil in another p o t  at the rate of  

0 . 6 7g per pot ( 200g soil) . Consequently , each soil received 75 pg P g- 1 

soil o f  water-solub le P but the amount o f  solid P add�d was 30 2 pg TP g- 1 

soil . Both soils  were sampled in triplicate following incubation for 

up to 60 days and water-extrac t able P determined as des cribed in 

Sect io n  5 . 2 . 1 .  

5 . 2 . 6 Detailed studies o f  the decline in water-extrac tab le 

phosphorus in soils  

In the previous experimen ts , differences were ob served b e tween the 

rate and extent o f  decline in water-extractable P in the Pahiatua and 

Egmont soil s . Because i t  s eemed possible that these dif�erences could 

be related to the P sorp tion (Langmu i r) constants , further incubation 

s t udies were conducted us in g the Pahiatua , Dannevirke , and Egmont soils . 

All P additions were made us i n g  l iquid P which improved the eveness o f  

mixing through the soil and reduced sampling variab il ity . Three P 

add i t ion rates were used ( 75 , 1 50 , and 300 p g  P g- l s oil)  with the Pahiatua 

- 1 soil and two P ad dit ion rates we r e  used (75  and 150 p g  P g ) with the 

Dannevirke and E£mont soils . 'ft1e soils were mois t ened to field capacity 

- 1  (0 . 40 ,  0 . 4 5 ,  and 0 . 50g g s o i.l  for the Pahiatua., Dannevirke , and Egmo n t  

soils , respectively) w ith solut ions o f  approp riate P concentrat ions . 

Samp les  we re taken in tripl ic a te at increasing time intervals for up to 

100 d ays  follm-ling incuba t io n  and water-ext rac tab le P de termined 
( described in S e c t ion 5 . 2 . 1 ) .  

Equilib rium P sorp t� ion isoth erms \ve re ob tained in o rder to calculat e  
values for th e P s o rp t ion cons t ants . Samples { l g) o f  soil were shaken 



with 40ml of  10
- 1  

M NaCl containing differen t amounts of added P ,  as 

NaH2Po4 , in 50-ml polycarbonate centrifuge tubes on an end-over-end 

0 
shaker a t  2 3  C .  The appropriate amounts  of P were added in 5 -ml 

aliquo t s  a t  0 ,  24 , 48 , and 72 hours after commencing to shake 1-g 

samples of soil with 35 ml of  0 . 1M NaCl . Shaking was continued for 

1 6 7  

144 hou rs . Consequently , the to tal shaking t ime for each system was the 

same b u t  the t imes of contact b e tween s o i l  and added P _were , respectively , 

144 , 1 20 , 9 6  and 72  hours . Aft er shakin g ,  the suspensions were 

centrifuged ( 1 3 ,000 r . p .m .  at  2 3
°

C for 5 min) , filtered ( < 0 . 45 pm) , and 

analyse d  for inorganic P (Murphy and Riley , 1962) . Equil ib rium solution 

P concent ration was es timated by a graphical  procedure ( Ryden and Syers , 

19 75) . 

Native sorbed P was determined a t  four time interval s  by a me thod 

s imilar to that describ ed above . 
32 

Ca rrier-free P was added to  soils in 

shaken sys tems (Ryden et al . , 1 9 77a) and native exchangeab le P for each 

time o f  contact was determined by iso tope dilution theory . Equilibrium 

values v1e re es t ima ted graphi c!il ly (Ryden and Sye.rs , 19 75) . The value 

ob tained for each soil was ad ded to al l values of added P sorl:>ed to give 

the values of  " total sorb ed P "  wh i ch were us ed to prepare equilib rium P 

sorp t io n  isotherms . 

The sorpt ion isoth0.rms were evalt!ated us ing the rearranged form 

of the Langmuir equation : 

1 
X = 1 

Kbc 
+ - 1 

b 

where x = amount o f  P sorbed ( to tal sorbed P) , c = solution P concentration 

(equil ib rium value) , b sorpt ion maximum , and K a constant related to 

the sorp tion energy . A p-;:-ocedure for resolving compound isotherms into 

their s ep arate components , as p roposP-d by Rydcn et al . ( 19 7 7a) , was adop ted . 
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I t  was poss ible to determine equil ib rium values o f  K and b f o r  each 

of three d i s t inct so rp tion regions for each of the three soils s t udied . 

The symbols  K and b have been used in preference to K 1  and K2 , 

respectively , (Chapter  1 )  to avoid confusion . 

The derivation of values for K and b for each o f  three sorp t ion 

regions a l lowed the development o f  a model to deccrib e P sorp tion from 

solut ion b y  soils and the redis t rib ution o f  sorbed P on. sorb ing surfaces . 

The model assumes that  solution P tends towards an equilibrium with P 

being sorb ed concurrently in three regions . The equilibrium 

relationship for each region may be  considered as a b alance between a 

forward reac tion (P sorption a t  vacant s ites in that region) and a 

reverse reaction ( P  desorp tion f rom occupied s ites in that region ) . 

There are s everal assumptions implicit in the opera tion of  this model : 

( 1 )  There is a finite numb e r  o f  P sorp tion s i tes i n  each region . 

( 2) Each site  wi thin a region is equivalent to o ther po tent ial 

react ion sites . 

( 3) At a particular solution P concent ration , s ome sites in each 
region will be occupied (one phoshate ion per s ite) and the 

remaining vacant s ites  cons titute the po tential reaction 

s i tes for further fonrard reaction . 

( 4)  In each region the rate of  fo nvard reac t ion is controlled 

by solution P concentration , a rate factor or cons tant (KF) , 

and the number of vacant s ites , this may be  wri tten as : 

Solution P K F ·--'x'-'--_S�--'-o._l_n--'['-P.=:..J_-'x'-'--v-'-a'-'--c_a_n...:.t__;_s_i 
__ t-'e-'s __ :.....::.. S 0 r bed p 

( 5 )  In  each region the rate  o f  the reverse reac ti on is controlled 

by a rate factor or cons tan t (KR) and the number of  occupied 



s ites ; this may b e  written as : 

Sorbed P KR X occupied s i tes 
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Solution P 

(6)  Th e  equilib rium cons tan t  o f  react ion in each region , for the 

balance between forward and reverse reactions wi thin each 

region , is numerically equal to the ratio b etween the 

forward rate constant (KF) and the reverse _rate cons tant (KR) , 

and to the value of K ob tained from the linea r form of the 

Langmuir equation ( Graham , 195 3 ;  Shapiro and Fried , 1959) , 

i . e . , 

KI = KFl /KRl  

KII KF2 /KR2 

and K
ill 

-- KF3/KR3 

Although the rat io o f  the rate cons tants for the so rpt ion and 

desorpt ion rea c t ions were equated to the experimentally-derive d  Langmuir 
constant s ,  the magnitude o f  these cons tants was estimated to p roduce 

modelled curves of s i�ilar shapes to those ob tained for the dec line in 

water-extrac tab le  P in incubation experiments . 

Th e  following rate reactions were incorporated into an overall 

kinetic model of P sorption in soils : 

Region I 

Region II 

Region III 

Sorption = KF l x solution ( P ) x time x vacant s ites 

Deso rption = KRl x time x o ccupied sites 

Sorption = KF2 x solution [ P ]  x time x vacant s ites 

Desorption = KR2 x time x occupied s ites 

S o rp t ion = KF3 :.;: solution [ P1 x time x vacant s ites 

Desorption = KR3 x time x o ccupied sites 
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The overall model was operated as a Cont inuous Systems Modelling Programme 

(C . S . M . P )  and executed on a Burroughs B6 700 computer . The t ime interval 

for each s teP. was made very small  (0 . 005 day) and the init ial soil 

solution P concentrat ion , entered at t ime = 0 (beginning of incubation) , 

was calculated from the fertilizer P addition rate . The sorp tion model 

was allowed to run for 60 days , with print-out every two days showing 

the amo unts o f  P sorbed in regions I ,  I I , and III , and soil solut ion P 

concentra t ion . To determined water-extractab le P at t imes during the 

incubation , e . g . , after 10 , 30 , o r  60 days , the sorption p rogramme was 

s topped a t  tha t time , soil : solution ratio adj usted to 1 : 40 , s olution P 

concentra t i on equa ted to zero , and the prograrr�e run for 1 hour . After 

1 hour , the p ro gramme was s toppe d ,  soil solution P returned to  zero , and 

the prograr.rrne run for a further 1 hour . The final amounts o f  P present 

in 40 ml water after each 1 -hour equilibration were added toge ther and 

- 1  
expressed as � g  P g soil extracted . All rate constants during the 

extraction proce dure were increa sed by a factor of 10 . This was done 

because it is kno"m tha t the rate at \vh i ch desorption proceeds increases 

at wider so i l : s o l ution rat ios (Ryden and Syers , l9 77b )  and also to 
achieve a deso rp t ion equilibrium within l hour , as demonst rated by 

Gillingham ( 19 78) . I t  was also considered that reactions would proceed 

fas ter in a shaken system than ;in incubated soil whe.re ionic movement 

between solu t ion and solid phases occurs by diffusion only . Dif ferent 

fertilizer P add i tion rates were s imply model led by an appropriate 

increase in the init ial soil ! s o 1 ut ion concentration at the beginning of 

the incubation . 



5 . 3  Results and Discussion 

5 . 3 . 1  Comparison of  extrac tion techniques 

1 7 1  

A close , l inear relationship was ob tained between the amounts  o f  

P ext racted from s o ils using the two wa ter-extraction procedures ( Fig . 5 . 1 ) .  

Shaking for 1 7  hours at a soil : solution ratio o f  1 : 400 , however , extracted 

approxima tely 50% more P from the same soil than did 2 x 1-hour sequential 

extract ions at  a s oil : solution ratio of 1 : 40 . This relationship enab led 

the water-extrac tion data ob tained in l aboratory s t udies 'vith incubated 

soil to be related to water-extract ion da ta ( one extraction 1 7  hours and 

1 : 400) ob tained from field s tudies in previous years . Also , the use of  

the 2 x 1-hour wat e r  extrac tion procedure would allow comparison of  

result s  with those  of  other workers (Luscombe , 19 76 ; Ryden e t  al . , 1 9 76 ;  

Ryden and Syers , 1 9 7 7a) who have defined the amount o f  P extracted 

theoretically . The 2 x 1-hour sequen t ial  water-extraction p rocedure was 

subsequently used in this s tudy . 

5 . 3 . 2  Decline in water-extractab l e  phospho rus following 

phosphorus addit ion to one soil  

Water-ext rac tab le P in  soil  following fertilizer P addition and 

incub a t ion at field capacity , followed a s imilar pattern o f  decline for 

three dif ferent P addi tion rates ( Fi g .  5 . 2) .  The three val ues ob tained 

fo r P extracted in the firs t ext rac t ion (beginning of incubation) were 

propo r tional to th e three fertilizer P addi tion rates . Also , the values 

on each curve at  s ub sequent extraction t imes were in the same ra tio to 

each o ther as th e initial extraction val ues and , thus , also to the P 
addi t ion rates . This relationship is shown in Fig . 5 . 3  where e ach 
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Fig . 5 . 1  Reg r e s s i o n  b e t�een wa t e r-extra c t ab l e  ? val ues 
ob tained in two sequen tial wat e r  extract ions 

( each of 1 hour durat ion at a soil : solution 

ra t io of 1 : 40)  ( B) and in one wate r extrac t ion 

( 1 7  hours dura t ion a n d  at a soil : solution ratio 

o f  1 : 400)  (A) . 
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succes s ive extraction value is plot ted as a propurtion o f  the initial 

extract ion value , i . e . , a proportional decline curve of water-extractab le 

P for each addi tion rate . It  is  appa rent from Fig .  5 .  3 tha t  the 

proportional d e c line curve is common to all three rates o f  P addition to 

s o ils . Ryden e t  a l .  ( 1 9 76 ) sugges ted that a similar relationship was 

conmon to all s oils but did no t s tudy the effect o f  different fertilizer 

P addition rates to soils . This pre liminary study suggests that both 

the pattern o f  decline in �vater-extractable P and the influence of P 

addition rates on this decline require more detailed examinat io n .  

The decline in water-extractab le P shown in Fig .  5 . 2  is essentially 

s imilar to that shown in Fig . 4 . 3 , 4 . 5 ,  4 . 7 ,  4 . 10 ,  and 4 . 1 4 which des cribe 

the declining wa ter-extractable P values ob tained for soils o f  fertilized 

catchnents and field pots . I t  is also s imilar to the pat tern observed 

for mean DIP concent ra tions in the surface runoff  component of s to rm 

flows (Fig .  4 . 14 and 4 . 1 6) . A more detailed s tudy o f  the declining 

water-ext ractable P pat tern shmm in Fig .  5 . 2 ,  over  a longer t ime period 

may p rovide verification of this relat ionship and allow tne data ob tained 

from labora tory s t udies to be used in describ ing field situations . 

5 . 3 . 3  Decline in water-extrac tab le and plant-availab le phospho rus 

in contras ting soils following phosphorus addi tion 

The decline in  "''ater-extractable P ( observed in Section 5 .  3 .  2) is 

charac t erised mo re accurately over a longer time period (up to 65 days ) 

for a low P-so rb ing soil (Pahiatua) and a high P-sorb ing soil (Egmcnt) 

in thi s  section . 

5 . 3 . 3 . 1  Characteristics o f  the decline in ,.,ater-extractab le 

phosphorus in soils  of  contrast ing phosphorus 

sorption propert ies 

The rela t ionship y 0 . 5 7 5 x  + 5 . 0 ,  derived by regress ion 
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analys i s  from the data shmm in Fig .  5 . 1 ,  was used to express water­

extract able P values from the laborato ry s t udy using Pahiatua soil on a 

s imilar basis to data ob tained in previous years in the field . The 

decline in water-extractable P ob tained f rom the field pot s tudy and 

from f ield soils during 1 9 75 and 1976 , follmving superphosphate P 

addi tion to the catchments , are sho�� in Fig . 5 . 4 .  Despite differences 

in values obtaine d ,  b ecause of different fertilizer P applica tion rates , 

the pat tern of declining wat er-extractab l e  P following P �ddition was 

essentially the same . This result has two important implications . 

Firs tly , the obs erva tion made f rom Fig . 5 . 2  and 5 . 3 , that dif fering 

amoun t s  of P added to soil affect  only the amounts of water-ext ractable 

P sub sequently ob tained but no t the f undame n t a l  pattern of decline in 

water-ext rac tab le P ,  is suppo r ted . S e condly , the s imilarit ies o f  the 

data validate the use of laboratory s r: udies w i th incubated so ils to 

examine the react ions in soils following fertilizer P addi tion in the 
field . 

Close correlat ions were also ob tai�ed between wate� -extractab le P 

values from field s o i l s  and mean DIP concent rations in the su·:-face runo f f  

component o f  s torm flows in 19 7 5  and 1 9 76 ( discussed in Chap te r 4 ) . The 

rel a t ionship shown in Fig . 5 . 4  suggests  that data ob tained from laboratory 

s tudies with repres�n ta t ive f ield soils �ay al so . be useful to p redict the 

p o t e n t i a l  movement o f  DIP in surface runo f f  water . 

Us ing superphos phate as ·a sou rce o f  P ,  it  was found that there was 

a large difference b etween the Pahiatua and Egmont soils in the ini tial 

rates o f  decline in water-extrac t ab l e  P and also in the final amo un t s  of 

water-extractable P remaining in the s oil  a f ter 65 days . The data 

presented in Fi g .  5 . 5  show that follmving P addition to Egmont so il , 
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water-extractab le P declined rapidly , to a very low value after 

approximately 10 days and remained s tab le at this low value , which was 

p robab ly close to equilibrium .  Water-extractable P from the Pahiatua 

soil , however , showed a slower ini t ial rate o f  decline fol lowing P 

addition and also maintained higher values after 6 5  days . Also , the 

value at 65 days was not an equilibrium value and the slow decline was 

continuing . 

I t  was considered that the initially rapid decline in water­

extractable P ( F i g .  5 . 5 ) might be modi fied by  the use of a low solub il i ty 

source of P ,  e . g . , a rock phosphate , whi ch migh t  release P ove r  a longer 

time period . The addition of Chris tmas Island A phosphate to soil 

resul ted in an initial water-extractab le P value which was only s lightly 

h igher than the contro l for both the P ahiatua soil (Fig . 5 . 6 )  and the 

Egmont soil (Fig . 5 . 7 ) .  The increases for Egmon t soil were ob tained 

for the first 5 to 10  days only and sub s equent values were essentially 

the same as cont rol values . This resul t is consis tent with the 

obs ervat ion (A . M. Posne r ,  pers . comm . ) that rapid initia l  release o f  

water-soluble P from Chris tmas Island A grade rock phosphate may be 

followed by a very slow release to solution in a continuous-flow system.  

It  has been s ugges ted by  Posner that the  init ial dissolution of  surface 

P is respons ib le for this effect . I t  is also possible , however ,  that 

any very fine particles in the sample would dissolve rap i dly , with 

larger particles releasing P to solution only slowly . 

5 . 3 . 3 . 2  Decline in water-extractability of phosphorus 

i n  soil and the availab i lity of phosphorus to 

p lants 

For each of the two soils s tudied the pattern o f  declining 
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water-ext rac table P and decreasing plant recovery o f  P with time 

following P addition were similar (Fig . 5 . 8  and 5 . 10) . For the low 

P-sorbing Pahiatua soil the decrease in P recovery by herb age showed only 

a - slow initial decline ( Fig . 5 . 8) with relatively high values b eing 

maintained up to 100 days after P addition to soil . There was a closer 

correlation (Fig . 5 . 9A ,  r = 0 . 95 7**) between water-extractab le P and 

plant up take than between Olsen-ext ractable P and plant up take (Fig . 5 . 9B ,  

r = 0 . 79 1*) . Further to this , the regression line obt aine d  for water-

extractable  P passed through a point close to the origin (Fig . 5 . 9A) , 

whe reas for Olsen-extractable P val ues , the l ine intercepted the x axis 

- 1  
a t  a point close t o  3 0  �g  P g soil for zero plant uptake ( Fig . 5 . 9B) . 

Essen t ially the same relationships were ob tained for the high P-

sorbing Egmont soil (Fig . 5 . 10) , with a s teeper decline in plant recovery 

of  P corresponding wi th a s teeper decline in water-extractable P .  

Regressions and correlations between plant up take of P and water-

extractab le P (Fig . 5 . 1 1A,  r = 0 . 9 38i:*) and Olsen-extrac tab le F (Fig . 5 . 1 1B, 

r = 0 . 70 7 )  were also s imilar to those ob tained for the Pahiatua soil . 

This  similarity is shown in Fig . 5 . 12 (A and E) where data for both soils 

are presen ted on the one figure , The parallel slopes and high correlation 

coe fficients imply that either of the extract ion procedures may be useful 

in predicti.ng plant-availab le P in soil . The two procedures differ , 

however , in their intercep t values with the x axis . This indicates that  

al though b o th extract ions provide an  es t imat e  of plant-availab le P in  

soil  over a range of soil  P values , the Olsen extraction removed 

- 1  approximately 30 �g  P g soil more than the water extraction . The fact 

that the slope of  neither regression line is equal to one o r  the intercept 

equal to zero indicates that neither extraction predicts the actual amount 

of  P v7hich is plant available . 
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Recovery of P b y  herbage or by extraction from soils to which 

rock phosphate had b een added , was low with only slight changes in 

values up to 100 days a f ter P addition (Fi g .  5 . 13 and 5 . 14) . The values 

obtained were similar to those from unfertilized control soils , 

indicat ing that the P in rock phosphate which is  not extracted from 

soil by e i ther water or b icarbonate is also not dvailab le for plant  

upt ake , at least under the conditions o f  the experiment-. The absence 

of s igni ficant correlations between either water- or Olsen-extractable P 

values and plant up take P values ( Table 5 . 2 ) may have been due to the 

small spread of data points . 

The total amoun t o f  P added to each soil as fertilizer P was 

- 1  
302 �g P g soil . I t  is evident from Fig . 5 . 8  and 5 . 10 that no t more 

- 1  than 60  and 40 �g  P g were recovered from Pahiatua and Egmont soils , 

respec tively , by either extraction procedure or by plant uptake , even 

immediately following P addition . These amounts represent approxima tely 

20 and 15% of TP added , respectively . I t  is possib le that some of the 

added P may have reac ted very quickly with soil components and become 

unavai lable  either to plants or the extractant . It  is therefore o f  

intere s t  to examine the extractab ility of P f rom soi l  following the 

addition of solid and solution P forms . 

5 . 3 . 4  Influence o f  sol{d or dissolved phosphorus addition to 

soil on the decline in water-extractab le phosphorus 

Two samples of Pahiatua soil received solid and solution P 
- 1  

additions o f  75 � g  solution P g soil and 30 2 � g  solid P ( 75 � g  water-

- 1  
soluble P) g soil , respectively . The rate and extent o f  the decl ine 

in water-extractable P f rom soil were identical for both forms of P 
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Table  5 . 2  

Soil 

Pahiatua 

Egmont 

Pahiatua 

Egmont 

Pah i atua 

Egmont 

Correlation coefficients b e tween plant uptake of P after 

50 days growth in Pahiatua and Egmont soils fertilized 

w�th superphosphate and rock phosphate and amounts of 

water-extractabl e  P and Olsen-extractable  P .  

19 1 

Correlation coeffic ients bet�een plant uptake o f  P and 

Water-extractab le P Olsen-extrac table P 

Superphosphate 

0 . 95 7i'* 0 .  79 1** 

0 . 9 38** 0 .  70 7 

Rock phosphate 

0 . 556 - 0 . 56 5  

0 . 666 - 0 . 49 8  

Control 

- 0 . 354 0 . 009 

o .  729 - 0 . 460  
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add i t ion ( Fig . 5 . 1 5 ) . The close similarity in the behaviour o f  

dissolved P and water-solub le solid P at  times o f  up t o  6 0  days following 

P addition indicat es that the initially water-insolub le P in s uper­

phosphate ( 7 7% of TP in the sample used) did not b ecome solub le with 

t ime in the soil . Although approxima t ely 90% of both solution P and 

water-solub le s o l i d  P added to soil was initially water-extractab le in 

the soil system ( Fig . 5 . 16 )  only 20% o f  the TP added as a solid was 

water-extractab l e  in the soil system .  The data ob tained and discussed 

previous ly (Sect ion 5 . 3 . 3 . 2 ) suggest  that the water-insolub le fraction 

of TP in superphosphate may also renain unavailab le to plants for periods 

of up to 100 days following superphosphate addition to soils , at leas t 

under conditions s imilar to the present experiments . 

The data pre s ented subsequently in this Chapter were ob tained us ing 

incub ated soils to which solution P derive d  from superphosphate was added , 

as in the above experimen t .  This procedure reduced the possib i li ty of 

incomplete mixing of P with the soil and the variab i lity between replicate 

samples . 

5 . 3 . 5  Detailed s tudies o f  the decline in water-extractab le 

phosphorus in soils and an approach to modelling 

soil phosphorus reactions 

Three contras t ing soils (Tab le 5 . 1 ) were incubated , following the 

addit ion of P at dif ferent rates , to ob tain suitab le data which provided 

a base agains t wh ich the modelling of soil  P reactions could be tes ted . 

Once again , di fferences were ob tained betHeen soils in the rate of  the 

initial decline in water-extractab le P and the final values persis t ing 

after 60 days (Fig . 5 . 1 7 ,  5 . 1 8 ,  and 5 . 1 9 ) , confirming and extending the 

observa t ions discussed  in Sec t ion 5 . 3 . 3 . 1 .  It  was also observed that 
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for e ach soil the values o f  water-extractab le P were direct ly proportional 

to the P addition rate . This is shown in Fig . 5 . 1 7 ,  5 . 18 ,  and 5 . 19 where 

the water-extractable P values , following different P addition rates , 

are s uperimposed a f ter scale adj us tment proportional to the rates o f  

P addition . 

The decline in water-extractab le P for each soil can also b e  

expressed relative t o  the amount o f  P extracted i n  a n  init ial extraction 

40 ho urs after P addition ( Fig . 5 . 20 ) . I t  is evident that soils with a 

higher P-sorb ing capacity remove a greater proportion of initially-

. extractable P from a wate r-extractable form more rapidly than soils o f  

lower P-sorb ing capacity . This resul t differs from that ob tained by 

Ryden et al . ( 1 9 7 6 )  who suggested that the relative water-extractab ility 

of P following P a ddi tion was essentially common to different soils . 

It  i s  possible , however ,  tha t  the scatter of data points about a 

generalised decl ine curve , as ob tained by  Ryden e t  al . ( 1 9 76 ) , could 

accommodate the di screte curves shown in Fig .  5 . 20 .  

Total amount s  o f  native P present in each soil are ,;hm-m in T:1ble 

5 . 3 ; these amount s  were added to al l values for equilibrium P sorbed . 

The equilibrium P sorp tion iso therms were subsequently resolved us ing 

the l inear form o f  the Langmuir equa tion ( describ ed in Sect ion 5 . 2 . 6  and 

by Ryden et al . , 1 9 7 7a ) . Sorption constants describing three regions 

of P sorption for the three so ils are presented in Tab le 5 . 4  I t  has 

b een shown (Graham , 195 3 ;  Shapiro and Fried , 195 9 )  that the equilib rium 

constant o f  a sorp tion reac t ion is equivalent to the value o f  K ob tained 

from the linear form of the Langmuir equa tion . Values o f  K
1

, K
11

, and 

K
111 

are therefore presen ted as the equilibrium constants of reaction 

for P sorpt ion in each region (Tab le 5 . 4 ) . Values of K1 , K11 , or K111 
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Table 5 . 3  

Soil 

Pahiatua 

Dannevirke 

Egmont 

200 

Amounts of to tal "native" P ,  determined us ing 
32

P ,  

and the amount s  o f  P present in each region , calculated 

from solution P concentration at equilib rium with no 

P addition and the Langrnuir equation for each region 

Amount o f  P 

Total Region I Region I I  Region I I I  

80 

10 1 

700 

llg p g - 1  

6 7 . 2  1 1 . 1  

94 . 7  5 . 9  

6 39 5 7  

1 . 6  

0 . 4  

4 



Table 5 . 4 

Soil 

Pahiatua 

Dannevirke 

Egmont 

Sorption constants describ ing the three ( I � II , and Ill)  

regions o f  P sorption for three soils ; K and b are the 

equilib rium cons tan t  o f  react ion and the sorption 

maximum, respectively , for a particular region 

2 0 1  

K value f o r  each region t value for each region 

- 1  
---- ml llg ----

5 1  

1 1 3  

1 3 1  

0 .  7 7  

1 . 09 

1 . 06 . 

0 . 059 

0 . 04 1 

0 . 054 

- 1  
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154 
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7 85 
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are s imilar for different soils . There are majo r  differences , however ,  

between K1 and K11 values o r  K11 and K111 val ues within the soil . A 

s imilar relationship has been obtained for contrasting soils by Ryden 

et a l . ( 19 7 7a) . These workers sugges ted that the l arge differences 

b etween K values within a soil ( related to the �G of react ion) are 

evidence for different P sorption mechanisms operating within soils and 

common to di fferent soils . This implies that diffe rences in the rate 

and extent o f  P sorp t ion in soils are dependent essentially upon the 

number of vacant s i tes and the distribution o f  vacant s i tes between the 

three regions . 

Al though the equilibrium cons tant of reaction may b e  regarded as 

a b alance o r  ratio b e tween the forward and reverse rate cons t2nts , the 

Langmuir s o rption constants ob tained (Tab le 5 . 4) do not indicate values 

for the rate cons tan t s . Rate cons tants were estimated ( Tab le 5 . 5 ) 

keeping the ratio of  the forward to revers e value (KF/KR) equal to the 

Langmuir K value by assuming a common KR (desorption) cons tant for each 

region o r  mechanism b ut some variation in the KF value . I t  is possib le 

tha t  both parameters . for one region vary s lightly between soils , \vhich 

may reflect relative ly small , b ut possib ly real , differences in the 

b inding ene rgy of a given mechanism operating in different soils . The 

estimated rate cons t ants for region Ill are general ly higher than those  

for  region I I , and both are higher than those  for region I .  This 

progression of rate constant val ues is b ased on the work of McLaughlin 

et al . ( 1 9 7 7) who showed that P sorption in region Ill by hydrous ferric 

oxide gel , was initially rapid b ut was followed by redis tribution of 

sorbed P and s lo.wer ,  continuing sorption in regions II  and I .  

These values , toge ther with the sorp t ion maxima val ues (Tab le 5 . 4 ) , 

the amoun t s  of P ini t ially present on sites in each region (Tab le 5 . 3) ,  
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Tabl e  5 . 5  Es t imated rate factors for forward (KF) and reverse (KR) 

rea c t ions in each of three ( I , II , and III)  regions of 

Soil 

Pahiatua 

Dannevirke 

Egmont 

P sorption in three contras t ing soils . Rate factors 

are expressed as ratios o f  the forward to reverse reaction 

rate cons tants for each region , the ratios b eing 

numerically equal to the equilib rium constant of reaction 

(K1 , K11 , K111)  shown in b racke ts and in Tab le 5 . 3  

0 . 0 14 (5 1 )  0 . 0 3 1  ( 0  . 077)  0 . 06 2  (0 . 059)  

0 . 0002 7 0 . 04 1 . 05  

0 . 0 3 1  ( 1 1 3) 0 . 044  ( 1 . 09)  0 . 04 3 (0 . 04 1 ) 

0 . 0002 7  0 . 04 1 . 05 

0 . 0 35 ( 1 3 1 )  0 . 042  ( 1 . 06) 0 . 05 7  (0 . 054)  

0 . 000 2 7  0 . 04 1 . 0 5  



and initial soil solution P concentration ( related to fertilizer 

addition rate and soil moisture) , were incorporated into the model 

shown in Fig . 5 . 2 1 .  Operation of the model ( described in Section 

204 

5 . 2 . 6) allowed concurrent P sorp t ion from solution in all three regions , 

although mo st of  the ini tial sorption took place in region I I I  (more 

physical sorp t ion) , followed by a subsequent redistribution of P into 

regions I and II  ( chemisorp t ion) , and accompanied by declining solution P 

concent ration . Ini tial sorption was rapid  but was followed by a more 

gradual , subsequent sorp t ion and redis tribution , tending towards an 

equil ib rium. The computer programme of  the model for each soil is shown 

in Appendix 3 ,  accompanied by the appropriate p rint-out showing P 

dist ribut ion in each region and soil solution P concentrations following 

P addit ion . S imulated water-extrac tion ( desorption) was modelled for 

two successive 1-hour shaking t imes at app ropriate intervals following P 

addit ion , e . g . , 10 , 30 , and 60 days . 

Close fit  was ob tained between the experimental data and the 

p redicted da ta for the rate and extent o f  decline in wate�-extrac table P 

(Fig . 5 . 2 2)  for the three soils studied . The Egmont and DanPevirke 

so ils gave a particularly close fit , although the predic ted equilib rium 

value for the Pahiatua soil was greater than the experimental value . 

I t  is  interesting to no te that the K
I 

value ob tained for Pahiatua soil 

was relatively low ( 5 1  compared to 1 1 3 and 1 3 1  for Dannevirke and Egmont 

soils , respectively) . The tendency for sorp t ion to proceed in region I 

relative to regions I I  and III , as model led for the Pahiatua soil , is 

therefore disproport ionately less than that for region I in the Dannevirke 

and Egmon t  soils , giving rise to a higher water-extractab le P value . 
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C hemi ­

sorpt i o n  

Physi c a l ­

s o r pt i o n  

Fig .  5 . 2 1  S chematic  representation of  the p roposed 

reac t ion mechanisms involved in P s o rption and 

desorp t ion . Symbols are discussed in the text . 
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Both Ryden ( 19 76 )  and .Hope ( 19 78) observed s imilar differences in K
I 

values b etween soils but regarded them as insignifican t , relative to 

the far l arger differences between K
I

' K
II

' and K
III  

values with in 

soils . The poorer f i t  of  predicted data for Pahiatua soil introduces 

the poss ib ility tha t  there may be some error in the measured values of 

K
I

. I f  i t  was accepted that the K value for a particula r  region was 

common to all  soils , as sugges t ed by Ryden et al . ( 1 97 7) , the model 

predicted very closely the decline in water-extractable P in all three 

soils . 

Because i t  has b een ob served experiment ally that the amounts of 

water-extrac table  P in a soil folloiwng P addition are d irectly 

proportional to the amount of P added , i . e . , initial soil solut ion P 

concentration , this effect was tes ted in the model . A doub ling of  the 

initial s o il solution P concentration led to a similar doub ling of the 

water-extrac tab le P value in the soil wi th t ime and cons is ten t  close fit 

between the predic t ed and the experimental data.  This effect is shown 

in Fig . 5 . 23 ,  5 . 24 ,  and 5 . 25 for Pahiatua, Dannev i rke, aw 1  Egmont soils , 

respectively . 

5 . 4 General Discussion 

Changes in the extractab ility of P added to soils and soil 

component s  with time after addi tion have b een describ ed by several 

workers ( Larsen et al . ,  �965 ; B arrow , 19 7 3 ;  Barrow and Shaw , 19 75b ; 

Overman and Chu ,  1 9 7 7a ,b , c) . There have been , however ,  incons is tences 

in the extraction procedures used for soil P and hence the nature of soil  

P measure d . In  fact the lack o f  an adequate definition of  the nature 

of the s o il P extracted has made interpretation of the decline in 
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extractable P difficult to interpret . The s tudy by  Ryden and Syers 

( 19 7 7a) , sugge s t ing that a 2 x 1-hour sequential water extraction 

procedure removes an amoun t  of P f rom soils equivalent to the more­

physically sorb e d  P ,  is one of the very few which places a theore tical 

meaning on the fraction of extracted P .  Because a linear relationship 

was ob tained b etween this extraction p ro cedure a�d that used in the field 

soil  s tudies ( Chapter 4) , i t  has b een possible to show .tha t  the pat tern 

o f  dec line of  water-extractable P in soil  following P addition was 

similar both in the field and in the lab oratory . Also , the close 

correlat ions ob tained b e tween water-extractab le P in field soils and 

mean DIP concentrations in the surface runoff component of s to rm flow 

( Chap ter 4) sugges t  that laboratory s tud ies may be useful in predicting 

the po tential movement of added DIP from soil into surface waters . 

The rapi d  decline in <,.,rater-extrac t able P in soils corresponded 

closely to the decline in plant-availab le P .  A number of workers have 

sugges ted tha t  water-ext ractab le P in soils may be a good indicator of 

plant-availab le P (Bingham , 1�49 ; van der Paauw, 19 7 1 ;  �uscomb e ,  1976) . 

Although the Olsen reagent extracted more P frou a given soil than 

distilled wate r , both procedures may correlate closely with p lant­

available P ,  a lthough nei ther has been found to estimate the ac tual 

amount of P which is plant-availab le .  

The data ob tained in this s tudy for contras ting soils and different 

rates of P addition show that the rate of P reaction in soil is related 

to the initial soil solution P conce�tration or P addition rate . This 

is consis tent wi th the mathematical model proposed by  Overman and Chu 

- ( 1 9 7 7a , b , c) and the sugges tion of Raj an ( 19 76 ) . I t  has b een o f  interest , 

however ,  to obs erve that although the proportional decline in water-
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ext ractable P ( relative to  an init ial extrac tion value) was common to 

one soil for different P addition rates , different curves were ob tained 

for different soils when one rate of  P addition was used . This finding 

d i f fe rs from that of Ryden et al . ( 19 76 )  who sugges t ed that one 

proportional decline curve was common to both different soils and 

d i fferent P addition rates . Their suggestion mfs explained in terms of  

a c ommon overall sorption iso therm for different soils (Ryden and Syers , 

19 7 7a )  which expressed the amount of P sorbed at each solution P 

con centration as a fraction (0 ) of  the overall sorp t ion maximum . 

Although they sugges ted that the relative sizes of the chemisorption and 

more-physical sorption maxima accounted for the s.cat ter of data about 

the overall sorp t ion iso therm , and also about the common proportional 

decl ine curve (Ryden et al . , 19 76) , this suggestion has not b een further 

examined . The data ob taine d  in the p resent suggest that the rate 

and extent of P sorption reactions in different soils  may differ . 

Several o ther workers have s tudied the interac tion of P with soil 

components (Kuo and Lotze , 1 9  7 3 ;  HcLaughlin et  al . ,  1 9 7 7 )  and vrith 

whole so ils (Larsen et al . ,  1965 ; Barrow , 19 74) . These s tudies , however ,  

have not examined the react ion mechanisms occurring , nor have they 

incorporated experimental data into the models describing the decline in 

extrac tab le P following P addition . Such models have often been of  the 

type proposed by Mansell e t  al . ( 19 7 7 ) , involving a mathematical model 

without experimental data . Barrow and Shaw ( 1975b ) have sugges ted that 

P reacts in soils in three stages from 'A .' (solution P) to ' B '  (sorbed P )  

and then to C ( essentially non-exchangeable P) . S imilarly , Overman and 

Chu ( 19 7 7a , b , c) have des cribe d  P sorp tion from solution in two stages , 
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i . e . , a " fast" reac tion (sorption) followed by a "slow" reaction 

( fixat ion) . The evidence , however ,  for a fas t react ion followed by 

a differen t ,  s low reaction has no t been conclusive . 

In contrast to  the above models , which have been conceptual 

rather than experimentally derive d ,  Ryden et  al. ( 19 7 7a) have suggested 

that sorpt ion of P occurs simul taneous ly in each o f  three regions 

and that each of these sorp tion react ions can be describ ed by a Langmuir 

equat ion . The signif icant  advantage of this approach to mechanism 

modelling is that i t  has allowed the cal culat ion of values for the 

b inding energy and sorption maximum which have been useful in the 

sub s equent prediction of soil phosphate sorption behaviour . 

The use of the Langmuir equation has been criticised by several 

workers (Bowden et al . ,  19 7 7 ; Veith and Spos i to , 1 9 7 7) . TI1ese workers 

have no t denied tha t  experimental P sorp t ion data can be fitted to s traight  

line Lan�uir equat ions . They have argued , however ,  tha t b ecause the 

conditions of P sorption on soils may vary widel y  from the initial 

Langmuir assump t ions , the derived values for K and b hav� no real 

physical meaning .  The use o f  the K and b val ues , derived ex�erimentally 

for soils (Ryden e t  al . ,  19 77a ) , in a model based essentially on the 

original Langmuir  theory has th erefore provided a useful tes t  for the 

app lication of the Langmuir equation to describe P sorp t ion by soils . 

Clo s e  fit  to experimenta l  data was achieved for all soils studied , 

although slightly poo rer fit w'as acheived for lm-1 P-sorb ing soil . I t  

i s  poss ib le that deviations b e tween predic ted and actual values are due 

to errors in the measurement o f  K values for a particular region b e tween 

soil s .  The predictive ab ility o f  the model was very goo d  i f  i t  was 

assumed that the K value for a particular region \'las common to the three 
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s oils . This would b e  e xpected i f  the react ion mechanisms for each 

region is common to a l l  soils . A further s tudy of  differences in K 

values for each region b etween soils would therefore b e  useful . 

I t  is  also o f  interes t to observe that an increase in the amount 

o f  fert il i zer P added in the model resul ted in propor t ional increases 

in the rates of P sorp tion . From a practical s!andpoint , the results 

suggest that doub l ing the rate of  P addition to  soils would doub le the 

amount of water-extra c t able P ,  at leas t during the t ime period considered 

in the present experiment .  I t  would only be when region Ill b ecomes 

more fully saturated ( region I and II also saturated) tha t  high P 

applicat ion rates would increase the amounts o f  water-extractab le P 

dispropor t ionately . 

The success ful developement and operation of  the above model has 

a number of important  implications . The resolution of  sorp tion isotherm 

data us ing the Langrnuir equation , despite its sugges ted limitations 

(Bowden e t  al . ,  19 7 7 ; Veith and Sposito , 1 9 7 7 ) , has allowed the 

estimat ion of values o f  K (equilib rium constant o f  sorpt iun) and b 

( sorption maximum) and their incorporation into the model . 1.1 though the 

success ful operation o f  this model does not validate the use o f  the 

Langmuir equation in P sorp tion isothem resolution , it  does extend its  

usefulness . I t  woul d b e  of interes t to examine how closely the 

predicted amounts of P in each sorption region correspond to those found 

in field soils with t ime following P addition . 

Using correlat ion and regression analysis , Ryden et  al . ( 19 76 )  

suggested that an amount o f  P corresponding t o  that which was more­

physically sorbed was removed during two extractions with dis tilled 

water , each of 1 hour duration . This approach did not define the actual 
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source of  P extracted o r  i ts dis t r ibution in the soil befo re extraction . 

The model deve loped and used in the present s tudy suggests  that P 

p resent  in the soil solution and that which is chemisorb e d , as wel l  

a s  more-phys ically sorbed P ,  may contribute t o  the amount of P removed 

by water extraction . 

Desp i te these l imi tations , and the need for further evaluation , 

i t  is  apparent that the P sorp tion mechanisms proposed b y  Ryden et  al . 

( 19 7 7a)  can be developed to des crib e  experimental data us ing a kinetic 

model . I t  is possib l e  that further evaluation of thi s  model may lead 

to an increased ab ility to predict  the fate of  fertilize r  P added to 

soi l . 
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SUMMARY AND CONCLUSIONS 

The work presented in this thesis may b e  s ummarised as follows : 

1 .  The results ob tained in this study support those of  other workers 

in indicating tha t  some New Zealand surface waters contain P 

concent rations close to or within the range of  0 . 0 1  to O . OSmg 1-l  
regarded as critical for algal b loom development ,  and are 

therefore sens itive to increases in P concentrations . 

2 .  Before land clearin g , low and stable concentrations of P forms and 

sediment were ob tained in s tream flow from two small , adj acent , 

s crub-covered , and minimally-dis turbed catchments . The variations 

in the concentrat ions of P forms and sediment , both within and 

between storm flows , after land clearing emphasised the need for 

intensive s t ream s ampling as well as complete hydrograph data to 

calculate P and s ed iment loadings . 

3 .  High and irregular concentra tions of  P forms and sediment were 

obtained in s to rm flow from two catchments following land cledring 

and fert ilizer P application . This was partly due to the technique 

of land clearing which did no t include conservation measures or 

channel protection from deb ris . 

4 .  Al though the concen trations of  P forms and sediment in storm flow 

were high relative to b ackground levels following clearing and 

fert ilizer application , it is possible that grazed and regularly 

fert ilized pas ture will continue to yield similarly high concentrations . 

5 .  The aerial applicat ion of  fertilizer P had a subs tantial effect on 

the loss of P from the catchment in s tream flow . Although the losses 

ob tained (approximately 1 %  o f  fertilizer P add�d) are rather 
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insignific an t  from an agronomic s tandpoint ,  they oay contribute 

significan t ly to the P enrichment of waters . 

6 .  Although the amount s  o f  water-extractab le P in surface soils 

decrease d  after storm events ,  apparently due to the leach ing of 

DIP from soil in surface runoff ,  the values were usually 

re-estab lished with in 7 to 10 day s . Expe�imental data suggested 

that the mineralization of  particulate OP may contribute to the 

relatively s tab le l evels of wat e r-extractab le P in soils . 

7 .  Following the aerial applica tion of  fertilizer P ,  the high levels 

of  water-extrac tab le P ini tially present in soils o f  the catchment 

declined rapidly to more s table , lower levels which tended towards 

an equilib rium value . The use o f  a series of small po t s  estab lished 

in the field ( pot soils)  and containing mixed soil f rom the catchment 

and added fertilizer P ,  demonstra ted that i t  was possib le to 

replicate the f ield s ituation rel iab ly wi thout taking the large 

numb er o f  samples required to cha racterise the whole catchment .  

8 .  Data ob tained for the t•,o)'.:J catchments during two yea1.. , following 

fertilizer P addition indicated that mean DIP concentrations in the 

surface runoff component of stream flow and water-extractab le P 

levels in soil followed a s imilar pattern of decline in each year . 

The close correlations ob tained between mean DIP concent rations in 

surface runoff and water-extractab le P values for b o th field and 

pot soils sugge s t  that the pat t e rn of declining water-extrac tab le P 
in soil following P addition in the laboratory , ob tained in the 

present s tudy and reported in the literature , may be applicab le to 

field soils and the movement o f  P in surface water . 

9 .  Evidence from pots in the field containing fertilized soils suggested 

that water-extractable P,  follow ing fertilizer P addit ion , is 
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essentially confined to the upper 1cm of  soil , there being no 

detectabl e  movement of  fertilizer p b elow lcm .  Close l inear 

relationships between mean DIP concentrations in the surface runof f  

component o f  stream f low and water-extractable soil P i n  the upper 

1cm of soil  were ob tained . 

10 . In a glasshouse trial conducted with two contras ting soils , the 

decrease in water-extractab le P f o llowing fertilizer P application 

closely paralleled the changes in plant-ava ilable P ,  as evaluated 

by  growing ryegrass plants . 

1 1 .  For a given soil studied , the rate  of decline in water-extractable P 

was direct ly proport ional to b o th the amount o f  P added and that 

ini tially extractab l e  immediately following P addition . This 

implies tha t  the rate and exten t of P sorpt ion in a soil is direc tly 

related to the initial soil solution P concentration . Differences 

were ob tained , however ,  between three contras t ing soils in the rate 

and exten t of P sorp t ion and these were reflec ted in the curves 

for the proportional decline in water-extrac table P .  

12 . A kinetic model b ased on the Langmuir equation was developed to 

s imulate the decline in water-ext ractability o f  P added to three 

soils . Three populations of s it es were assumed and the appropriate 

sorpt ion maxima and b inding energy constants were derived from 

sorp t ion isotherm s t udies . The model provided a satis factory 

predic t ion of  the fate of  different fertilizer P additions to . each 

of three contras t ing soils . I t  is  probable that development of  

this model could provide a useful basis for predicting the fate o f  

fertilizer P added t o  soils and the potential movement of  that 

added P in surface runoff waters . 
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Appendix 1 .  

Dat a  Relating t o  Two Soils in the S tudy Catchments 

( 1 ) Shannon s il t  loam 

Reference numb e r  1 4 a  o n  N . Z .  S o i l  Bureau Map 102 

Soil name Shannon silt  loam, rolling phase 

Parent material Loess (Ohakean) 

Topography Flat to gent ly undulat ing and rolling ; 

dissected terraces 

Altitude 

Mean annual rainfall 

60 - 600 m 

1 0 20 - 1 2 7 0  mm 

Brie f description of  representative soil profi le : 

A
1 

0 - 20 cm dark brown ( 10 YR 3 / '3) s il t  loam ; 

nut s tructure 

B
1 g  

20 - 30 c m  light olive b rown ( 2 . 5  Y 5 /4)  to 

light yellowish b rown ( 2 . 5  Y 6 / 4 )  s ilt loam ; 

few brown mot tles and few concretions ; �ut 

s tructure 

B2 1g 
30 - 48 cm light olive b rown ( 2 . 5  Y 5/4)  heavy 

s ilt loam ; many b rown mottles ; very thin clay 

coatings ; weak blocky s truc ture 

48 - 6 3  cm pale olive (5 Y 6 / 3) heavy silt  loam ; 

abundant .b rown mot t les ; thin clay coatings ; 

weak blocky structure 

C
1x 6 3  - on cm yellowish brown ( 10 YR 5 / 8) silt  loam ; 

few ver tical veins ; compact 

Dis t inguishing features o f  s oil and environment :  

On intermediate and high terraces , from s i l ty 



Overall drainage 

Internal drainage 

Natural nutient status 

Present land use 

Potential land use 

loess , under moderate rainfall ( 1020 - 1 2 70 mm) 

with short summer dry seasons . Imperfect ly 

drained with dark b rown A horizon overlying light 

yellowish brown to light o live b rown B horizon 

with b rown mot tles and thin clay coat ings in the 

lower part . A weakly-developed fragipan occurs 

at about 76 cm with some vertical grey veining . 

Occurs under a higher rainfall than Tokomaru s ilt 

loam and has b rowner A horizon , browner B horizon 

with higher chromas , lighter textures , less 

development of clay coat ings , and less well  

developed fragipan 

Imperfectly drained 

Medium to slow 

Moderate : low P ,  medium Ca , high K 

Fat tening and dairying 

Fat t ening , dairying , and cropping 

Limi tations for intensive soil use : Imperfect drainage 

Pasture response to topdressing Phosphate , potash , lime 

Soil erosion Nil .  S light sheet if cult iva ted 

(2) Raumai hill soils 

Reference number 17 H on N . Z .  Soil Bureau Map 102 

Soil name Raumai hill soils 

Parent mat e r ial Sands tone , and loess 

Topography Mode rately s teep and moderately steep to s teep ; 

valley sides 

Altitude 60 - 2 70 m 



240 

�iean annual rainfa l l  1020 - 12  7 0  mm 

Brief description o f  representative soil p ro f ile : 

A
1 

0 - 1 5  cm dark greyish b rown ( 10 YR 4 / 2 )  

sandy loam ; n u t  s tructure 

B
2g 

15  - 48 cm pale olive (5  Y 6 / 3) heavy sandy 

loam to sandy clay loam ; many b rown mot tles ; 

weak b locky s t ructure 

B
3g 

48  - 63 cm pale olive (5 Y 6 / 3) and yellowish 

b rown ( 10 YR 5 /8 )  mottled sandy loam ; massive 

c
1 6 3  - on cm l i gh t  olive brown (2 . 5  Y 5 /6 )  and 

grey sand with i ron-staining ; firm 

Distinguishing features of  soil and environment : 

Overall drainage 

Internal drainage 

Natural nutrient s ta tus 

Present land use 

Potential land use 

On hill s lopes o f  dissected terrace lands , 

mainly from weakly consolidated sandstone with 

s ome loess , under low to moderate rainfall 

( 1020 - 1 2 70 mm) with short summer dry seasons . 

�derately wel l  and well drained with sandy loam 

A horizon overly ing pale olive , ligh t  olive b rown , 

or  light yellowish brown hues o f  (5  Y o r  2 . 5  Y) 

firm mass ive sandy loam to sandy clay loam with 

b rown mottles . Differs from Halcombe hill soils 

( 1 5  H) in b eing sandier in texture 

Moderately wel l  and well drained 

: Medium to s low 

Moderate ; low P and Ca , high K 

Fattening , s t o re s tock , and some dairying 

Fattening , s tore , and breeding sheep 



Limitations for intensive soil use 

Pasture responses to topdressing 

Soil erosion 

Hilly s lope , past ures revert 

readily to s crub 

Phosphate , potash , lime 

Moderate slips 
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Appendix 2 .  

Monthly rainfall recorded in the two catchments 

during the winter periods of  three successive years 

Month 

Jan 

Feb 

Mar 

April 

May 

June 

July 

Aug 

Sept 

Oct 

Nov 

Dec 

Total 

* 
n . a .  not availab le . 

1 9 7 4  

n . a . * 

n .·a . 

n .a . 

284 

9 3  

12 1 

1 3 3  

78  

n . a- .  

Rainfal l  (mm) in 

1 9 75 1 9 7 6  

-30 

94 98  

7 7  1 3 2  

90 340 

119  1 2 8  

206 ! 5 2  

64 8 7  

80 68 

72 44 

802 1 , 079  
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